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Abstract

Fertilizer use efficiency is the major problem behind low crop productivity on calcareous sandy loam 
soils, mostly for exhaustive crops like maize. Improving maize productivity to meet food requirements is 
among the priority research areas for scientists. The study explores the efficacy of coated diammonium 
phosphate (DAP) with phosphate solubilizing bacteria (PSB) and their extracted metabolites to improve 
maize growth and soil health. For this purpose, the efficacy of conventional DAP is compared with that 
of coated DAP (C-DAP) to improve soil nutrient dynamics, maize seedling growth, the antioxidant 
system, and nutrient uptake in grains. Results showed that C-DAP significantly improved maize growth 
as compared to uncoated DAP. Bacterial and metabolites coated DAP formulations exhibit increased soil 
available phosphorus by 44% and 41% and extractable potassium by 41% and 43%, respectively, at 100% 
of the required P dose. Coated DAP treatments also enhanced microbial biomass carbon in rhizospheric 
soil, indicating a positive influence on soil microbial communities. Furthermore, bacterial and metabolites 
coated DAP formulations enhanced relative water contents (44% and 40%), membrane stability index 
(45% and 47%), and chlorophyll contents (37% and 39%), respectively. The present findings conclude 
that the use of microbial and metabolites coated DAP is an effective strategy to improve maize growth, 
physiology, and nutrient use efficiency in a sustainable manner to address food security.
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Introduction

Maize holds a significant role as a crucial food crop 
and is a vital component in forage and industrial raw 
materials [1]. It contributes roughly one-third of global 
grain production [2], Pakistani soils primarily consist 
of calcareous sandy compositions, characterized by 
poor quality due to elevated calcium carbonate levels 
and limited nutrient accessibility owing to high pH and 
unfavorable soil traits [3]. Additionally, the prevalence of 
sand particles in these soils results in a low to medium 
capacity for retaining water in the upper soil layers 
[4]. To optimize economic returns from the depleted 
calcareous sandy soils, it’s crucial to promptly discover 
and implement efficient strategies for fertilization 
management. Phosphorus (P), an indispensable plant 
nutrient in farming, is a nonrenewable resource that 
should be introduced into the soil in both inorganic and/
or organic forms to support sustainable cropping systems 
[5, 6]. Adequate phosphorus in the root zone is crucial 
for the optimal growth and development of maize, 
serving as an essential nutrient. It’s a requisite factor for 
achieving a high-quality maize yield [7]. It accelerates 
the maturation of crops and encourages initial growth and 
root establishment [8]. Nonetheless, within agricultural 
crop management, it stands as the second most restrictive 
nutrient, following nitrogen [9], owing to its strong 
chemical bonding with soil colloidal surfaces [10]. The 
transformations of phosphorus via mineralization and 
immobilization processes modify its presence in topsoil, 
influencing its accessibility to plants. Different crop 
scientists report that less than 45% of phosphorus from 
phosphate fertilizer is typically recovered in the initial 
year of application [11]. A recent finding uncovered 
a deficiency of phosphorus in 5.7 billion hectares 
of agricultural soil globally [12]. The availability of 
phosphorus in calcareous soils remains low because of 
chemical surface precipitation and adsorption, although 
distinguishing between these mechanisms poses a 
challenge. Furthermore, the presence of P in a negatively 
charged state renders it inaccessible to plants due to its 
strong complexation with Fe/Al oxides [13]. Moreover, 
excessive use of chemical fertilizers has adverse effects 
on soil structure and communities of microbes and 
may lead to other issues. Consequently, approximately 
80–90% of soil P becomes inaccessible, depending on 
soil composition and pH [14]. Therefore, finding ways 
to minimize P loss and enhance PUE (Phosphorus Use 
Efficiency) is crucial for ensuring optimal maize yields.

A controlled-release phosphate fertilizer with a 
polymer coating steadily delivers nutrients according to 
crop needs, reducing phosphorus inefficiency due to soil 
fixation. This method extends the fertilizer’s effectiveness 
by synchronizing nutrient release with demand. Employing 
this fertilizer in a single application could sufficiently 
nourish crops throughout their growth cycle, providing 
a fresh approach to the challenges posed by traditional 
fertilization methods. Lu et al. [15] demonstrated the 
creation of coated diammonium phosphate (CDAP) by 

modifying the surface with polyolefin wax and coating 
it with polyurethane derived from castor oil. This 
innovative approach showcased improved controlled-
release capabilities in the wax-modified CDAP, presenting 
an ideal “S” shaped release profile when compared to 
conventional diammonium phosphate (DAP). Sarkar et 
al. [16] described that the controlled-release P fertilizers 
led to notable enhancements in wheat yield (ranging 
from 14.3% to 34.6%) and P uptake (rising by 0.7% to 
18.7%) compared to commercial DAP. Likewise, Yaseen 
et al. [17] have shown similar findings through polymer 
coating on DAP under a maize-wheat cropping system.

Microbes in soil, crucial for agricultural systems, 
actively maintain soil health and sustainability [18]. 
The properties of the soil and the amounts of nutrients, 
particularly phosphorus (P) and nitrogen (N), have an 
impact on these microscopic organisms [19]. Zhang, 
[20], found that the impact of fertilization methods 
on soil microbes outweighs that of crop rotation. 
Employing phosphate solubilizing bacteria (PSB) 
presents a promising biological approach to enhance 
the effectiveness of applied P fertilizer [21]. Most 
significantly, the use of PSB inoculants accelerates the 
dissolution of inorganic P through the release of acidic 
metabolites, reducing P adsorption and precipitation, 
and encouraging the mineralization of organic P [22]. 
Fitriatin et al. [23] examined how utilizing biofertilizers 
containing a mix of phosphate-solubilizing microbes 
and nitrogen-fixing bacteria enhances the accessibility 
of nitrogen and phosphorus in the soil. The presence 
of phosphorus can be augmented by enveloping it with 
phosphorus-solubilizing bacteria (PSB) and bacteria 
that promote plant growth (PGPR) [24, 25]. Research 
has indicated that soil treated with controlled-release 
fertilizer demonstrates significantly higher nutrient levels 
than soil treated with traditional fertilizer [26].

Moreover, alterations in soil microbial community 
traits, including microbial biomass and the variety and 
prevalence of bacteria/fungi, are influenced by the 
introduction of controlled-release fertilizer [27]. The 
application of bacterial culture and metabolites to coat 
P fertilizer enhances its effectiveness as a slow-release 
agent in soil [28]. Recent research has centered on 
controlled-release diammonium phosphate (C-DAP), 
which effectively manages the release of both N and P 
[15, 29], resulting in significant enhancement of plant root 
growth and aboveground biomass [30]. Nevertheless, the 
specific impact of C-DAP on plant and microorganism 
development in continuous cropping scenarios remains 
inadequately explored.

The present study aims to evaluate the efficacy of 
coated DAP formulations with PSB and metabolites in 
enhancing maize growth and soil health on calcareous 
sandy loam soils. The objectives of the study were to 
compare the effect of conventional DAP with coated 
DAP on soil nutrient dynamics, maize seedling 
growth, the antioxidant system, and nutrient uptake in 
grains of maize for stainable maize production. It was 
hypothesized that coated bacterial and metabolites 
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coated DAP may improve the growth and nutritional 
status of the maize crop compared to commercially 
available DAP. 

2. Experimental Methods

2.1. Physico-Chemical Soil Analysis

Before sowing, the soil’s physico-chemical traits for 
the pot trial were assessed following standard protocols, 
with the findings shown in Table 1. The pH, the electrical 
conductivity (EC), and organic matter were determined 
through standard protocols [31]. The method of Sarfraz 
et al. [32] used to calculate saturation percentage by oven 
drying the saturated paste at 105 °C until it reached a 
constant weight. Watanabe and Olsen’s [33] method was 
used for available P determination. The soil textural class 
was determined following the protocol given by Gee and 
Bauder [34]. The Kjeldhal method by Jackson [35] was 
used to analyze the total nitrogen %.

2.2. Coating of DAP with Bacterial and Metabolites 

Diammonium phosphate fertilizer was coated with 
phosphorus solubilizing bacterial strains (Bacillus 
megaterium ZR19 and ZE32 and Bacillus subtilis ZR3 
and ZE15) by Iqbal et al. [36] and metabolites extracted 
from these strains by following the procedure of Politz et 
al. [37]. Diammonium phosphate fertilizer was provided 
by the Soil Microbiology and Biotechnology Laboratory 
of the Soil Science Department. Homogenous granules 
were selected with a diameter ranging from 2-4mm 
and coated with bacterial culture and their extracted 
metabolites by spraying through a spray bottle on the 

surface of DAP granules. This procedure was repeated five 
times on coated DAP (the first coating). Subsequently, the 
finalized coated DAP fertilizer was stored in polythene 
bags at ambient temperature.

2.3. Growth Conditions and Experimental Design

A pot trial was designed in the wirehouse to check 
the effect of coated DAP on maize productivity and 
the physicochemical and biological properties of 
rhizospheric soil. The experiment was carried out during 
February-March in a completely randomized design 
(CRD) under factorial settings. Un-coated and coated 
DAP (@120 kg P ha-1 ) was applied in various treatments, 
as described in Table 2. Sandy loam soil (10 kg per pot) 
with poor water-holding capacity was used to fill the pots. 
The recommended dose of N (160 kg h-1) was applied 
in split form. Half of the recommended nitrogen (N) 
was administered as a basal dose, while the remaining 
half was distributed in two splits using urea. The fully 
recommended K fertilizer (60 kg h-1) was applied in the 
form of potassium sulfate before sowing as a basal dose. 

All agricultural practices, from planting to harvesting, 
were implemented. Parameters for growth and yield 
were documented during the crop’s harvest. To analyze 
antioxidant enzymes as well as other physiological 
and ionic parameters, plant samples were collected. 
Rhizospheric soil samples were also collected from 
each pot to determine different physico-chemical and 
biological parameters.  

2.4. Antioxidant Enzyme Activity

The fresh leaf sample (0.5g) was homogenized at 
4 °C in 8 mL of extracting buffer (50 mM L-1 phosphate, 
pH 7.8). The prepared homogenate was centrifuged at 
15,000g for 20 minutes, and the resultant supernatant was 
analyzed for antioxidant activities. Ascorbate peroxide 
(APX) was determined using 2.5 mL phosphate buffer 
solution at 290nm wavelength on a spectrophotometer by 
following the method of Prochazkova et al. [38]. Catalyze 
(CAT) activity was assayed by following the protocol 
of Chance and Maehly [39] at 240nm wavelength. The 
process explained by Giannopolitis and Ries [40] was 
employed for assessing the superoxide dismutase (SOD) 
activity, measured specifically at 560 nm. The activity 
of peroxidase (POD) was determined using Guaiacol 
+ 0.1 mL H2O2 at 470 nm wavelength. 

Table 2. Self-explanation of treatments (% of DAP fertilizer applied with actual amount)

Factors
Treatments Uncoated Bacterial coated Metabolites coated

Control No DAP No DAP No DAP
25% DAP 0.75 g DAP pot-1 0.75 g DAP pot-1 0.75 g DAP pot-1

50% DAP 1.49 g DAP pot-1 1.49 g DAP pot-1 1.49 g DAP pot-1

75% DAP 2.24 g DAP pot-1 2.24 g DAP pot-1 2.24 g DAP pot-1

100% DAP 2.97 g DAP pot-1 2.97 g DAP pot-1 2.97 g DAP pot-1

Table 1. Pre-sowing physico-chemical analysis of soil (means ± 
SD of three replications)

Characteristics Value
ECe (dSm-1) 1.4 ± 0.02

pH 7.8 ± 0.03
Organic matter (%) 0.36 ± 0.02

Saturation percentage (%) 31 ± 0.71
Available P (mg kg-1) 3.5 ± 0.01

Textural class Sandy loam
Total N (%) 0.026 ± 0.002
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2.5. Physiological Parameters 

Relative water contents (RWC) were estimated using 
the protocol described by Lazcano-Ferrat and Lovatt 
[41]. According to the method, the fresh weight (FW) of 
the youngest plant leaf was taken by using an electrical 
weight balance. The leaves were soaked in distilled water 
overnight at ambient temperature for turgid weight (TW). 
Subsequently, the leaves were subjected to 65°C in a hot 
air oven for drying to record dry weight (DW). RWC was 
calculated using Equation 1:

              (1)

The method described by Sairam and Saxena [42] 
was used to analyze the membrane stability index (MSI). 
The crushed 0.1 g leaf disc was taken in distilled water 
and heated in the water bath for 30 minutes at 40 °C. An 
EC meter was used to determine electrical conductivity 
(C1). After this, the sample was heated again in the water 
bath at 100 °C for 10 min to record electrical conductivity 
(C1). Equation 2 was used to calculate MSI:

                   (2)

The determination of chlorophyll contents was done 
by following the process of Arnon [43]. In short, fresh leaf 
samples weighing 0.1 g were sliced and placed in glass 
test tubes. Then, 10 mL of 80% acetone was added to each 
tube, and they were kept in a dark location until the leaf 
samples completely lost color. Following centrifugation, 
the absorbance of the resulting supernatant was assessed 
at 645 and 663 nm using a UV-visible spectrophotometer 
to determine chlorophyll ‘a’ and ‘b’. Total chlorophyll 
contents were calculated by using Equation 3:

              (3)

2.6. Nutritional Analysis of Grains

The protocol described by Wolf [44] was used for grain 
digestion. The standard protocol by Ryan [45] was used for 
the determination of phosphorus concentration in grains on 
a UV-visible spectrophotometer (Agilent Carry 60, USA) 
and potassium concentration on a flame photometer (Model; 
Model BWB-XP, BWB Technologies, Newbury, UK). For 
nitrogen determination, the Kjeldhal apparatus (VELP Sci., 
Italy) was utilized as described by Jackson [35].

2.7. Post-Harvest Soil Sample Analysis 

After crop harvesting, soil rhizospheric samples were 
collected from pots and analyzed for different physico-
chemical properties. Combined soil samples were dried 
in the air and sifted through a 2mm mesh sieve. They 
were then kept in a refrigerator at 4 °C and analyzed 
within a week. Soil pH was determined using the Kent Eil 
7015 pH meter, while soil organic matter was assessed 
following the procedure outlined by Nelson and Sommers 
[31]. The method of Watanabe and Olsen [33] was used 
to analyze the available phosphorus. A flame photometer 
(Model; Model BWB-XP, BWB Technologies, Newbury, 
UK) was utilized to describe extractable potassium. 
Chloroform fumigation and extraction methods [46, 47] 
were used to determine microbial biomass carbon. 

3. Results 

3.1. Effect of Coated DAP on Growth Parameters 
of Maize Crops

Changes in plant growth parameters measured at the 
time of maize harvesting are presented in Table 3. Shoot 
fresh biomass of maize plants under uncoated control 
treatment was the minimum, while the maximum shoot 

Table 3. Effect of coated DAP on growth parameters of maize crop in pot trail

Treatments

Shoot fresh weight (g) Root fresh weight (g)

Uncoated Bacterial 
coated Metabolites coated Uncoated Bacterial 

coated
Metabolites 

coated
Control 283±0.51i 304±0.68h 303±0.68h 42±0.39h 45±0.39gh 43±0.51gh

25% 318±0.93g 360±1.04e 357±1.29e 47±0.29f-h 52±0.64d-f 53±0.51c-e

50% 338±0.78f 384±1.04d 398±0.68c 49±0.51e-g 58±0.64b-d 58±0.25bc

75% 355±0.64e 426±0.90b 423±0.53b 54±0.39c-e 62±0.90ab 62±0.39ab

100% 364±0.39e 431±0.51ab 438±.81a 54±0.53c-e 65±0.53a 62±0.68ab

HSD(p≤0.05) 2.680  1.696

Treatments

Shoot length (cm) Root length (cm)

Uncoated Bacterial 
coated Metabolites coated Uncoated Bacterial 

coated
Metabolites 

coated
Control 109±0.51i 118±1.27hi 119±0.68h 36±0.64f 38±0.39ef 37±0.93ef

25% 119±0.64h 135±0.90fg 141±0.78ef 41±0.90d-f 43±0.78c-f 44±0.74c-e

50% 127±1.07gh 146±1.18de 151±0.44cd 43±0.39c-f 48±0.68a-d 49±0.25a-c

75% 134±0.90fg 158±0.51bc 158±0.78bc 45±0.39b-d 52±0.78ab 53±0.53ab

100% 139±0.51ef 164±0.53ab 171±0.78a 47±0.51a-d 54±0.53a 53±0.53a

HSD(p≤0.05) 2.546 2.060
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fresh biomass (438 g) was observed from 100% of 
metabolites coated DAP application from T5 treatment, 
followed by the same dose of bacterial coated DAP. 
Application of coated DAP showed better results even at 
lower applied concentrations, i.e., 50% and 75% of the 
required DAP dose. Root fresh biomass was improved 
by 46% as compared to control when 100% of bacterial 
coated DAP was applied. Fresh biomass, shoot length, 
and root length were also significantly enhanced by the 
application of coated DAP. In the case of uncoated DAP 
application, the maximum improvement in shoot length 
was 28% which is 12% and 15% lower than the maximum 
improvement obtained from bacterial and metabolites 
coated DAP. The root length of the maize crop was also 
significantly enhanced by the application of coated DAP, 
with a 44% increase from T5 and T4 treatment of bacterial 
and metabolites coated DAP application, respectively, as 
compared to their respective controls. 

3.2. Effect of Coated DAP on the Antioxidant 
Enzyme Activity of Maize Crops

Results (Fig. 1) showed that when 100% of coated 
DAP was applied, POD activity was increased by 40% 
and 41% with bacterial and metabolites coated DAP, 
respectively, as compared to their respective controls, 
while with uncoated DAP, only 30% was increased when 
the fully required dose was applied (Fig. 1A). When 
75% of the required dose was applied, the maximum 

increase was 39% due to metabolites coated DAP, while 
with bacterial and uncoated application, a 37% and 
23% increase was observed. Similarly, a 43% and 41% 
increase were observed in APX with 100% bacterial 
and metabolites coated DAP, respectively, and a 28% 
increase was observed when uncoated DAP was applied 
in the same treatment (Fig. 1B). The SOD activity was 
increased by 40% and 43% with the full dose of both 
types of coated DAP, respectively, as compared to their 
respective controls. When DAP was applied at a 75% rate 
of fertilizer application, 29%, 38%, and 39% increases 
in SOD activity were observed in uncoated, bacterial 
coated, and metabolites coated DAP, respectively, 
(Fig. 1C). In the case of CAT activity, the maximum 
increase (43% and 41%) was observed in T5 treatment, 
where 100% of the required DAP was applied as bacterial 
coated DAP. Results showed that when 75% of DAP 
was applied, 22%, 37%, and 40% were observed under 
uncoated, bacterial coated, and metabolite coated DAP 
formulations, respectively, (Fig. 1D). 

3.3. Effect of Coated DAP on Leaf Water Contents 
and Membrane Stability Index of Maize Crops  

Results represented in Fig. 2 (2A, 2B) showed that 
coating DAP significantly enhanced plant physiological 
parameters in comparison with uncoated DAP. The 
maximum (44%) increase in relative water contents was 
observed when bacterial coated DAP was applied as a 

Fig. 1. Effect of Bacterial and metabolites coated DAP on antioxidant enzymes activity of maize crop in pot trail. POD (peroxide di-
smutase) (1A), APX (ascorbate peroxide) (1B), SOD (superoxide dismutase) (1C), CAT (catalase) (1D). Bars with the same alphabets 
showed non-significant results with each other at p ≤ 0.05



6 Sadia Murad, et al.

full dose, i.e., followed by a 40% increase from the same 
treatment of metabolites coated and 75% of the required 
bacterial coated DAP formulations as compared to their 
respective controls. Uncoated DAP, when applied as a 
full dose, increased leaf water contents by 32%, which is 
equal to the increase obtained from 50% of the required 
bacterial coated DAP formulation. The coating also 
showed an expressive effect on membrane stability index 
(MSI) when 100% of the required DAP was applied as 
bacterial and metabolites coated DAP. The maximum 
increase was observed in the case of metabolites coating, 
i.e., 47% at a 100% DAP application rate. The next 
highest value in MSI was observed when 75% of the 
required metabolites coated DAP, with a 41% increase as 
compared to its control.

3.4. Effect of Coated DAP on the Total Chlorophyll 
Contents of Maize Crops 

Total chlorophyll contents were improved with the 
application of bacterial and metabolites coated DAP as 
compared to uncoated DAP (Fig. 2C). Metabolite coated 
DAP showed better results as compared to bacterial coated 
DAP and uncoated DAP. The maximum improvement 
(39%) was observed in T5, i.e., 100% of the required 
DAP dose as metabolites coated DAP as compared to its 
control. The same treatment of bacterial coating showed 
a 37% increase in chlorophyll contents, and uncoated 
DAP with a full dose showed a 27% improvement. The 
next best treatment was T4, with 75% of the required 
DAP application, which resulted in a 30% and 33% 

enhancement in chlorophyll contents, which was 3% and 
6% more than the increase obtained from the full dose 
of uncoated DAP. The lowest values were obtained from 
T1 (25% of the required DAP) treatment from all types 
of DAP applications, with 9% and 13% increases from 
uncoated and coated DAP, respectively. 

3.5. Effect of Coated DAP on Nutrient Contents 
in Grains of Maize Crops

The application of coated DAP significantly improves 
total NPK concentrations in grains of the maize crop, as 
compared to uncoated DAP as shown in Fig. 3. When 100% 
of the required DAP was applied as bacterial coated and 
metabolites coated DAP, the total nitrogen concentration 
in grains was improved by 40% and 37%, respectively, 
as compared to their respective controls (Fig. 3A). While 
uncoated DAP at a similar rate of application showed a 
26% increase in grain nitrogen concentration as compared 
to its control, coated DAP at 75% and 50% of the required 
DAP dose also showed better results with a 37% and 36% 
increase from bacterial coated and metabolites coated 
DAP, respectively. Similarly, phosphorus and potassium 
concentrations were also significantly improved by the 
coated DAP application, with a 41% and 40% increase 
in phosphorus concentrations, as well as a, 37% and 36% 
increase in potassium concentration, respectively, when a 
full dose of the required DAP was applied in comparison 
with the control (Fig. 3B, 3C). Conventional DAP showed 
a 24% and 28% increase in P and K concentrations in 
grains of maize, respectively.

Fig. 2. Effect of Bacterial and metabolites coated DAP physiological parameters of maize crop in pot trail. Relative water contents 
(2A), membrane stability index (2B), chlorophyll contents (2C). Bars with the same alphabets showed non-significant results with each 
other at p ≤ 0.05.
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3.6. Effect of Coated DAP on Post-Harvest 
Rhizospheric Soil Characteristics

Bacterial coated and metabolites coated DAP 
significantly improved rhizospheric soil properties in a pot 
trial (Fig. 4), while uncoated DAP showed non-significant 

results. The maximum increase in available P was 44% and 
41%, which were obtained from bacterial coated DAP and 
metabolites coated DAP, respectively, as compared to their 
respective controls, while a 26% increase was observed in 
the case of uncoated DAP (Fig. 4A). At a lower application 
rate, i.e., 75% of the required DAP, the bacterial coated DAP 

Fig. 3. Effect of Bacterial and metabolites coated DAP on grain nutritional values of maize crop in pot trail. Nitrogen concentration (3A), Phosphorus 
concentration (3B), Potassium concentration (3C). Bars with the same alphabets showed non-significant results with each other at p ≤ 0.05.

Fig. 4. Effect of Bacterial and metabolites coated DAP on post-harvest rhizospheric soil characteristics of maize crop in pot trail. Available 
P (4A), Extractable K (4B), MBC (microbial biomass carbon) (4C), MBN (microbial biomass nitrogen) (4D). Bars with the same alphabets 
showed non-significant results with each other at p ≤ 0.05.
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and metabolites coated DAP showed statistically similar 
results. Similarly, extractable K was also the maximum in 
the rhizospheric soil of pots that were treated with coated 
DAP, with a 41% and 43% increase, respectively, from 
bacterial coated and metabolite coated DAP formulations. 
When uncoated DAP at the rate of 100% of the required 
P dose was applied, a 32% improvement in extractable K 
was observed, which is statistically at par with metabolites 
coated DAP formulation at 75% of the recommended P 
rate (Fig. 4B). Bacterial coated DAP resulted in a 43% 
increase in microbial biomass carbon (MBC) at 100% of 
the required P rate, while metabolites coated DAP showed 
a 33% increase in MBC as compared to their respective 
controls (Fig. 4C). Similarly, MBN was also significantly 
improved by the application of bacterial coated DAP with 
a 45% increase as compared to its control. Meanwhile 
metabolites coated and uncoated DAP applications at 
100% of the required P dose showed statistically similar 
results but significantly better than the respective controls 
(Fig. 4D). 

Discussion

Diammonium phosphate stands out as a crucial and 
costly component in agricultural production. [48]. Meeting 
the escalating demand for food in the next five decades 
poses a significant challenge. This challenge is exacerbated 
by a growing population, diminishing arable land, swift 
global climate change, escalating water scarcity, and a 
surge in the cost of agricultural inputs. In this context, 
the significance of fertilizers has grown, aiming to attain 
elevated agricultural production per unit area from soils 
experiencing declining fertility. Consequently, enhancing 
the efficiency of applied fertilization is crucial to achieving 
optimal crop yields. In the past three decades, the 
intersection of agronomy and genetically efficient crop 
varieties has been instrumental in enhancing Phosphorus 
Use Efficiency (PUE) and overall crop productivity. More 
recently, advanced technologies such as polymer-coated 
P fertilizers, as well as the utilization of phosphorus-
solubilizing bacteria and fungi, have been explored [49, 
50]. However, inconclusive outcomes have been observed, 
attributed to challenges such as exorbitant production 
costs, inadequacies in microbial carriers, and suboptimal 
survival rates at the designated target sites. The present 
study was conducted to check the efficiency of bacteria 
and their metabolites coated DAP to improve the growth 
and yield of maize crops. The results showed that coated 
DAP performed better regarding maize growth and yield. 
Obtained results highlighted enhanced growth parameters 
such as biomass and root shoot length of maize in pot 
trail up to 44%, 42%, 40%, and 43% by using bacteria 
and their extracted metabolites coated DAP, respectively. 
The increase in shoot length and shoot dry weight may 
be attributed to the solubilization of insoluble phosphorus 
(P) in the soil, facilitated by Phosphorus-Solubilizing 
Bacteria (PSB) through the production of organic acids 
and enzymes [51]. This process enhances the accessibility 

of available phosphorus to the plant [52]. The synthesis 
of indole-3- acetic acid (IAA), a plant growth-promoting 
phytohormone, by Phosphorus-Solubilizing Bacteria 
(PSB) additionally contributes to the enhancement of plant 
growth. This is achieved through the improvement of root 
growth and development [53]. The coating of DAP serves 
a dual purpose. Firstly, it acts as a barrier, preventing direct 
contact between DAP and the soil, thereby mitigating the 
risk of phosphorus (P) fixation through processes such as 
sorption, complexation, and precipitation as outlined by 
Fertahi et al. [54]. Furthermore, this encapsulation impedes 
the expeditious dissolution of DAP, thereby mitigating 
its subsequent loss via surface runoff and subsurface 
flow [55]. These findings align with the observations 
of Li et al. [56], who documented that Phosphorus-
Solubilizing Bacteria (PSB) in conjunction with chemical 
fertilizers can enhance root length. P-solubilizing bacteria 
release hormones that stimulate elongated root growth, 
consequently improving nutrient uptake [57]. Inoculation 
with Bacillus and Lysinibacillus strains across diverse 
crop types markedly stimulated plant growth, manifested 
by increases in plant height and biomass, as evidenced in 
the present investigation. The application of phosphorus-
solubilizing bacterial coated Diammonium Phosphate 
notably augmented plant growth in terms of both root and 
shoot length [58]. The results of the present study showed 
that the application of bacterial and their metabolites 
coated DAP increased plant physiological attributes more 
prominently as compared to uncoated DAP. This increase 
in physiological attributes of the maize crop may be due to 
the increase in the retention of assimilates that are essential 
for cob production in the stem of the plant [59]. Chlorophyll 
content is an important indicator of crop health, growth, 
and nutrient status. In our study, maximum chlorophyll 
contents were observed by the application of 75% and 
100% bacterial and metabolites coated DAP. The optimal 
uptake of phosphorus (P) is crucial for the biosynthesis 
of chlorophyll, as it serves as the structural component of 
phospholipids essential for the formation and stabilization 
of the thylakoid membrane. This membrane plays a pivotal 
role in the positioning of chlorophyll molecules, influencing 
the fv/fm (maximum quantum yield of photosystem II) 
parameter [60]. This investigation revealed a positive 
correlation between phosphorus (P) uptake and key growth 
parameters, including shoot dry weight, shoot height, 
leaf area, and the photosynthetic efficiency parameter 
(chlorophyll content). This correlation underscores the 
significance of accessible phosphorus facilitated by 
Phosphorus-Solubilizing Bacteria (PSB) in enhancing plant 
growth, photosynthetic rates, dry weight accumulation, and 
overall plant development. Our results are consistent with 
the findings of [61]. Phosphorus uptake was significantly 
higher in PSB coated DAP applications supplemented 
with 75% and 100% recommended P fertilizer doses as 
compared to their respective controls. The augmented P 
uptake resulting from the synergistic interplay of PSB and 
an optimal phosphorus fertilizer dosage can be attributed 
to the enhanced solubilization of insoluble phosphorus 
compounds. This process improves the availability of 
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phosphorus to plants, arising from both the chemical 
fertilizer and indigenous phosphorus in the soil, facilitated 
by the activities of PSB [62]. These activities include the 
production of organic acids, participation in cation exchange 
reactions, and the generation of phosphatase enzymes [63]. 
The increase in plant biomass production subsequently 
promoted elevated P uptake by plants. Specific exudates 
released by rhizospheric bacteria and plant roots within the 
rhizosphere induce the activation of phosphatase activity, 
thereby amplifying the efficiency of phosphorus uptake 
[64]. Besides that, Bacillus sp. helped the plant uptake 
K [65]. Application of PSB and metabolites coated DAP 
improved CAT, SOD, POD, and APX activities that can 
protect membrane integrity and mitigate the detrimental 
impacts of abiotic stresses [66]. Antioxidant enzymes were 
significantly affected by the application of coated DAP. 
Our results are in line with the findings of Israr et al. [61] 
and Ishizawa et al. [67]. Ishizawa et al. [67] demonstrated 
that the bacterial strains H3 (Aquitalea magnusonii) and 
M12 (Pseudomonas otitidis) have caused an elevation 
of O 2- contents in plants. One of the immune responses 
involved in O 2- elevation was directly triggered by 
microbially assisted molecular patterns (MAMPs) such as 
flagellins and chitin [68]. Moreover, it has been proven that 
the O 2- generation in response to oxidase activity using 
the reducing potential of NADPH serves as a signaling 
molecule to establish symbiosis in plants and bacteria [69]. 
A rise in soil-available phosphorus, extractable potassium, 
and soil microbial biomass carbon and nitrogen was 
documented in pots treated with DAP coated with bacterial 
strains and their metabolites. Furthermore, the elevated P 
content observed in pots treated with DAP coated with PSB 
may be attributed to the increased abundance of PSB and 
heightened enzymatic activities in the soil. This, in turn, 
led to the mineralization of soil phosphorus, as evidenced 
by the noteworthy correlations observed between the 
microbial population, available phosphorus, and soil 
enzyme activities in our investigation [70]. Overall, the 
findings of this research advocate for the application of 
coated DAP fertilizer, characterized by its efficiency, at 
the recommended rate, as well as at reduced rates of 75% 
and 50% of the recommended rate. This approach proves 
advantageous in maintaining maize grain yield without 
compromising agricultural productivity when compared to 
the use of uncoated DAP fertilizer.

Conclusions

The coated DAP showed better results as compared to 
uncoated DAP, leading to enhanced growth of maize plants. 
The coated DAP enhanced the phosphorus use efficiency 
by increasing the phosphorus availability in the soil. 
Moreover, bacterial coated DAP showed better results than 
metabolites coated DAP, however, the difference was non-
significant, which means both formulations were equally 
effective. Coated DAP outperformed at a 100% application 
rate, but also performed well at lower rates of application, 
i.e., 50% and 75%, as compared to the full dose of uncoated 

DAP. Overall, the study advocates the use of coated DAP 
fertilizer as an effective tool to improve phosphorus use 
efficiency. Thus, the investigations support the idea of using 
coated DAP as a promising strategy to improve fertilizer 
use efficiency, increase crop productivity, and address the 
challenges posed by factors such as population growth, 
decreasing arable land, climate change, water scarcity, and 
rising agricultural input prices in the coming decades.
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