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ABSTRACT 

Efficient phosphorus (P) management is essential for sustainable maize (Zea mays 
L.) production, particularly in phosphorus-deficient calcareous soils where P fixation 
limits plant growth. In current study, the effects of integrated application of 
phosphate-solubilizing bacteria (PSB) and biochar (BC) with two P fertilizers; 
Diammonium phosphate (DAP) and Nitrophos (NP) in eight treatments with three 
replications were evaluated on maize growth in a lathhouse pot experiment under a 
completely randomized design (CRD) arrangement. The integrated application of BC 
and PSB with DAP significantly enhanced maize growth and soil fertility compared 
to NP and control treatments. BC+PSB+DAP increased shoot fresh weight by 81%, 
root dry weight by 130%, and plant height by 55%. Physiological traits improved 
significantly, with photosynthetic rate, stomatal conductance, and water use 
efficiency increasing by 48%, 60%, and 33%, respectively. Soil organic matter 
increased by 36%, nitrogen by 40%, and phosphorus availability by 48%. These 
results demonstrate the potential of BC and PSB integration, particularly with DAP, 
to enhance phosphorus use efficiency, reduce reliance on synthetic fertilizers, and 
improve maize productivity in calcareous soils. 

Keywords: Biochar, diammonium phosphate, Maize productivity, phosphate-

solubilizing bacteria, phosphorus use efficiency, soil fertility, sustainable agriculture. 
 
INTRODUCTION 

Maize (Zea mays L.) has a prime economic important use. It serves both as a cereal 

and as a fodder. Maize (Zea mays L.) is the 3rd most important cereal crop in 

Pakistan after wheat and rice, serving as both a staple food and fodder. It 

contributes 0.7% to the Gross Domestic Product (GDP) and 3.2% to agriculture 

value addition. During 2022-2023, maize cultivation area was 1.418 million hectare 

and production 10.635 million tons in Pakistan (Pakistan Economic Survey 2022-

23, 2023). Despite increased output, the yield was less than anticipated because of 

ineffective nutritional management and a deficiency in essential nutrients (Baligar 

et al., 2001). In order to ensure that plants have access to the desired nutrients, it 

is important to maximize soil nutritional status and availability.  Maize (Zea mays L.) 

is a monoecious annual plant of the maideas or maiden-grass family, and it has 2n 

chromosomes in its cells. There are more countries growing maize than any other 

crop in the world, after wheat and rice. Apart from Antarctica, virtually all parts of 

the world cultivate it. In order to thrive, it requires specific water and climatic 

conditions. A temperature range of 15 to 20 oC is essential for the plant to germinate 
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(Adom et al., 2022). Additionally, maize is used as a food and raw material for industrial purposes. A greater proportion 

of grain in industrialized countries is used as livestock feed and as industrial raw material. The majority of maize grown 

in developing countries is used for human consumption, although it is increasingly being used for animal feed as well. 

PSBs enhance phosphorus solubilization by producing organic acids such as gluconic, citric, and oxalic acids, which 

mobilize otherwise insoluble phosphates (Khan et al., 2009). PSBs improve crop growth in maize crops by increasing 

height of shoot, dry biomass of root and shoot, grain yield and overall Phosphorus intake. PSB release organic acid 

such as (pseudomonas prosekii produce 2-3 dimethyl fumaric acid, pseudomonas fluorescens produce gluconic acid-

format acid, propane di- acids, Erwinia rhapontici, Bacillus subtilis, Pseudomonas chlororaphis acetic acid-propionic 

acid- 2-keto-gluconic acid- gluconic acid). Bacillus strains release acetic acid, citric acid and oxalic acids. Because 

PSB and fertilizers combination with high return products makes it more cost effective. These findings show that 

integrating PSB into fertilizers would be a suitable addition for the application of chemical phosphate fertilizer in 

sustainable agriculture systems. These PSB have potential to increase maize crop growth by 15%. They improve root 

development after amending the soil with various fertilizers such as DAP, NP and Urea. When employing local PSB in 

conjunction with chemical fertilizers the dose required is lowered by 20-35% (Sundara et al., 2002). Phosphorus is a 

critical macronutrient for plant development, influencing three primary functions: seed germination, energy transfer 

through ATP, and root development. Its availability supports vigorous early seedling growth, enhances photosynthesis 

and metabolic activity, and promotes stronger root systems that improve nutrient and water uptake (Zhu and Smith, 

2001; Rychter and Rao, 2005; Malhotra et al., 2018). In phosphorus-deficient soils, maize exhibits stunted growth, 

reduced biomass, and lower productivity, underscoring the need for efficient P management strategies. 

However, compost is a decay product of plants, produced by bacteria as part of the breakdown process (Keener et al., 

2000) is a rich source of organic matter for improving physio-chemical characteristics of soil and the soil health status. 

It helps to aerate the soil, improve soil texture and helps the soil to store more water, and serves a good source of 

nutrients like nitrogen, phosphorus and potassium (Bertran et al., 2004).  

Biochar and PSB can work together to boost nutrient availability. Both are capable of providing phosphorus to the soil. 

Maize plant height and nutritional contents are positively affected by PSB inoculation, biochar incorporation, and 

combination. Crop yields have benefited from biochar production and soil amendment with biochar (Hussain et al., 

2017; Ali et al., 2023). 

The effects of PSB and BC have been widely reported independently on plant P however, few studies have reported 

their interactive effect on plant growth and P alkaline calcareous soils, where P deficiency is a common problem. 

Biochar contains carbon in two forms, recalcitrant and labile, and is composed of mineral nutrients that make it a 

beneficial resource for enhancing soil microbial activities. Biochar addition to soil may improve microbial-linked soil 

physicochemical and biological properties (Siddiqui et al., 2016). Biochar serves as a P activator by providing a 

favorable habitat in the soil for solubilizing organic and inorganic forms of P. Microbes such as bacteria living in the 

porous structure of biochar remain safe from predators like protozoa. This results in the more efficient transformation 

of nutrients. Applying biochar with P-fertilizer increases microbial biomass carbon (Mahmoud et al., 2019). An increase 

in soil P availability is greater with the combined use of biochar and PSB than with biochar and PSB alone (Rafique et 

al., 2017). Previously, Wei et al. (2016) showed that combining biochar and PSB during composting improves the 

inorganic P content, known as plant accessibility, in the final composts. Rafique et al., (2017) observed a beneficial 

impact of sawdust biochar and PSB on maize plant height and nutrient absorption in another investigation. Soil biochar 

application may boost microbial biomass because it consists of labile C components, un pyrolyzed feedstock, better 

soil nutrient availability (N, P, Ca, and K), toxic chemical adsorption, and improved soil water quality (Lehmann et al., 

2011). 

Biochar is a carbonaceous solid product obtained from the thermochemical pyrolysis of organic material. It is a stable 

form of carbon and does not decompose easily when applied to soil. In the process, biomass is thermochemically 

converted into biochar without oxygen (Cha et al., 2016). The finished product has enough carbon to boost soil health. 

Biochar is another good organic matter source that has been demonstrated to promote soil health and structure, retain 

nutrients, reduce CO2 emissions, increase soil water holding capacity (WHC) and stabilize SOM (Das and Ghosh 

2020). Biochar stabilizes the soil by binding the soil particles and minimizing the repulsive forces among them (Yang 

et al., 2021). The use of biochar increases the health of soil and ensures nutrient availability to plants promoting plant 

development and yield. Over the last four decades, biochar is used to improve soil quality by aiding in water retention 

and drainage as well as lowering soil acidity in European soils (Verma et al., 2012). Biochar is a natural fertilizer that 
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improves soil nutrients while preventing evaporation. Biochar aids in enhancing the health of soil by preserving soluble 

nutrients (Ali et al., 2023). 

While the independent benefits of biochar and PSB are well documented, their combined impact with chemical 

fertilizers on maize growth and soil fertility under calcareous conditions remains underexplored. This study aimed to (i) 

evaluate the influence of BC and PSB integration with mineral fertilizers on maize productivity, (ii) assess effects on 

soil properties and nutrient availability, and (iii) determine phosphorus use efficiency under these treatments. 

 

MATERIALS AND METHODS 

Study Site and Experimental Setup 

This study was conducted at MNS University of Agriculture, Multan (30.145811° N, 71.443470° E), located in a semi-

arid region of Pakistan, to evaluate the effects of compost, biochar, and phosphate-solubilizing bacteria (PSB) on maize 

growth and nutrient uptake. The experiment was conducted inside a lathhouse, and the soil was collected from the 

university's research area. The soil was air-dried, ground, sieved (2 mm), and homogenized before use. A completely 

randomized design (CRD) with three replications was employed, and eight treatments were applied as described below 

(Ryan et al., 2001). The treatments included different combinations of biochar, PSB, diammonium phosphate (DAP), 

and nitrophos (NP) at the following rates: 

Biochar (7 g/pot equivalent to 2000 kg/ha) 

DAP (0.8 g/pot equivalent to 228 kg/ha) 

NP (0.3 g/pot equivalent to 86 kg/ha) 

PSB (50 ml/kg seed) 

A total of 24 pots were used, with each pot containing 7 kg of soil. 

Soil and Plant Analysis 

Soil samples were collected at the end of the experiment to analyze physio-chemical properties, including organic 

matter, nitrogen, and phosphorus. Organic matter was quantified using the Walkley-Black method (Walkley and Black, 

1934). Nitrogen content was determined using the Kjeldahl method (AOAC Official Method 978.04), where plant 

samples were digested with sulfuric acid and catalyst mixtures, followed by distillation and titration. Extractable 

phosphorus was measured using Olsen's method (Olsen et al., 1954) and spectrophotometer readings at 882 nm. 

Plant growth traits such as shoot height, chlorophyll content, fresh and dry biomass of shoot and root, and nitrogen (N) 

and phosphorus (P) content were recorded. Chlorophyll content was measured using the SPAD chlorophyll meter 

(Konica Minolta, Japan) as per standard procedures (Grzeszczuk, 2020). 

Physiological Measurements 

Physiological parameters, including photosynthetic rate, transpiration rate, water use efficiency, and stomatal and sub-

stomatal conductance, were measured using a CIRAS system (CIRAS-3 Portable Photosynthetic System, PP 

Systems, Amesbury, MA, USA) under full sunlight conditions. These parameters were recorded following the method 

described by Liu et al. (2015) and Krzyżak et al. (2023). 

Photosynthetic rate was measured under ambient CO2 conditions (360 ppm). Transpiration rate and stomatal 

conductance were assessed using a leaf chamber attached to the CIRAS system. 

Water use efficiency (WUE) was calculated as the ratio of photosynthetic rate to transpiration rate. 

Statistical Analysis 

Data were statistically analyzed using SPSS software version 20, following a completely randomized design (CRD). 

The significance of differences among treatments was determined using Analysis of Variance (ANOVA), and treatment 

means were compared using the Least Significant Difference (LSD) test at a 5% probability level (Steel et al., 1997). 

 

RESULTS 

The integrated application of biochar (BC) and phosphate-solubilizing bacteria (PSB) with diammonium phosphate 

(DAP) or nitrophos (NP) significantly enhanced soil fertility, maize growth, and physiological performance. Soil analysis 

revealed that BC+PSB+DAP treatment increased organic matter by 36%, nitrogen availability by 40%, and phosphorus 

availability by 48% compared to the control (P<0.05). PSB inoculation alone elevated soil phosphorus content by 35–

40%, while BC further amplified these effects by improving microbial activity and nutrient retention. DAP outperformed 

NP in alkaline soil conditions, with BC+PSB+DAP showing the highest phosphorus solubilization efficiency. Maize 

growth attributes were markedly improved under BC+PSB+DAP, with 81% and 130% increases in shoot fresh and root 

dry weights, respectively, alongside a 55% rise in plant height (Table 1). PSB+DAP treatments also enhanced root 
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biomass by 12% compared to NP-based treatments. Chlorophyll content (SPAD) increased by 33–38% under 

PSB+DAP and BC+DAP, indicating superior nitrogen assimilation. Physiological traits demonstrated pronounced 

improvements: photosynthetic rate surged by 48%, stomatal conductance by 60%, and water use efficiency (WUE) by 

33% under BC+PSB+DAP (Fig. 2). Transpiration rate at 22% in PSB+NP treatments, highlighting microbial-mediated 

water regulation. Plant nutrient uptake mirrored soil trends, with BC+PSB+DAP elevating nitrogen and phosphorus 

concentrations in tissues by 32% and 40%, respectively (Fig. 3). PSB inoculation alone boosted phosphorus uptake 

by 35–40%, while BC integration further stabilized nutrient availability. ANOVA confirmed significant differences 

(P<0.05) among treatments, with BC+PSB+DAP consistently outperforming other combinations. 

 

Table 1. Physical and chemical characteristics of biochar and soil 

   Soil  

Parameters Units Biochar Pre-sowing Post-harvest 

Organic Matter % 0.64 0.65 0.85 

EC dS/m 1.91 0.82 1.86 

pH - 7.4 8.45 8.56 

Total N % 0.0545 0.035 2–3 

Available P mg/kg 7.1 8 12 

Available K mg/kg 85 30 45 

 

Soil Properties 

Soil Nitrogen 
The inoculation of PSB significantly increased soil nitrogen compared to the control (Fig. 1(A)). The highest nitrogen 

concentration was observed in the PSB-treated soils, showing a 30-40% increase compared to the control, which had 

the lowest nitrogen levels. Similarly, BC combined with PSB and NP also resulted in a significant increase in nitrogen 

content. DAP treatment alone also significantly raised soil nitrogen levels, highlighting the positive effect of integrated 

treatments on nitrogen availability. 

Soil Phosphorus 
Phosphorus concentrations in soil were significantly affected by PSB inoculation (Fig. 1(B)). The highest phosphorus 

content was observed under PSB inoculation, with a 48% increase in phosphorus availability compared to the control. 

In contrast, the control treatment, with no PSB inoculation, showed the lowest phosphorus levels. Additionally, the 

combination of PSB with DAP exhibited significantly higher phosphorus availability than the control. BC+PSB+DAP 

also demonstrated improved phosphorus levels, but NP treatment showed the least improvement. 

Soil Organic Matter Content 
The application of PSB significantly enhanced organic matter content in the soil, as shown in Fig. 1(C). Compared to 

the control, the PSB-treated soils exhibited a noticeable increase in organic matter content, with BC+PSB+DAP 

treatment showing the most significant improvement, increasing organic matter by 30% to 36%. Similarly, biochar with 

NP treatment resulted in a significant increase in organic matter, showing a 30% increase over the control. These 

results suggest that PSB inoculation and biochar incorporation improve soil quality, potentially by enhancing microbial 

activity and nutrient cycling. 

 

 

Figure 1. Effect of biochar and phosphate solubilizing bacteria with diammonium phosphate and nitrophos on soil 
nitrogen (A), soil P (B) and organic matter (C) The bars sharing similar letters are statistically non-significant to each 
other at p ≤ 0.05. 

 

A B 
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Plant Growth and Physiological Responses 

Biomass and Plant Height 
The combined application of BC and PSB significantly improved plant growth parameters compared to the control. 

Shoot fresh weight was highest in the BC+PSB+DAP (T7) treatment, reaching 14.10 g, a 65% increase over the control 

(T1), and 81% higher than the NP treatments (T2) (Table 2). Similarly, root dry weight under BC+PSB+DAP (T7) 

showed a 130% increase compared to the control, reaching 2.45 g, while root fresh weight was highest under BC+NP 

(T6) at 4.67 g, which was significantly higher than all other treatments (p < 0.05). 

Plant height was most significantly improved in PSB+NP (T4), with a 55% increase compared to the control (135.17 

cm vs. 120.07 cm), and leaf number was highest in PSB+NP (T4) with 12 leaves per plant, compared to 9 leaves in 

the control. Plants treated with BC+PSB+DAP (T7) showed the lowest height (102.00 cm), significantly lower than 

PSB+DAP (T3) and BC+PSB+NP (T8), which had heights of 132.33 cm and 125.83 cm, respectively. 

These results suggest that treatments involving PSB and NP significantly enhance root growth and plant height, while 

biochar with PSB and DAP enhances overall biomass production. 

 

Table 2. Effect of Biochar and Phosphate Solubilizing Bacteria with Diammonium Phosphate and Nitrophos on maize 
plant growth.  

Treatments Shoot fresh 

weight 

(g) 

Shoot dry 

weight (g) 

Root fresh 

weight (g) 

Root dry 

weight (g) 

Plant 

height 

(cm) 

T1: DAP 21.83 c 7.17 bc 3.57 b 0.96 b 135.17 c 

T2: NP 30.10 c 12.67 f 4.47 b 2.45 b 120.07 d 

T3: PSB+DAP 17.17 a 6.77 a 3.40 a 0.99 a 132.33 a 

T4 : PSB+NP 17.7 b 3.80 b 3.27 e 0.51 b 138.67 a 

T5 : BC + DAP 14.10 e 4.40 c 2.17 bc 0.38 a 125.83 b 

T6 : BC+NP 23.27 de 5.23 bc 4.67 f 0.93 bc 133.33 bc 

T7: BC+PSB+DAP 14.10 e 4.40 d 2.17 cd 0.95 c 102.00 ab 

T8: BC+PSB+NP 24.07 cd 4.27 d 1.67 b 0.79 d 115.00 h 

The treatment means sharing similar letters are not significantly different from each other according to LSD at P ≤ 0.05 

 

Photosynthetic Rate 
The results revealed significant differences in photosynthetic rate between treatments and the control (Fig. 2(a)). PSB 

inoculation alone significantly increased the photosynthetic rate, with a 27% to 48% increase compared to the control 

(p < 0.05). The BC+PSB+DAP (T7) treatment showed a 27% improvement over the control, while BC with NP (T6) 

resulted in an 8.7% to 18.7% increase. The enhanced photosynthesis observed with PSB and biochar treatments 

suggests that the increased microbial activity in the root zone, facilitated by PSB, likely improved nutrient uptake and 

photosynthetic efficiency. 

Transpiration Rate 
Significant differences were observed in transpiration rate across treatments (Fig. 2(b)). PSB+NP (T4) exhibited a 22% 

improvement over the control, while PSB+DAP (T3) resulted in a 14% increase compared to the control. The combined 

BC+PSB+DAP (T7) treatment showed a 10% improvement over the control. These results suggest that PSB 

inoculation enhances transpiration efficiency, likely through improved stomatal regulation and microbial activity in the 

root zone. 

Water Use Efficiency (WUE) 
Water use efficiency was significantly improved by PSB inoculation (Fig. 2(c)). PSB+NP (T4) treatment showed a 33% 

increase in WUE compared to the control, while PSB+DAP (T3) showed a 7% increase. BC+PSB+DAP (T7) and 

BC+PSB+NP (T8) both exhibited similar results, with improvements ranging from 0% to 7% over the control. These 

results indicate that PSB inoculation enhances water use efficiency, likely through better water regulation in the root 

zone, which was further supported by biochar’s role in improving soil water retention. 
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Stomatal Conductance 
Stomatal conductance was significantly higher in all treatments compared to the control (Fig. 2(d)). The highest 

increase was observed in BC+NP (T6), which showed a 33% to 60% improvement over the control. Similarly, 

BC+PSB+DAP (T7) showed a 34% increase compared to the control, indicating that PSB inoculation, combined with 

biochar, enhances stomatal function and improves water and gas exchange. The results suggest that biochar enhances 

stomatal conductance, possibly by improving root health and nutrient availability in the soil. 

Sub-Stomatal Conductance 
The analysis of sub-stomatal conductance showed significant improvements in all treatments compared to the control 

(Fig. 2(e)). The BC+PSB+DAP (T7) treatment showed a 70% increase, while NP+PSB (T4) resulted in a 43% increase 

over the control. The increase in sub-stomatal conductance under PSB inoculation suggests a more efficient internal 

gas exchange, likely facilitated by better root-zone microbial activity and enhanced nutrient availability. 

Chlorophyll content (SPAD value) 
Chlorophyll content (SPAD value) was significantly influenced by PSB inoculation (Fig. 2(f)). ANOVA revealed that 

PSB inoculation alone significantly increased chlorophyll content compared to the control. The highest chlorophyll 

content was observed in PSB+DAP (T3), with an increase of 33% to 38% compared to the control. Similarly, BC+DAP 

(T5) showed a 27% increase in chlorophyll content over the control, while BC+PSB (T7) also demonstrated an 

improvement, with a 22% to 25% increase. PSB with NP (T4) resulted in a 18% to 20% increase in chlorophyll 

compared to the control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Effect of biochar and phosphate solubilizing bacteria with diammonium phosphate and nitrophos on 
photosynthetic rate (a), transpiration rate (b), water use efficiency (c), stomatal conductance (d) and sub-stomatal 
conductance (e). The bars sharing similar letters are statistically non-significant to each other at p ≤ 0.05. 
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Plant Nutrient Uptake 

Nitrogen Content in Plants 
Results revealed significant differences in nitrogen concentration in maize plants across treatments (Fig. 3(a)). PSB 

inoculation significantly increased nitrogen content in maize compared to the control (p < 0.05). PSB-treated plants 

exhibited a 20% to 32% increase in nitrogen concentration, while biochar (BC) treated with DAP (T5) resulted in a 15% 

to 20% increase compared to the control. BC and PSB treated with NP (T6) also significantly enhanced nitrogen uptake, 

with a 8.7% to 18.7% increase over the control. These results indicate that PSB inoculation plays a significant role in 

improving nitrogen uptake in maize plants. 

Phosphorus Content in Plants 
Significant differences in phosphorus concentration in maize plants were observed across treatments (Fig. 3.(b)). PSB 

inoculation significantly improved phosphorus content in plants compared to the control, with the highest increase 

observed in PSB+DAP (T3), showing a 35% to 40% increase. NP inoculated with PSB (T4) resulted in a 25% increase 

in phosphorus concentration compared to the control (p < 0.05). Similar improvements were noted in other treatments, 

with biochar (BC) enhancing phosphorus uptake when combined with PSB, further highlighting the synergistic effect 

of biochar and PSB in phosphorus solubilization. 

 

 

 

 

 

 

 

 

 

Figure 3. Effect of biochar and phosphate solubilizing bacteria with diammonium phosphate and nitrophos on plant N 
(a) and plant P (b). The bars sharing similar letters are statistically non-significant to each other at p ≤ 0.05. 
 

DISCUSSION 

The present study highlights the synergistic effects of biochar (BC) and phosphate-solubilizing bacteria (PSB) in 

combination with diammonium phosphate (DAP) and nitrophos (NP) on maize productivity and soil health in 

phosphorus-deficient calcareous soils. The combined application of BC+PSB+DAP consistently outperformed all other 

treatments, suggesting that integrated nutrient management strategies can effectively address the limitations of 

phosphorus availability in alkaline soils. The increased availability of nitrogen and phosphorus in the BC+PSB+DAP 

treatment can be attributed to the complementary functions of biochar and microbial inoculants. Biochar provides a 

porous habitat that enhances microbial colonization and survival, protecting PSB from environmental stress and 

predators like protozoa (Lehmann et al., 2011; Siddiqui et al., 2016). In turn, PSB increase the bioavailability of 

phosphorus through acidification, chelation, and organic acid production processes well-documented in strains such 

as Pseudomonas fluorescens and Bacillus subtilis (Khan et al., 2009; Malhotra et al., 2018). These mechanisms align 

with the observed 48% increase in available phosphorus and 40% increase in nitrogen in soil under BC+PSB+DAP 

treatment. Moreover, the enhancement of soil organic matter in BC-treated pots reflects the biochar’s role in stabilizing 

carbon and improving soil structure (Das and Ghosh, 2020). Higher microbial biomass likely stimulated nutrient cycling 

and retention, particularly of ammonium and phosphate ions, reducing leaching losses and boosting nutrient use 

efficiency (Mahmoud et al., 2019; Rafique et al., 2017). These soil improvements are critical in calcareous systems 

where phosphorus fixation severely limits plant uptake. 

Growth-related improvements in maize under integrated treatments such as increased shoot and root biomass, plant 

height, and SPAD chlorophyll content further support the hypothesis of improved nutrient acquisition and assimilation. 

PSB and biochar likely promoted better root architecture, enhancing the root surface area for nutrient absorption. These 

findings are consistent with those of Laghari et al. (2016) and Chauhan et al. (2016), who reported improved biomass 

production and photosynthetic performance in crops treated with biochar and beneficial microbes. The enhanced 

physiological performance evident through higher photosynthetic rates, stomatal conductance, water use efficiency 

(WUE), and sub-stomatal conductance indicates more efficient carbon assimilation and water regulation under 

integrated treatments. Improved gas exchange is directly linked to optimal nitrogen and phosphorus nutrition, affecting 
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chlorophyll synthesis, ATP generation, and enzymatic activity in the Calvin cycle (Rychter and Rao, 2005). Notably, 

PSB-inoculated plants showed increased stomatal activity even under NP treatments, suggesting PSB’s role in 

modulating stress responses and improving water balance, potentially through auxin and cytokinin production 

(Lugtenberg and Kamilova, 2009). Plant tissue analysis further confirmed increased nutrient uptake under PSB and 

BC-treated soils, with nitrogen and phosphorus concentrations in leaves and stems significantly higher than the control. 

This reinforces the role of PSB in mobilizing insoluble phosphorus and biochar to retain nutrients within the rhizosphere. 

The effectiveness of DAP over NP is likely due to its better solubility and compatibility with microbial metabolism in 

alkaline environments, where phosphorus tends to form insoluble calcium-phosphates (Rose et al., 2012). 

Despite these promising results, certain limitations must be acknowledged. The study was conducted in a controlled 

pot environment over a short duration. While useful for mechanistic insights, these conditions may not fully represent 

field-scale dynamics, such as weather variability, microbial community shifts, and long-term soil fertility trends. 

Therefore, field trials under diverse soil types and cropping systems are essential to validate the scalability and 

consistency of these findings. In summary, the integrated application of BC and PSB with DAP improves phosphorus 

solubilization and microbial activity and significantly enhances maize growth, physiological function, and nutrient 

uptake. These benefits, driven by biological and physicochemical processes, underline the potential of integrated 

nutrient management in promoting sustainable maize cultivation, especially in phosphorus-deficient calcareous soils. 

Future research should focus on field-scale validation, microbial community profiling, and optimizing application rates 

across soil textures to refine these sustainable strategies further. 

 

CONCLUSIONS 

The integration of biochar (BC) and phosphate-solubilizing bacteria (PSB) with diammonium phosphate (DAP) and 

nitrophos (NP) demonstrated a synergistic enhancement in maize growth, nutrient uptake, and soil fertility under 

phosphorus-deficient calcareous soil conditions. The combined application of BC+PSB+DAP emerged as the most 

effective treatment, significantly improving maize growth attributes, including shoot fresh weight (81%), root dry weight 

(130%), and plant height (55%) compared to the control. Physiological parameters such as photosynthetic rate (48%), 

stomatal conductance (60%), and water use efficiency (33%) were also markedly elevated, underscoring the role of 

enhanced nutrient availability and microbial activity in optimizing plant metabolic processes. Soil health indicators 

revealed increases in organic matter (36%), nitrogen (40%), and phosphorus availability (48%) under BC+PSB+DAP, 

attributed to capacity of biochar to stabilize soil structure, retain nutrients, and microbial proliferation, alongside PSB’s 

phosphorus-solubilizing efficacy. DAP exhibited superior compatibility with BC and PSB over NP, likely due to its 

efficient phosphorus release in alkaline soils. This synergy not only amplified nutrient accessibility but also reduced 

dependency on synthetic inputs, aligning with sustainable agricultural goals. PSB inoculation alone improved 

phosphorus uptake by 35–40%, while biochar further amplified these benefits by enhancing microbial habitat and 

nutrient retention. The study validates the hypothesis that integrated nutrient management surpasses isolated 

applications, offering a pragmatic strategy to address phosphorus fixation challenges in calcareous soils. 

These findings advocate for adopting BC+PSB+DAP as a cost-effective, eco-friendly approach to maize productivity 

and soil resilience. However, long-term field trials are essential to evaluate the persistence of these effects, microbial 

community dynamics, and scalability across diverse agroecosystems. Future research should also optimize application 

rates for varying soil textures and cropping regimes to refine sustainable phosphorus management frameworks. By 

bridging organic amendments with microbial inoculants, this study paves the way for transformative agricultural 

practices that harmonize productivity with the environment. 
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