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ABSTRACT 

 

Phosphorus deficiency is a growing global issue on approximately 40% of cultivated land, 

primarily in tropical, acidic, and alkaline regions. This deficit, as a result of soil fixation, 

erosion, and phosphorus lag behind absorption, severely limits plant growth, crop yield, and 

soil fertility. While chemical fertilizers are used regularly to correct this situation, excessive 

use leads to environmental pollution. Alternatively, phosphate-solubilizing bacteria (PSB), 

such as Acinetobacter calcoaceticus, offer a biodegradable solution through the conversion of 

insoluble phosphorus to plant-accessible forms. This study explores the application of gamma 

irradiation, a mutagenesis technique that induces genetic alterations to improve the phosphate-

solubilizing capability in the bacteria. The results showed from 931 bacteria colonies chosen 

after the irradiation treatment, 9.88% of bacteria strains showed a hypermorphic effect on the 

phosphate solubilization compared to the control, and 36.84% of bacteria strains showed 

hypomorphic effects. The distribution of hypermorphic bacteria strains across the phosphate 

solubilization index (SI) range was the higher SI range (3.1-3.5) was 8, the middle SI range 

(2.1-2.5) was 50, and the lower SI range (1.1-1.5) was 0. Among the 8 higher hypermorphic 

mutants, B346, B394, C92, C371, D20, D49, D96, and D100, only 3 mutant strains (C371, 

D20, and D100) showed statistical significance compared to control. This study has 

successfully produced several improved Phosphate-Solubilizing Bacteria (PSB) strains with 

strong potential for development as biofertilizers. 
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INTRODUCTION 

 

Phosphorus deficiency is one of the issues that is widely affecting agricultural lands across the 

globe. Phosphorus (P) is an essential macronutrient in plants. It is needed in plant 

photosynthesis, respiration, energy transport, and nucleic acid formation (Khan et al., 2023). 

According to Solangi et al. (2023), there is a possibility of around 40% of agricultural land 

being phosphorus deficient due to the immobilization or slow uptake of phosphorus ions from 

the soil into roots. About 10 million hectares of cultivated land, particularly in tropical, acid, 

and alkaline soils, are experiencing some degree of phosphorus deficiency in the form of low 

native phosphorus in soil, erosion and runoff, fixation, immobilization, and slowed phosphorus 

uptake, making the phosphorus unavailable for plant use (Sharmin et al., 2024). Phosphorus 

deficiency was very 0detrimental to agriculture by limiting plant growth and productivity, 

leading to poor yields of crops and ultimately poor soil fertility (Solangi et al., 2023). Farmers 
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will, therefore, be strongly obligated to apply enormous amounts of chemical fertilizers to 

offset the deficiency. Meanwhile, overuse of chemical fertilizers can lead to pollution of the 

environment (Bisht et al., 2021). 

 

Besides the use of chemical fertilizers, plant growth-promoting rhizobacteria (PGPR), such as 

phosphate-solubilizing bacteria (PSB), can convert insoluble phosphorus into plant-available 

forms. PSB is a class of beneficial bacteria that infects the roots and converts insoluble 

phosphorus into soluble forms that are taken up by plants directly (Zhang et al., 2024). PSB 

occurs in Pseudomonas, Bacillus, Rhizobium, Azotobacter, Enterobacter, Serratia, 

Burkholderia, and Acinetobacter (Pan et al., 2023). PSB from Acinetobacter sp. will be 

investigated in this study. Acinetobacter calcoaceticus is a non-motile, aerobic, Gram-negative 

rod. They are usually found in isolation from water or soil and are known to have phosphate 

solubilization potential (Wakako et al., 2014).  

 

A. calcoaceticus in this study has been enhanced in the ability for phosphate solubilization 

through gamma irradiation technology. The method, known as mutagenesis, involves the 

exposure of PSB to gamma rays that are capable of making alterations to DNA or chromosomes 

and initiating genetic mutations artificially (Durland & Ahmadian-Moghadam, 2022). These 

mutations can lead to new characteristics that increase their ability to solubilize phosphate in 

the soil. Previous research proved that ionizing radiation is promising for improving the 

effectiveness of PSB. Pseudomonas fluorescens were gamma-ray irradiated (100 – 1000 Gy) 

and assayed for phosphate-solubilizing activity (Kuheli et al., 2003). The mutant strains 

showed 2-3 folds higher phosphate-solubilizing activity than that of the wild-type strains. 

Whilst Chaudhary et al. (2022) has examined the enhancement in phosphate solubilization of 

Bacillus subtilis by UV mutagenesis and a superior PSB mutant strain GCM11 was obtained. 

Recent study on the gamma irradiation of Aspergillus niger, a phosphate-solubilizing fungus 

has shown an increased citric acid yield and improved phosphate solubilization (Peng et al., 

2022). Yang et al. (2022) found that ion beam irradiation of Penicillium oxalicum resulted in 

mutant strains exhibiting higher organic acid secretion and consequently, greater phosphate-

solubilizing activity. These findings collectively suggest that induced mutation using ionizing 

radiation can effectively breed superior fungal strains with enhanced bio-fertilizing potential. 

 

Gamma irradiation facility at Malaysian Nuclear Agency (Gamma Cell Biobeam GM8000, 

Germany), has been used for mutation induction on agriculture samples as well as on biological 

samples including bacteria and fungus. Gamma irradiation was chosen in the study because 

gamma rays can cause changes in the DNA or chromosome level, which may increase the 

production or activity of some enzymes and enhance the phosphate-solubilizing capability 

(Abozahra et al., 2025). Besides, gamma irradiation can induce mutations that increase stress 

tolerance in PSB and make it more tolerant to environmental stresses (Mohamed et al., 2021). 

Moreover, the mutated PSB may have improved root colonization in the rhizosphere and led 

to more effective phosphate solubilization (Elhaissoufi et al., 2020). Ultimately, this proven 

method of inducing beneficial mutations in PSB allows for the development of enhanced 

biofertilizer strains, which can significantly boost soil fertility and phosphorus availability for 

optimal crop growth. 
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METHODOLOGY 

 

Bacteria Strain 

 

A. calcoaceticus bacteria used in the study was isolated from compost and soil at the Malaysian 

Nuclear Agency by Phua et al. (2019). The species identification was done using the 16S rRNA 

method by Chong et al. (2024). 

 

Gamma Irradiation 

 

Irradiation was conducted at Malaysian Nuclear Agency using gamma cell (Biobeam GM8000, 

Germany). Dose mapping was done before gamma irradiation was performed because the dose 

distribution inside any irradiation chamber is inherently non-uniform. Therefore, we used 

calibrated dosimeters placed at the sample position provides empirical confirmation that the 

bacteria actually receive the intended dose (Sharma et al., 2021). A radiosensitivity test 

previously conducted by Phua et al. (2024) established the lethal dose (LD50) of Acinetobacter 

calcoaceticus at 445.5 Gy. Accordingly, this dose was employed for gamma irradiation-

mediated mutagenesis in the present study. The bacterial strains were cultured on nutrient agar 

(NA) plates in 90 mm diameter Petri dishes and were incubated at 28 ± 2 °C for 24 hours. The 

plate had roughly 50-100 single colonies per plate selected for further irradiation treatment. 

Ten plates were needed for each irradiation treatment, and the experiment was repeated 4 times. 

Culture plates were wrapped with aluminium foil and irradiated in the gamma cell. Fricke 

dosimetry was used to measure the doses absorbed during the treatment. The irradiated plates 

were placed at room temperature for 24 hours.  

 

Colonies isolation 

 

Approximately about 20-30 colonies were picked randomly from the plate. The single colony 

was picked using a sterile inoculating loop and then inoculated into a sterile test tube with 15 

mL nutrient broth. The cultures were incubated in an incubator shaker at 28 ± 2 °C for 24 hours.  

 

Screening for Phosphate-Solubilizing Strains 

 

The qualitative screening method used and Potato Dextrose Agar (PDYA) media according to 

Silva et al. (2014).  The media contains 39 g of potato dextrose agar, 1 g of yeast extract, and 

a calcium phosphate mixture of 50 mL of K2HPO4 (10% w/v) and 100 mL of CaCl2 (10% w/v), 

which were separately autoclaved and added to the media before the resulting liquid medium 

was poured onto plates. Approximately 20 μL of irradiated bacterial suspension (>108 cfu/mL) 

was spotted on the PDYA agar plate. The non-irradiated A. calcoaceticus suspension was also 

spotted side-by-side with the sample as a control. The plates were incubated at 28 ± 2 °C for 6 

days or until the expansion of the clear zone became stagnant. The expansion of the clear zone 

was quantified using the Solubilization Index (SI) (Mengesha & Legesse, 2024). 

 

 

SI = Colony Diameter + Halo Zone Diameter 

Colony Diameter 

 

Colony Diameter: The bacterial or fungal colony diameter. 

Halo Zone Diameter: The diameter of the clear zone around the colony where phosphate has 

been solubilized. 
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 A higher SI indicates greater phosphate-solubilizing activity. Each bacterial culture had five 

replicates. ANOVA analysis with the means separated by Duncan’s Multiple Range tests (P ≤ 

0.05) using One-Way ANOVA, SPSS (IBM Corp., 2021). 

 

 

RESULTS AND DISCUSSION 

 

The number of bacterial strains irradiated in the experiment was 931, which an adequate data 

to work with (Table 1). Approximately 92 strains (9.88%) showed a higher phosphate 

solubilization index (hypermorphic effect) than that in the control. This indicated that 

irradiation enhanced the capacity of the bacteria to solubilize the phosphate. However, 343 

strains (36.84%) showed a hypomorphic effect on the phosphate solubilization index compared 

to the control, which means that irradiation reduced the capacity of the bacteria to solubilize 

the phosphate. This result show that irradiation would rather suppress or impair the activity of 

phosphate solubilization of A. calcoaceticus than enhance it where only 9.88% of the strains 

showed a positive effect. The low percentage indicated that only a few strains had their activity 

increased due to some genetic or physiological features that make them more susceptible to 

irradiation. This finding supports by a 2025 review on radiation mutagenesis states that most 

newly induced mutations are thought to be deleterious or neutral with no effects. Accordingly, 

mutations with beneficial effects on traits of interest are very rare (Geras'kin et al., 2025). The 

remaining strains (53.28%) showed no significant difference in solubilization activity 

compared to the control. These strains were not affected by irradiation, and the effects on their 

solubilization activity were not statistically detectable. 

 

Table 1. The number of bacteria irradiated with gamma irradiation and the effect of the 

gamma-ray on the phosphate solubilization index (SI) of the sample. 

 

Number 

of strains 

Number of 

hypermophic 

strains 

Percentage of 

hypermorphic 

strains (%) 

Number of 

hypomorphic 

strains 

Percentage of 

hypomorphic 

strains (%) 

931 92 9.88 343 36.84 

 

 

The results in Figure 1 showed that most hypermorphic mutant strains, 50 out of 92, fell in 

the SI range of 2.1–2.5, suggesting that irradiation typically induced a moderate 

enhancement in solubilization activity rather than extreme improvements. The second-highest 

number of hypermorphic mutant strains was 26 out of 92, falling in the SI range of 2.6–3.0. 

Approximately 8 strains were found in the higher SI range (3.1–3.5) and lower SI range (1.6–

2.0). Only 8 strains fell in the 3.1–3.5 SI range, indicating that very high solubilization activity 

after irradiation was rare. These strains could be of interest for further study and potential 

biofertilizer applications as they represent the best-performing subset. The 8 strains in the 1.6–

2.0 SI range showed only a slight improvement over the control, suggesting their response to 

irradiation was minimal. The absence of strains in the 1.1–1.5 SI range indicated that 

irradiation does not produce strains with very low solubilization activity among the 

hypermorphic group. 
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Figure 1. The number of hypermorphic A. calcoaceticus strains based on their phosphate 

solubilization index (SI) ranges (Premono et al., 1996). SI>1: Indicates some level of 

phosphate solubilization. The higher SI reflects 

 the greater phosphate-solubilizing activity. SI=1: No solubilization. 

 

The eight strains with a higher SI range (3.1–3.5) from Figure 1 were repeated in the phosphate 

solubilization test with at least five replicates per strain on the PDYA medium. The clear 

zone around bacteria colonies on the PDYA medium was a key indicator of the phosphate-

solubilizing activity of A. calcoaceticus (Fig. 2). The size of the clear zone reflects the 

efficiency of the bacteria in solubilizing insoluble phosphate compounds into soluble forms 

that plants can absorb. The expansion of the clear zone was quantified using the Solubilization 

Index (SI) (Mengesha & Legesse, 2024). Based on the results shown in Figure 3, the average 

SI values ranged from 2.59 (D49) to 2.79 (D20), indicating relatively close performance 

among the strains with no significant differential among them. Moreover, the variability in the 

SI ranged from 0.0927 to 0.2272 was generally low, indicating the data were robust and 

reproducible (Table 2). 

 

 
 

Figure 2. A phosphate solubilization clear zone appeared around the hypermorphic A. 

calcoaceticus strains (C371, D20, and D100) and the control strain on agar media. 
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Figure 3. The hypermorphic mutant strains based on their phosphate solubilization index 

(SI) ranges (Premono et al., 1996). The f-ratio value is 1.98446. The p-value is .118403. The 

result is not significant at p < 0.05. 

 

The statistical significance (p-values) in Table 2 showed significant strains (p<0.05) 

C371, D20, and D100 with p-values 0.019953, 0.004327, and 0.010642, respectively. These 

strains exhibited statistically significant differences in SI compared to the control, indicating 

that they have higher phosphate-solubilizing activity. The remaining strains B346, B394, C92, 

D49, and D96 have p-values higher than 0.05, indicating their SI values were not significantly 

different. Among the significant strains, D20 was the most significant, standing out with the 

highest SI and the lowest p-value. However, C371, despite having a mid-range SI, shows very 

low variability and significance, making it a reliable candidate. Based on the results, D20, 

C371, and D100 were the most promising strains due to their statistical significance. These 

mutated phosphate-solubilizing bacteria strains have shown an enhancement in their ability to 

produce organic acids, enzymes, or metabolites that solubilize phosphate caused by gamma 

irradiation. Further investigation into their gene sequences at the molecular level is needed. 

 

Table 2. The comparison between each potential mutated strain with the control SI (2.48) 

based on their average Selection Index (SI) (Premono et al., 1996).  

Standard deviations and p-values were calculated using One-Way  

ANOVA with significance at the p < 0.05 level. 

 

Potential 

mutated strains 

Average 

SI 

Standard 

Deviation 

p-value Significant at p < 0.05 

B346 2.62 0.1409 0.154868 Not Significant 

B394 2.62 0.1874 0.203302 Not Significant 
C92 2.69 0.2272 0.087023 Not Significant 
C371 2.69 0.0927 0.019953 Significant 

D20 2.79 0.1383 0.004327 Significant 

D49 2.59 0.1715 0.271801 Not Significant 

D96 2.63 0.1498 0.120386 Not Significant 
D100 2.75 0.1429 0.010642 Significant 
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CONCLUSION 

 

Infertility of agricultural soils due to phosphate deficiency is a worldwide issue and causes a 

reduction in crop production. One solution to overcome this issue is to use phosphate-

solubilizing bacteria as it can increase the phosphorus content in the soil and improve the soil 

condition in the long term. Mutagenesis using gamma irradiation was used in this study to 

develop new bacterial strains with enhanced characteristics, such as phosphate solubilization. 

These mutants exhibit greater phosphate solubilization activity than the original strain and can 

be further developed as biofertilizer products. 
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