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ABSTRACT 39 

Plant-growth-promoting rhizobacteria (PGPR) can enhance plant growth and crop 40 

productivity with soil nutrient improvement. This study aimed to screen and characterizes 41 

PGPR to evaluate their ability to solubilize insoluble phosphorus (P) from various sources 42 

of phosphates. The selected four PGPR (NIA-NB1, NIA-NB3, NIA-NB6, and NIA-NB8) 43 

strains were tested to evaluate the P-solubilizing efficiency under in vitro conditions. These 44 

strains were combined into two different consortia, each with two different phosphate 45 

sources. Both PGPR (NBRIP and RP) phosphate sources initially showed a consistent 46 

increase in bacterial population (0.0-9.62 Log CFU mL-1) but after 24 hr RP showed a 47 

decline during incubation. Both consortia solubilized phosphate more effectively using 48 

NBRIP (21.25-46.28%) compared to RP (4.69-5.29%). Three carrier materials were tested 49 

for their impact on PGPR growth, survival, and phosphate solubilization. All carrier 50 

materials showed a slight decrease in pH and an increase in organic matter contents during 51 

incubation. All carriers were capable of phosphate solubilization, with the highest 52 

solubilization (8.73 %) achieved by the CM3+RP3 carrier material. All the PGPR carrier 53 

materials all carriers supporting PGPR survival after inoculation and showing growth 54 

throughout the incubation period. The highest population recorded in the CM2+RP3 carrier 55 

(9.29 Log CFUg-1) after 90 days of incubation. Thus, using PGPR with various carrier 56 

materials and insoluble phosphate sources demonstrates the potential to reduce production 57 

costs and minimize environmental contamination by reducing reliance on chemical 58 

fertilizers. 59 

 60 

Keywords: Bacterial population, Carrier material, Consortia, Incubation, Phosphate 

sources, Solubilization.  
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 61 

1- INTRODUCTION 62 

 Phosphorus (P) is an important nutrient for the growth of plants since it is a 63 

structural element of important biomolecules and participates in basic cellular metabolism 64 

(Santoro et al., 2024). It plays a role in respiration and photosynthesis, making it crucial for 65 

growth, development, and reproduction (Jiang et al., 2019). Phosphorus is absorbed by 66 

plants in the forms of (H2PO4
-/HPO4

-2) primary orthophosphate and secondary 67 

orthophosphate (Prathap et al., 2022). Due to the limited amount of soil P accessible, 68 

modern agriculture primarily relies on P fertilizer. To meet the demands of food security 69 

and agricultural sustainability, however, increasing the P use efficiency (PUE) of crops has 70 

become crucial due to the low efficiency of applied P absorbed by plants and the limited 71 

nature of P fertilizer (Heuer et al., 2017). After all, it is involved in enzymatic reactions and 72 

cell division because it is a constituent of nucleoproteins involved in reproduction. It could 73 

be said that P is involved in cell reproduction, which would affect plant yield (Liu et al., 74 

2017). 75 

 Pakistan lies in the arid to semi-arid region of the earth, with latitudes between 24 76 

N°- 37 N° and longitudes between 61E° -77E° (Hussain et al., 2010). The majority of dry 77 

regions soil with low moisture content have P deficiencies (Bhattacharya and Bhattacharya, 78 

2021). Pakistani soils are predominantly alkaline (pH > 7.0) and calcareous (CaCO3> 79 

3.0%) in nature (Barrow et al., 2015). P availability is influenced by a number of variables, 80 

including calcium and iron compounds, microbial presence or absence, soil pH, texture, 81 

and structure (Gerard, 2016). Soils with dominant Fe+3 and Al+3 at low pH (<5 or acidic) 82 

or by Ca+3 in alkaline soils pH >7, resulting low mobility and availability of phosphorus 83 

in the soil (Prathap et al., 2022). About 90% of Pakistani soils are deficient in P (Kaya et 84 

al., 2020). According to reports, Pakistan's fertilizer use in 2021 was 157.3 kg ha-1, growing 85 

at an average yearly rate of 5.36% faster than previously estimated (Narractives et al., 86 

2023). While constant use of chemical fertilizer for greater yield would increase the 87 

production cost simultaneously environmental pollution and degrade the soil quality 88 

(Kavitha & Rajini et al., 2013). Thus, bio-fertilizer is an eco-friendly & sustainable 89 

agriculture approach (Packialakshmi & Alia, 2014). 90 

 The bio-fertilizers contain effective microorganisms that increase plant growth and 91 

development by providing them with nutrients (Sivasakthivelan & Saranraj, 2013). A bio-92 

fertilizer consists of living microorganisms such as bacteria. When it is applied to soil, the 93 



4 

 

inoculated microorganisms colonize the rhizosphere of the plant, and after that they 94 

increase the supply of nutrients to the host plant (Youssef & Eissa, 2014).  95 

 It has been reported that plant growth-promoting rhizobacteria (PGPR) increase 96 

plant growth by producing gibberellic acid, IAA (indole acetic acid), siderophore, 97 

atmospheric nitrogen fixation, and inorganic phosphate solubilization (Naher et al., 2013; 98 

Panhwar et al., 2014). PGPR helps to prevent such situations that can limit plant growth, 99 

which is known as indirect growth promotion (Glick et al., 1999). On the other hand, 100 

PGPR's direct plant growth promotion consists of giving the plant nutrients or helping it 101 

absorb them. Ethylene, auxin, gibberellins, and cytokinin are among the plant hormones 102 

that are most likely produced by the PGPR (Afzal et al., 2014). By increasing the amount 103 

of mineral nutrients that are available and regulating the levels of phytohormones 104 

(cytokinins, auxins, and gibberellins), which affect different stages of plant growth, the 105 

PGPRs stimulate plant growth through interactions between plant roots (Kumar et al., 106 

2018).   107 

 The phosphate uptake may potentially be aided by interactions with beneficial 108 

microbes, brought on by P shortfall site (Oldroyd & Leyser, 2020). The Phosphate 109 

solubilizing bacteria (PSB) are the main group of potential microbes for the execution of P 110 

in different crops. P inoculated material or biofertilizer has some bacterial species like 111 

Pseudomonas, Bacillus, and fungal species Aspergillus Mycobacterium, Micrococcus, 112 

Flavobacterium, Rhizobium, Mesorhizobium, and Sinorhizobium (Sharma et al., 2013; 113 

Mondal et al., 2017). The PSB species have the ability to turn insoluble form PO4
- 114 

constituents into plants available for better uptake (Baliah & Priya et al., 2017). Moreover, 115 

with the help of PSB phosphate could be obtained by many ways such as: soil acidification, 116 

elemental chelation, exchange reactions and organic acid production in soil (Packialakshmi 117 

& Alia et al., 2014, Adnan et al., 2017). The PSBs are widely distributed and vary in number 118 

and morphology depending on the soil. The physical and chemical characteristics of the 119 

soil, the amount of organic matter, the P concentration, and cultural activities all affect the 120 

PSB population (Kim et al., 1998). Hence, keeping in view the above mentioned facts, the 121 

current study was carried out to characterize and screen the PGPR for P-solubilization 122 

efficiency from various P-sources and to evaluate the suitable carrier material for growth 123 

and survival of PGPR and P-solubilization. 124 

 125 

 126 
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2. MATERIALS AND METHODS 127 

 The research study was carried out at Soil Microbiology Laboratory, Nuclear Institute 128 

of Agriculture (NIA), Tandojam and Department of Soil Science Sindh Agriculture University, 129 

Tandojam. The selected four PGPR strains using two consortia (Consortium-1: NIA-NB1 and 130 

NIA-NB3, Consortium-II: NIA-NB6, and NIA-NB8) were evaluated utilizing two insoluble 131 

phosphatic sources for phosphate quantification. In addition, a carrier material including with 132 

phosphate insoluble (rock phosphate) source was evaluated for the bacterial survival and 133 

phosphate solubilization.   134 

(A) Determination of potential plant growth promoting rhizobacteria for phosphate 135 

solubilization efficiency using various insoluble phosphatic sources  136 

Quantification of phosphate solubilization  137 

 The potential PGPR were selected from the qualitative phosphatic solubilization 138 

efficiency and other plant beneficial traits. The selected two PGPR consortia (Conso-I & 139 

Conso-II) were used for quantitative phosphate solubilization in two different modified P 140 

media (NBRIP & RP) during the incubation study. The culture was collected after 24 hours 141 

interval and bacterial viable count, optical density, pH, electrical conductivity and available 142 

phosphorus were recorded. 143 

Inoculum preparation 144 

 The best potential selected PGPR strains from previous in vitro study were used in 145 

developing bacterial consortium. The starter pure culture of PGPR was grown in nutrient 146 

broth for 48 h and then inoculated in different modified media with different insoluble P 147 

forms (NBRIP & RP). The culture was shaken using the mechanical shaker for 96 hours 148 

and optical density was recorded during the incubation period.  149 

Preparation of broth cultures 150 

Preparation of NBRIP broth media 151 

  The tri-calcium phosphate was added as a source for phosphorus in NBRIP broth 152 

(Nautiyal, 1999). The NBRIP broth contains (g L-1): MgCl2.6H2O 5 g, MgSO4. H2O 0.25 153 

g, KCl 0.2 g, (NH4)2SO4 0.1 g, Ca3(PO4)2 5 g, amended with glucose 10 g.  154 

Preparation of RP broth media 155 

  The rock phosphate (RP) broth media was modified from NBRIP and supplemented 156 

with 5 g L-1 of rock phosphate (RP) instead of tri-calcium phosphate.  157 
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  Both of the broths were inoculated with the respective (5×109 Log10 CFU mL-1) of 158 

conso-I and conso-II inoculums. Flasks containing 200 mL of inoculated media were 159 

incubated at 30 °C on a Kottermann 4020 shaker at a medium speed of 80 rpm. 160 

Total bacterial counts in PGPR Consortia 161 

 The total bacterial counts in the consortia were determined after 0, 24, 48, 72, and 162 

96 hours of incubation during the culture growth. After serial dilution, the total bacterial 163 

counts were determined following the spread plates counting method on nutrient agar (NA) 164 

plates (Somasegaran and Hoben, 1985). 165 

Electrical Conductivity and pH decline of PGPR Consortia culture  166 

 The Electrical Conductivity (EC) of the carriers was analyzed by EC meter 167 

using (1:5) carrier water extract and the pH by using standard pH meter at (1:5) carrier 168 

water extract (Benton 2001), after the 0, 24, 48, 72 and 96 hours of the incubation period. 169 

Quantification of available phosphorus in broth cultures 170 

  For available P measurement, 2 mL of samples were taken at each sampling time 171 

during the incubation period. After 15 minutes of sedimentation, the samples were 172 

centrifuged for 5 minutes at 4000 x g. After passing through 0.2 µm filter paper, the 173 

supernatant was stored at -200 C until it was time for analysis. Available P was calculated 174 

using Murphy and Riley's (1962) methodology. 175 

(B) Evaluation of various carrier material compositions for phosphorus availability, 176 

growth, and survival of PGPR consortia 177 

 Finally, the selected potential PGPR consortium was inoculated in different 178 

carrier materials. That contained rock phosphate (RP) hardly soluble source of P. Total 179 

bacterial count, pH, OM content, P, and K were determined during the study with 30 days 180 

of interval. The incubation study was continued till 90 days after inoculation.  181 

Preparation of carriers and inoculation of PGPR consortium 182 

 The carrier materials i.e., compost including various organic materials were packed 183 

in the autoclave able bags, moistened 40% using distilled water and sterilized at the 1210C 184 

for 60 minutes in the autoclave. After the temperature lowers, PGPR consortium was 185 

injected using sterilized syringe in each bag. The inoculated bags were then kept in the 186 

laboratory for incubation. 187 

Phosphorus, potash, and organic matter contents in carrier materials 188 

 The phosphorus and potash in the carriers were analyzed after inoculation of PGPR 189 

consortium. The available phosphorus (P) and potash (K) were analyzed through AB-DTPA 190 
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(Soultanpur and Schwab 1977) method. The organic matter content of carriers was 191 

analyzed by (Walkely and Black 1934) method while the organic carbon was assessed using 192 

the formula (OC% = OM/1.724 × 100) (Walkely & Black, 1934) before inoculation of PSB. 193 

Total bacterial count in the carrier after PGPR inoculation  194 

 The total bacterial count in the carrier was determined after 30, 60, 90 and 120 days 195 

of inoculation. A 5g of carrier sample was transferred to a 100 mL conical flask containing 196 

45 mL of sterilized distilled water. The mixture was shaken dynamically on a rotatory 197 

shaker for 15 minutes to suspend bacterial cells. After serial dilution, the total bacterial 198 

counts were analyzed following spread plates counting method on nutrient agar (NA) media 199 

plates (Somasegaran and Hoben, 1985). 200 

Determination of pH in various carrier materials  201 

 The pH of the carrier materials was analyzed using by standard pH meter at (1:5) 202 

carrier water extract (Benton 2001), after the 30, 60, and 90 days of the inoculation. 203 

 Statistical analysis 204 

 Using the STATISTIX 8.1 computer program, the gathered data will be statistically 205 

examined (Satatix, 2006). The LSD test, which stands for least significant difference, was 206 

used where needed to compare the differences between the treatments. 207 

3. RESULTS 208 

(A) Quantification of P from various P sources by potential screened PGPR 209 

consortia  210 

Electrical conductivity (EC) and pH in NBRIP as P- source inoculated with PGPR 211 

Consortia 212 

 The electrical conductivity (EC) gradually increased until 72 hours, then decreased. 213 

The pH in the control increased over time when no microbes were added and in the 214 

inoculated media with Conso-1 using modified NBRIP media (Table 1). The lowest EC 215 

was recorded initially before the incubation period, and the lowest pH was recorded after 216 

96 hours of incubation in NBRIP media with Conso-1. There was a slight increase in the 217 

culture medium's EC (3.3-3.8 dS m-1), while minor changes were recorded in the control 218 

during the incubation period. The pH experienced a sudden drop during the incubation 219 

period, with the lowest pH (4.9) recorded after 96 hours and the highest recorded in the 220 

control during the incubation period.  221 

 In Conso-II the lowest electrical conductivity (EC) was observed in the control 222 

group without inoculation. In the control group, the highest EC was recorded after 72 hours 223 
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and then decreased. The lowest EC was recorded after 48 hours, while the highest was 224 

recorded at the time of inoculation. The highest pH was observed after 72 hours in the 225 

control group, while the lowest was observed in the sample preparation. Following the 226 

inoculation of Conso-II, the pH gradually decreased from 7.0 when the sample was 227 

prepared to 4.7 after 96 hours (Table 1). 228 

Electrical conductivity (EC) and pH in RP as P-source inoculated with PGPR Consortia 229 

                  The electrical conductivity (EC) was affected with the incubation time in various 230 

PGPR consortia. The lowest EC in the control treatment at the time of sample preparation, 231 

which gradually increased to (2.3 dSm-1) after 48 hours. When inoculated with Conso-I the EC 232 

has increased to (3.45 dSm-1) after 24 hours which can be said as the highest, later it decreases 233 

gradually till 96 hours. In terms of pH in the control group, pH gradually increased from (7.0 234 

to 7.3) at 96 hours of incubation period, but in inoculated media, it drastically decreased to (4.2) 235 

at the lowest and highest (7.0) at the time of incubation (Table 2).  236 

The EC and pH in a liquid culture containing RP and inoculated with Conso-II. After 237 

24 hours of incubation, the highest EC (2.4 dSm-1) gradually decreased until 96 hours of 238 

incubation (Table 2). In Conso-II containing samples, the lowest EC was recorded in the control 239 

at the time of inoculation, which increased to 3.32 dS m-1 after 48 hours of incubation as the 240 

highest level. In pH, the control group shows lowest pH (7.0). The pH in inoculated media 241 

decreased as lowest (4.1) in inoculated the pH is decreased astonishingly. And the highest at 242 

the time of sample preparation which was (7.0). 243 

Determination of total bacterial count in various phosphatic sources in different 244 

consortia 245 

 The total bacterial counts were varied in both phosphatic sources in both PGPR 246 

consortia (Conso-I & Conso-II) during the incubation period. Total bacterial counts were 247 

recorded after inoculation with Conso-I containing Tri-calcium phosphate (NBRIP) as a 248 

source of P, the bacterial counts had increasing trends after the increase in incubation 249 

period. The highest bacterial count (9.62 CFU mL-1) was observed after 96 hours of 250 

incubation, sudden decrease in bacterial counts seen after 24 hours of incubation and there 251 

were no bacteria before inoculation (Figure 1a). In Conso-II in NBRIP media the total 252 

bacterial population was astonishingly increased after 24 hrs of inoculation and suddenly 253 

dropped with the increase in incubation period particularly after 48 hrs of incubation period. 254 

The highest bacterial population (9.04 CFU mL-1) was seen in 48th hour of sampling, 255 

sudden decrease in population was seen after 72 hours of incubation and no population was 256 

seen before inoculation (Figure 1b). 257 
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In case of rock phosphate (RP) containing P source inoculated with Conso-I, no population 258 

was seen before inoculation and initially it was significantly increased till 24 hours of 259 

incubation. The highest count (7.53 CFU mL-1) were noted after 24 hours of incubation 260 

then it was showing decline and minimum counts (5.05 CFU mL-1) were recorded after 96 261 

hours of incubation (Figure 4.3.6c). The figure shows that the total bacterial population in 262 

liquid culture when containing RP as P source and inoculated with Conso-II, no population 263 

was seen before inoculation and it was significantly increased with incubation time. The 264 

highest population (7.43 CFU mL-1) was observed after 24th hour of inoculation and after 265 

72 hrs of incubation the population (4.93 CFU mL-1) was decreased after 96th hours of 266 

incubation period (Figure 1d).  267 

Optical Density of NBRIP incubated with (a) Conso-I and (b) Conso-II 268 

The determination of Optical Density (OD) in liquid culture containing tri-calcium 269 

phosphate as a source of P, inoculated with Conso-I. The optical density has increased with 270 

the increase in incubation period. The lowest OD (0.08 Cells mL-1) was recorded in non-271 

inoculated samples, and the highest (1.8 Cells mL-1) were recorded after 96th hour of 272 

inoculation. The determination of OD in liquid culture containing tri-calcium phosphate as 273 

a source of P, inoculated with Conso-II. The OD has increased (1.8 Cells mL-1) rapidly at 24 274 

hrs of incubation period and it was showing consistency in cells growth. The lowest OD 275 

was recorded in 48th and 96th hour of incubation period (Figure 2a, b). 276 

Optical Density (OD) in RP as a hardly available source of P was recorded during 277 

incubation after inoculation with conso-I and it had an increasing (1.4 cells mL-1) after 24 278 

hours of incubation and afterward, it had a decreasing trend till 96 hours of the incubation 279 

period. The minimum OD (0.85 cells mL-1) was recorded after 96 hours of incubation 280 

period. A similar trend was noticed in case second case of RP inoculated with conso-II. The 281 

maximum OD was recorded after 24 hours of incubation (1.9 cells mL-1) and afterward, it 282 

was declining. The least OD (1.01 cells mL-1) was observed after 96 hours of incubation 283 

period (Figure 2 c, d).    284 

P-Solubilization efficiency (%) in NBRIP and RP media inoculated with Conso I & II  285 

 The P-solubilization is gradually increasing with the increasing incubation period 286 

both in NBRIP and RP inoculated with Conso-I and II during the incubation period. The 287 

NBRIP media had higher P-solubilization efficiency as compared to RP. Both Conso-I and 288 

II had an increasing trend of P-solubilization during the incubation period in both media. 289 

However, the highest P-solubilization (46.28%) was observed in Conso-I followed by 290 
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41.52% in Conso-II in NBRIP media after 96 hours of incubation. Whereas, the lower 291 

solubilization was observed in both Conso I and II inoculated in RP media. The highest 292 

(5.29%) P solubilization was recorded in RP inoculated with Conso-I after 96 hours of 293 

incubation period. Comparatively, lowest readings were found in Conso-II as compare to 294 

Conso-I during the incubation study (Table 3).     295 

Kinetics of P solubilization by bacterial Consortia in different phosphatic broths 296 

 The solubilization rate (k) for different times during the incubation period was 297 

determined by using first order kinetics. By regression analysis it was found that the 298 

kinetics of P solubilization was best fitted in power model for both NBRIP and RP broths. 299 

The bacterial Conso mediated Ca3(PO4)2 solubilization in NBRIP broth followed one group 300 

of model (Figure 3a, b). The steep of the curve (k) obtained by both Conso (Conso-I & 301 

Conso-II) followed power model and most of the P solubilized in culture solution within 302 

96 h of incubation period, while Conso-II slight gradually solubilized P. In RP broth both 303 

bacterial Conso (Conso-I & Conso-II) solubilized P gradually and followed power model, 304 

whereas conso-II solubilized P faster than conso-I in this broth culture during the incubation 305 

period (Figure. 3c, d). 306 

 307 

(B) Evaluation of suitable carrier material for growth and survival of PGPR and P-308 

solubilization 309 

 From the laboratory study 2 finally conso-I was selected for its best characteristics 310 

and inoculated in different carrier materials (CM1, CM2 & CM3) including rock phosphate 311 

(RP) as P source. The incubation study was continued till 90 days after inoculation and data 312 

was recorded monthly.  313 

Changes of pH in various carrier materials  314 

 The variation in the pH of various carrier materials (CM) was observed during the 315 

incubation period. After 30 days of PGPR consortium inoculation the pH of the different 316 

carrier materials had an increasing trend (7.9-8.3) and afterwards it was slightly decreasing 317 

with the incubation time. After 60 days of inoculation the pH range was from 7.7 to 7.9 and 318 

at 90 days of inoculation it was further decreased and was showing ranges from 7.3 to 7.8. 319 

After 90 days of inoculation the lowest pH was recorded in CM3+RP1 and CM3+RP2 (7.3) 320 

and maximum pH (7.8) was in CM3+RP0 (Table 4). 321 

Changes of organic matter contents in various carrier materials  322 
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 The various carrier materials were contained different organic matter contents and 323 

it was showing increase among the treatments during the incubation period. In most cases, 324 

the organic matter contents were increasing during the incubation period. Comparatively, 325 

the higher contents were found in PGPR inoculation with RP applied treatments. After 30 326 

days the maximum contents (45.72%) were recorded in CM2+RP2 treatment. However, 327 

after 60 and 90 days of inoculation the highest organic matter contents (47.72% and 328 

50.48%) were found in CM3+RP2 treatment (Table 5). 329 

Changes of phosphate contents in various carrier materials (CM) 330 

 The available phosphate contents in various carrier material were dissimilar among 331 

the treatments during the incubation period. The addition of RP with bacterial consortium 332 

increased the phosphate contents during the incubation. However, the higher applied RP in 333 

the carrier materials treatments resulted in higher contents of phosphate during the 334 

incubation period. The highest contents 3.40%, 5.34% and 8.73% were observed in 335 

CM3+RP3 treatments during the incubation period at 30, 60, and 90 days respectively 336 

(Table 6).   337 

 Changes of potassium contents in various carrier materials   338 

 The potassium contents also varied among the various treatments during the 339 

incubation study. An increasing trend in potash contents was noted during the incubation 340 

period. Comparatively, the higher contents were recorded with the addition of RP with 341 

PGPR consortium in carrier materials. The highest contents (8.87%) were recorded in 342 

CM2+RP3 followed, by the CM3+RP3 treatment (8.83%) after 30 days of incubation 343 

period. However, after 60 days and 90 of incubation maximum (9.73 and 11.43 %) contents 344 

were observed in CM3+RP3 treatment respectively (Table 7).  345 

 346 

Changes of total bacterial counts in various carrier materials 347 

 Total bacterial counts in various treatments were found among the treatment during 348 

the incubation period. An increasing trend was observed among the treatments during the 349 

incubation period. After 30 days of incubation the maximum bacterial counts (8.83 Log  350 

CFU g-1) was found in CM2+RP2. However, after 60 days of incubation the highest 351 

bacterial counts (8.98 Log CFU g-1) was found in CM1+RP3 followed by (8.96 Log CFU 352 

g-1) in CM2+RP2. In case of 90 days after inoculation the maximum population (9.29 Log 353 

10 CFU g-1) was observed in CM2+RP3 followed by 9.28 Log 10 CFU g-1 CM3+RP2 (Figure 354 

4). 355 
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DISCUSSION 356 

  The selected beneficial bacteria, used in both consortia (Conso-I and Conso-357 

II) with different phosphorus (P) sources, demonstrated their ability to solubilize 358 

phosphorus. Combined bacterial strains performed better than individual strains, with 359 

synergistic combinations consistently enhancing performance. The most effective strain 360 

combinations were further evaluated through laboratory, greenhouse, and field studies. The 361 

results indicated that co-inoculation of rhizobacterial strains led to better growth promotion 362 

compared to single-strain inoculation (Khan et al., 2022a). 363 

 Initially, the pH of the broth culture decreased over the incubation period. The 364 

microorganisms tested were able to convert insoluble phosphorus into soluble phosphorus 365 

by lowering the pH of the culture medium. Phosphorus-solubilizing microbes are a reliable 366 

strategy for enhancing plant growth without causing environmental pollution (Alori et al., 367 

2017). The microbes in the various consortia continued to solubilize phosphorus during 368 

incubation, creating acidic conditions in the culture medium. Specifically, these bacterial 369 

consortia solubilized phosphorus either by forming halo zones (23.62-67.41%) on media 370 

plates or from hardly soluble phosphorus sources (21.25-46.28%) in liquid culture under in 371 

vitro conditions. 372 

 Many soil microorganisms (PSB) are capable of solubilizing or mineralizing 373 

insoluble soil phosphates to release soluble phosphorus for plant uptake. The mechanism 374 

of inorganic phosphorus solubilization is explained by several theories. Commonly, this 375 

process involves the production of mineral-dissolving compounds such as organic acids, 376 

siderophores, protons, and hydroxyl ions (Alori et al., 2017). Additionally, phosphorus 377 

solubilization is generally attributed to the production of microbial metabolites, including 378 

organic acids, which lower the pH of the culture media (Timofeeva et al., 2022). 379 

 The potential Plant Growth-Promoting Rhizobacteria (PGPR) Consortium-I was 380 

selected for inoculation in various carrier materials (CM1, CM2, and CM3) with rock 381 

phosphate (RP) as the phosphorus (P) source. The incubation study continued for 90 days 382 

after inoculation. Initially, the pH of the carrier materials was alkaline (7.9-8.3) after 30 383 

days of inoculation. Over the incubation period, the pH of the carrier materials decreased, 384 

with almost all treatments showing a pH below 8.0 after 90 days. Previous studies have 385 

reported similar results, attributing the pH decrease to the decomposition process and the 386 

production of organic acids following bacterial inoculation (Khan et al., 2022b). 387 
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 The carrier materials used in this study contained substantial amounts of organic 388 

matter. Following PGPR consortium inoculation, the organic matter content increased over 389 

the incubation period. This increase was likely due to the rapid decomposition of materials 390 

facilitated by the PGPR consortium. Greater increases in organic matter were observed in 391 

treatments with PGPR inoculated with RP. Organic matter is crucial for healthy soil, as it 392 

consists of decomposing plant or animal material that forms the foundation for productive 393 

soil. The composition and turnover rate of organic matter impact soil structure, porosity, 394 

water infiltration, moisture retention, and nutrient availability (Khan et al., 2022b). 395 

 The application of PGPR consortia to organic-based carrier materials can 396 

significantly (p<0.05) improve physico-biochemical attributes, including proline (%), 397 

phenolics (71%), flavonoids (85%), and protein (94%) compared to controls. Additionally, 398 

PGPR application led to increased soil fertility and a maximum increase of 26.74% in soil 399 

organic matter (Khan, 2023). Similar findings were reported, showing that carrier-based 400 

inoculation enhanced the efficacy of multi-strain consortium inoculations and significantly 401 

(p<0.05) increased organic matter and other nutrients (Shaib et al., 2020). 402 

 The phosphorus (P) content in different carrier materials inoculated with the PGPR 403 

consortium and rock phosphate (RP) varied among treatments. The P content increased 404 

over the incubation period. Adding the hardly soluble P source (RP) with the bacterial 405 

consortium enhanced P content during incubation. The highest P content in the carrier 406 

materials was observed in treatments with RP throughout the incubation period. This 407 

increase in P availability was due to the bacterial strains' ability to solubilize P (Panhwar et 408 

al., 2020). These phosphate-solubilizing bacteria (PSB) were tested in in-vitro before 409 

inoculation in this study and demonstrated their capability to solubilize insoluble P sources. 410 

After nitrogen, phosphorus is the second most important macronutrient for plants. It is 411 

necessary for growth, development, and metabolism. Because of its complexation with 412 

metal ions, phosphorus—which is abundant in the soil in both organic and inorganic 413 

forms—is frequently inaccessible for plant uptake. Phosphate-solubilizing microbes 414 

address this issue by solubilizing insoluble phosphates through various mechanisms, such 415 

as secreting organic acids, producing enzymes, and excreting siderophores that chelate 416 

metal ions and form complexes, making phosphorus available to plants (Panhwar et al., 417 

2020). 418 
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 Insoluble phosphate can be mineralised or dissolved by a variety of soil 419 

microorganisms, releasing soluble P for plant uptake. These microorganisms can reduce 420 

the need for traditional chemical fertilisers in agriculture and are essential for increasing 421 

soil fertility. Understanding recent developments in microbial functional diversity, 422 

colonization abilities, mechanisms of action, and application methods will enhance their 423 

role as reliable components of sustainable agricultural systems (Khan et al., 2022b). 424 

Similarly, Khan et al. (2023) reported that PGPR-based carrier materials improved soil 425 

fertility by increasing mineral nutrients, particularly total nitrogen (33.10%) and available 426 

phosphorus (99.17%). 427 

 The potash content increased slightly over the incubation period across various 428 

treatments. The carrier materials used in the study contained varying levels of potash, and 429 

after the inoculation of the PGPR consortium, the potash content further increased as the 430 

incubation period progressed. Notably, higher potash levels were observed with the 431 

addition of RP when the PGPR consortium was inoculated into the carrier materials. The 432 

inoculation of the PGPR consortium led to a significant increase in organic matter and 433 

nutrients, including potassium, compared to the un-inoculated carriers. The carriers that 434 

most effectively enhanced the efficacy of the multi-strain bacterial consortia contributed to 435 

the improved quality and longer survival of the consortia, likely due to the favorable micro-436 

environment provided by these materials for the survival and physiological activities of 437 

PGPR (Shohaib et al., 2020). Moreover, PGPR plays a critical role in crop sustainability 438 

by maintaining soil and plant health through mechanisms such as nitrogen fixation, 439 

phosphate, and potassium solubilization, among others (Khan et al., 2023). 440 

 The carrier materials inoculated with the PGPR consortium revealed the survival of 441 

PGPR bacterial strains throughout the incubation period. However, slight variations were 442 

observed among the treatments during this period. The survival of these bacterial strains is 443 

a positive indication for the materials, as bacterial survival is crucial for enhancing nutrients 444 

and organic matter through rapid decomposition. However, these inoculated carrier 445 

materials need to sustain PGPR for a longer period in various media. The survival and 446 

extended shelf life of PGPR microbes in carrier materials create an active environment, 447 

enabling quicker decomposition of the materials (Wang et al., 2016). Several materials, 448 

such as compost, biogas slurry, and zeolite, have performed well as carriers for multi-strain 449 

inoculations, effectively promoting the survival of the inoculum and improving mineral 450 

nutrient availability, which in turn enhances crop growth under various conditions. 451 
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Combined microbial strains perform better than single strains, as the synergistic 452 

combination of bacterial strains consistently leads to improved results. Additionally, using 453 

a compost-based inoculant increased total biomass production. The satisfactory survival of 454 

microbes and the enhanced plant growth observed with carrier-based inoculations may be 455 

attributed to the more suitable micro-environment provided by the carrier materials for 456 

PGPR and their activities (Espiritu et al., 2011). 457 

 Multi-strain consortia in compost and biogas slurry showed the highest results in 458 

terms of bacterial survival and attaining the greatest increases in wheat growth in a prior 459 

study. Because they are high in plant nutrients and have the physicochemical characteristics 460 

of excellent carriers, compost and other carriers offer the best conditions for inoculation 461 

microorganisms to survive (Khandare et al. 2019), this results in better plant growth and 462 

increased nutrient uptake. Applying compost and other carriers can raise the amount of 463 

organic matter surrounding the roots. As these organic materials are broken down by 464 

microorganisms, organic acids are generated, which may improve nutrient solubilisation at 465 

particular microsites. Furthermore, greater populations of bacteria in the soil rhizosphere 466 

or other substrates can be supported by organic carriers acting as substrates (Ma, 2019). 467 

CONCLUSION 468 

 Overall, it can be concluded that the selected four potential PGPR strains, two in 469 

each of were combined in PGPR consortia (conso-I and conso-II). Both bacterial consortia 470 

demonstrated the ability to survive and solubilize phosphorus in liquid media during 471 

incubation, however, conso-I performed better than conso-II. The application of multi-472 

strain bacterial inoculants to various solid carrier materials enhanced the quality of the 473 

carriers by increasing organic matter content, slightly improving mineral nutrient levels, 474 

and lowering the pH. Inoculating PGPR consortia into different carrier materials resulted 475 

in an increase in available phosphorus from the less soluble rock phosphate during the 476 

incubation period. The performance of different carrier materials for bio-inoculants was 477 

statistically similar. The survival of PGPR strains in various carrier materials indicates that 478 

these materials are suitable for bacterial survival and can improve carrier quality through 479 

the rapid decomposition of carriers. The effectiveness of the multi-strain consortium in 480 

natural soil environments will further confirm these results. 481 

 482 

 483 
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List of Tables:  817 

Table 1. EC and pH in NBRIP as P- source inoculated with PGPR Consortia 818 

Incubation 
period 

(hrs) 

EC (dSm-1) pH 

Control Conso-I 
Conso-II Control Conso-I 

 

Conso-II 

0 2.1c 3.3c 3.7a 7.0d 7.0a 7.0a 

24 2.3b 3.6b 3.6a 7.1c 5.9b 5.4b 

48  2.4a 3.7a 3.3c 7.3a 5.5c 4.9c 

72  2.4a 3.8a 3.5b 7.2b 5.1d 4.8d 

96  2.3b 3.6b 3.6a 7.3a 4.9e 4.7e 
*Conso=consortium, EC=electricity conductivity 819 

Mean within the same column followed by the same letter are significantly different at P<0.005. 820 

 821 

 822 

Table 2. Electrical conductivity (EC) and pH in RP as P- source inoculated with PGPR 823 

Consortia  824 

Incubation 
period 

(hrs) 

EC (dSm-1) pH 

Control Conso-I Conso-II Control Conso-I Conso-II 

Control 2.1c 3.02d 3.15d 7.0d 7.0a 7.0a 

24 2.2b 3.45a 3.23cd 7.1c 5.4b 5.3b 

48  2.3a 3.41a 3.32a 7.2b 4.9c 4.8c 

72  2.2b 3.35b 3.28b 7.2b 4.7c 4.6c 

96  2.2b 3.23c 3.24c 7.3a 4.2d 4.1d 
*Conso=consortium 825 

Mean within the same column followed by the same letter are significantly different at P<0.005. 826 

 827 

 828 

Table 3. P-Solubilization efficiency (%) in NBRIP and RP media inoculated with 829 

Conso-I & II. 830 

Incubation 
period (hrs) 

P-Solubilization efficiency (%) 
NBRIP RP 

Conso-I Conso-II Conso-I Conso-II 

24 21.25d 23.33c 4.95c 4.69b 

48 33.33c 35.43b 5.15b 4.75b 

72 36.36b 37.03b 5.28a 4.81a 

96 46.28a 41.52a 5.29a 4.82a 

Means with in the same column followed by the same letters are not significantly different at P<0.05 831 

 832 
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Table 4. Changes of pH in various carrier materials and RP inoculated with PGPR 
consortium during the incubation period of 90 days 

 

Treatments 

pH 

After 30 days of 
inoculation 

After 60 days of 
inoculation 

After 90 days of 
inoculation 

CM1+RP0 8.0c 7.7c 7.7ab 

CM2+RP0 8.2ab 7.7c 7.6b 

CM3+RP0 8.3a 7.8b 7.8a 

CM1+RP1 8.3a 7.7c 7.6b 

CM2+RP1 8.2ab 7.8b 7.7ab 

CM3+RP1 7.9c 7.7c 7.3d 

CM1+RP2 8.1b 7.8b 7.4c 

CM2+RP2 8.3a 7.8b 7.6b 

CM3+RP2 8.2ab 7.7c 7.3d 

CM1+RP3 8.3a 7.9a 7.4c 

CM2+RP3 8.2ab 7.7c 7.5c 

CM3+RP3 8.1b 7.9a 7.4c 
*CM=carrier material, RP=rock phosphate 833 

Mean within the same column followed by the same letter are significantly different at P<0.005. 834 

Table 5. Changes of organic matter contents in various carrier materials inoculated 835 

with PGPR consortium during the incubation period 836 

Treatments Organic matter contents (%) 
After 30 days After 60 days After 90 days 

CM1+RP0 38.23d 41.87e 46.34e 

CM2+RP0 39.51d 45.18c 42.51f 
CM3+RP0 41.72c 47.42a 48.43c 

CM1+RP1 36.34d 43.82d 48.62c 

CM2+RP1 33.06e 40.32e 49.24b 

CM3+RP1 45.62a 45.22c 50.43a 

CM1+RP2 42.02c 41.35e 48.28c 

CM2+RP2 45.73a 46.32b 49.35b 

CM3+RP2 44.56b 47.72a 50.48a 

CM1+RP3 45.05a 45.23c 47.01d 

CM2+RP3 42.23c 47.23a 50.22a 

CM3+RP3 45.22a 47.34a 50.01a 
*CM=carrier material, RP=rock phosphate 837 

Mean within the same column followed by the same letter are significantly different at P<0.005. 838 

Table 6. Changes of phosphate contents in various carrier materials (CM) 839 

Treatments Available phosphate (%) 
After 30 days After 60 days After 90 days 

CM1+RP0 0.57f 0.63h 0.69h 

CM2+RP0 0.42g 0.55i 0.63i 
CM3+RP0 0.58f 0.67h 0.72h 

CM1+RP1 2.47e 3.69f 4.46g 

CM2+RP1 2.43e 3.93e 4.37g 
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CM3+RP1 2.85d 3.40g 4.65f 
CM1+RP2 2.57e 3.06h 6.99d 

CM2+RP2 2.47e 4.82bc 5.97e 

CM3+RP2 3.01c 4.37d 7.64c 

CM1+RP3 3.52b 4.94b 8.19b 

CM2+RP3 2.99c 4.64c 7.73c 

CM3+RP3 3.40a 5.34a 8.73a 

*CM=carrier material, RP=rock phosphate 840 

Mean within the same column followed by the same letter are significantly different at P<0.005. 841 

Table 7. Changes of potassium contents in various carrier materials 842 

Treatments Potash (%) 
After 30 days After 60 days After 90 days 

CM1+RP0 7.60e 7.82e 9.22e 

CM2+RP0 6.40f 7.21f 8.34f 
CM3+RP0 7.81e 7.65e 9.06e 

CM1+RP1 8.00d 8.44d 9.63d 

CM2+RP1 8.40c 8.62d 9.74d 

CM3+RP1 8.66b 9.23c 10.60c 

CM1+RP2 8.69ab 9.64a 11.02b 

CM2+RP2 8.06d 9.45b 10.65c 

CM3+RP2 8.25d 9.61a 11.32ab 

CM1+RP3 8.24d 9.64a 10.67c 

CM2+RP3 8.87a 9.52ab 10.44c 

CM3+RP3 8.83a 9.73a 11.43a 

*CM=carrier material, RP=rock phosphate 843 

Mean within the same column followed by the same letter are significantly different at P<0.005. 844 

 845 

 846 



27 

 

List of Figures: 847 

 848 

  

  

Figure 1. Determination of total bacterial count (a) Conso-I in NBRIP (b) Conso-II in  849 

NBRIP and (c) Conso-I in RP (d) Conso-II in RP 850 

Means with in the same column followed by the same letters are not significantly different at P<0.05. 851 
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Figure 2. Optical Density of NBRIP incubated (a) Conso-I (b) Conso II and RP 853 

inoculated (c) Conso-I (d) Conso II 854 

Means with in the same column followed by the same letters are not significantly different at P<0.05. 855 
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 857 

  

 

 

Figure 3. Kinetics of P solubilization in various broths inoculated with Conso-I and 858 

II. 859 
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Figure 4. Changes of total bacterial count in various carrier materials 861 

Where: CM=carrier material, RP=rock phosphate, DAI= days after inoculation 862 
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