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Abstract 

  Phosphorus solubilizing bacteria (PSB) can increase soil phosphorus (P) availability and improve 
plant growth, yield, and phosphorus content of several crops. The experiment was conducted to evaluate 
the effect of PSB on soil available phosphorus, growth, and yield of sugarcane at field conditions. 
Kosakonia radicincitans (PSB1) and Bacillus subtilis (PSB2) were applied with two different sources of 
phosphorus fertilizers: Di-ammonium phosphate (DAP) and rock phosphate (RP). The application of PSB 
with phosphorus fertilizers enhanced the yield from 17.03 to 38.42 % over no application of fertilizer. It 
also increased the percentage of commercial cane sugar percent (CCS %) from 4.8 to 19.96 % over 
control. The application of PSB2 with DAP showed effective results in available phosphorus content in 
the soil and yield of sugarcane. The PSB population and the available phosphorus contents were higher in 
treatments when phosphorus was given partly through RP and DAP than the control. The application of 
phosphorus fertilizer and PSB increased phosphorus fractions in the soil. The addition of phosphorus 
fertilizer to soil increased all the inorganic phosphorus fractions in soil. The treatments with PSB resulted 
in statistical differences in total phosphorus concentrations in the soil. The application of PSB with RP 
(T6, T7, and T8) showed the highest weight among the treatment at the harvesting time. The yield of 
sugarcane was highest in the application of PSB2 with either DAP or RP (T4 and T7). 
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Introduction 

  Phosphorus (P) is a key nutrient required for the higher and sustained productivity of sugar from 
sugarcane. Its influence on cane yield and juice quality has been well established and the application of 
phosphorus has become an essential part of a sugarcane fertilizer program [1]. Next to nitrogen, 
phosphorus (P) is the second most important macro-nutrient required by the plants. Unlike nitrogen, there 
is no large atmospheric source that can be made biologically available for P availability [2]. Phosphorus is 
rapidly immobilized after addition to the soil as a soluble fertilizer, and thus, it becomes less available to 
plant. It is reported to be a critical factor of many crop production systems because of the limited 
availability of soluble forms in the soils [3]. Phosphorus, either by adsorption or chemical precipitation, 
becomes immobilize or less soluble in soil. Large amounts of P applied as P fertilizers get immobilized 
by the active and rapid chemical reactions with cations such as Ca2+ in calcareous or normal soils to form 
a complex calcium phosphate (Ca3 (PO4)2 and with Al3+ and Fe3+ in acidic soils to form aluminum 
phosphate (AlPO4) and ferrous phosphate (FePO4) which are sparingly soluble precipitates [4]. Therefore, 
crop plants can utilize only a fraction of applied P and this makes them poor in performance [5]. 
 A large number of microbial organisms including bacteria, fungi, actinomycetes, and algae exhibit P 
solubilization and mineralization ability. Soil bacteria that have been reported to mobilize poorly 
available phosphorus via solubilization and mineralization include Pseudomonas spp., Agrobacterium 
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spp., and Bacillus circulans [6]. Other phosphorus solubilizing and mineralizing bacteria include various 
strains of Azotobacter [7], Bacillus [8], Burkholderia [9], Enterobacter, Erwinia [10], Ralstonia, 
Rhizobium [11], Rhodococcus, Serratia, Bradyrhizobium, Salmonella, Sinomonas, and Thiobacillus [12].  
  Inorganic forms of P are solubilized by a group of heterotrophic microorganisms excreting organic 
acids that dissolve phosphatic minerals and/or chelate cationic partners of the P ions i.e., PO4 

3- directly, 
releasing P into solution [13]. There are strong pieces of evidence that soil bacteria are capable of 
transforming soil P to the forms available to plant. Microbial biomass assimilates soluble P and prevents 
it from adsorption or fixation [14]. Microorganisms enhance the P availability to plants by mineralizing 
organic P in soil and by solubilizing precipitated forms of phosphates [15]. Subsequently, PSB becomes a 
source of P to plants upon its release from their cells [16]. Seed or soil inoculation with phosphate-
solubilizing bacteria (PSB) such as Bacillus spp. can solubilize fixed soil P and applied phosphates, 
resulting in higher crop yields [17]. 
  Considering the importance of phosphorus nutrition in sugarcane, the experiment was carried out 
with the objectives of (a) to evaluate the effect of Phosphate Solubilizing Bacteria (PSB) on the available 
phosphorus in the sugarcane ratoon field, and (b) to access the effect of Phosphate Solubilizing Bacteria 
(PSB) on sugarcane growth and yield at field condition. 
 
Materials and methods 

  Preparation of Phosphorus solubilizing bacteria (PSB) 
  The two Phosphate Solubilizing Bacteria strains, PSB1 (Kosakonia radicincitans) and PSB2 
(Bacillus subtilis), were isolated from the rhizosphere of sugarcane in previous experiments that can 
solubilize phosphate, produce Indole Acidic Acid and gibberellic acid in vitro condition [18]. The PSB 
inoculum was prepared as follows. The two PSB strains were individually grown in nutrient broth (NB) 
medium (containing peptone 5 g L-1, beef extract 4 g L-1,) with shaking at 180 rpm for 24 hours at 30 ºC, 
and then the broth was added to the nutrient broth in the volume of 3000 ml and stand 24 hours at room 
temperature. The population density of the bacteria culture was 0.7 - 0.8 (OD600 = 0.7 - 0.8). The final 
concentration of PSB inoculum was adjusted to 108 colony-forming units (CFU) ml−1.  
 
  Experimental design  
  The experiment was conducted in the Manjakhiry soil series (Mki) at Sa Kaeo Province 
(Latitude: 13° 49' 8.39" N and Longitude: 102° 03' 19.20" E), Thailand.  The Mki soil had a loamy sand 
texture. Their pH, organic matter content, and available P content were 6.4, 1.63 %, and 9.49 mg kg-1, 
respectively. The experiment was carried out to study the effect of two kinds of Phosphate solubilizing 
bacteria: PSB1 (Kosakonia radicincitans) and PSB2 (Bacillus subtills) application with two different 
phosphorus such as di-ammonium phosphate (DAP) and rock phosphate (RP) fertilizers on the changes in 
the soil available phosphorus level and sugarcane growth. The treatments were the application of nitrogen 
(N), phosphorus (P), and potassium (K) fertilizers with or without PSB or co-inoculation of 2 species of 
PSB. Urea as a source of nitrogen was applied at the rate of 135.68 and 150.41 kg ha-1, DAP as a 
phosphorus source (37.61 kg ha-), RP as a phosphorus source (576.56 kg ha-1), and potassium chloride 
(KCl) (24.71 kg ha-1) as a potassium source. All chemical fertilizer rates were calculated based on the 
results of soil analysis then were applied in different treatments. The fertilizers were applied 30 and 60 
days after ratooning. 
  The experiment was carried on in the sugarcane ratoon field. The sugarcane cultivar, Khon Kaen 3 
was planted in 5 rows with 1.5 meters spacing. The distance between the plants is 0.5 m apart. The 
treatments were laid out in a randomized complete block design with three replications. The plot size was 
6×6 m2 (5 rows of 1.5 m spaced 2 m apart). The treatments included control (T1), N P K (recommended 
rates) (T2), PSB1 + N P K (T3), PSB2 + N P K (T4), PSB1 + PSB2 + N P K (T5), PSB1 + RP + N K + 
RP (T6), PSB2 + RP + N K + RP (T7) and PSB1 + PSB2 + N K + RP (T8).  Water was supplied by the 
furrow irrigation method after planting. Diuron pendimethalin and imazethapyr were sprayed for weed 
control 10 days after planting. Deltamethrin (3 %) was applied one month after planting for pest control.  
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The phospho-bacteria cultures (108 CFU ml-1) were sprayed two and three months after ratooning to the 
soil at the base of the sugarcane plants.  
 
   Plant growth measurement 
  Sugarcane growth parameters, including stalk length (cm), stalk weight (kg), and yield (ton), were 
collected 6 months after planting and harvesting time. For the growth data, 10 plants per plot were 
selected and measured, and calculated. Juice samples were extracted from the plot at the harvesting time. 
Brix and sucrose were determined following the standard procedures [19]. From the value of Brix and 
sucrose, commercial cane sugar percent (CCS%) was calculated as CCS% = 1.022S - 0.292B, where S 
and B are sucrose and Brix percent respectively, in the juice [20]. Cane yield data were recorded from the 
plot and converted yield per hectare.  
 
 Soil analysis 
  Samples of rhizosphere soil (0 - 15 cm, 10 spots in each plot and mixed) were collected from all the 
experimental plots at 6 months and harvesting time of sugarcane to test the available phosphorus in soil 
by Bray II method [21]. Total P was analyzed by the Vonado - molybdate method [22] and P fraction 
were analyzed by the methods of phosphorus analysis [23]. 

 The PSB population in the soil was determined at the same growth stages as sugarcane. The soil 
samples were serially diluted and spread plated in a petri dish containing National Botanical Research 
Institute’s Phosphate Growth medium (NBRIP) which includes glucose (10), Ca3(PO4)2 (5), MgCl2. 6H2O 
(5), MgSO4.7H2O (0.25), KCl (0.2), and (NH4)2SO4 (0.1) gram per liter with and without 
Chloramphenicol 20 ppb to count the inoculated PSB1 and PSB2. The tricalcium phosphate clearing zone 
forming bacteria colonies were counted as PSB. The population of phosphate solubilizing bacteria was 
then expressed colony forming unit per gram of soil [24]. 

 
 Statistical analysis  

 One-way analysis of variance (ANOVA) was used to determine significant treatment effects at a 5 
% significance level. The least significant difference (LSD) test was used to determine significant (P < 
0.01) differences. The data were analyzed by using Statistical Package for the Social Sciences (SPSS) 
software version 21. 

 
Results and discussions  

Phosphorus solubilizing bacteria and phosphorus fertilizer effect on phosphorus status in soil 
 The NPK fertilizer without PSB (T2) and with PSB can increase the available P content in soil when 

compared with control (Table 1). The application of single PSB with DAP (T3) increased the available P 
content in soil than control (T1). When the co-inoculation of PSBs was applied with DAP (T5), it was 
shown a higher amount of available P than single inoculation. In the single inoculation of PSB with DAP, 
PSB2 (T4) showed a higher available P than PSB1 with DAP (T3). When the PSB was used together with 
RP as a phosphorus source, the co-inoculation of PSB with RP (T8) showed the highest amount of 
available P than the single inoculation (T7). PSB2 (T7) also showed a higher amount of available P with a 
combination of RP than PSB1 (T6). It was indicated that the combined inoculation of bio-fertilizers not 
only helped in making the phosphorus available from RP, but it may also have helped the solubilization 
and mobilization of native soil P or P fixed from DAP and made it more available to plants [25]. 
Phosphorus solubilizing bacteria increased P solubilization of added P fertilizers either from the soluble 
or insoluble source. Soluble P fertilizers i.e., single super phosphate and di-ammonium phosphate 
displayed the highest P release capacity compared to insoluble RP and organic poultry manure [26].  
 The total P content in soil was highly statistically different in the treatments at all times (Table 1). 
The total P content was higher in the treatments of co-inoculation of PSB 1 and PSB 2 with DAP (T5) at 
the 6 months of sugarcane growth. The total P content was the highest amount in the application of NPK 
only (T2) at the harvesting time of sugarcane. The treatments with PSB resulted in statistically significant 
differences in total P concentrations and a significant decrease in the soil total P content due to microbial 
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solubilization of inorganic and organic phosphorus forms in soil. This result showed that PSB 
applications render a part of insoluble phosphate form into soluble forms for plant utilization.  
 
 
Table 1 Effect of phosphorus solubilizing bacteria and fertilizer treatments on available and total 
phosphorus content in the soil. 
 

Treatments 
Available P (mg kg-1) Total P (mg kg-1) 

6 months Harvesting time 6 months Harvesting time 

T1 Control 29.90 c 15.11 f 45.83 c 51.75 d 

T2 NPK 87.89 a 53.14 bc 108.33 a 176.48 a 

T3 PSB1 + NPK 69.56 b 47.56 c 101.38 a 113.40 bc 

T4 PSB2 + NPK 82.06 ab 73.06 a 108.33 a 124.87 b 

T5 PSB1 + PSB2 + NPK 86.22 a 45.06 cd 111.11 a 169.31 a 

T6 PSB1 + NK + RP 42.06 c 26.39 e 76.38 b 81.86 cd 

T7 PSB2 + NK + RP 69.56 b 38.56 d 106.94 a 90.46 bc 
T8 PSB1 + PSB2 + NK + 
RP  74.56 ab 30.31 e 94.44 a 91.90 bc 

F- Test ** ** ** ** 
CV % 11.23 10.57 10.81 18.48 
 
*Means followed by the same letter in the same column were not significantly different at p ≤ 0.01 
*CV = Coefficient of variation 
 
 
  The average percent of total phosphorus associated with different fractions in the treatments was in 
the decreasing order of Fe-P > Al-P > Ca-P at 6 months and harvesting time of sugarcane. From the 
analysis of the proportion of phosphorus in various forms, it was found that the phosphorus was 
immobilized in the form of iron phosphate followed by in the form of aluminum phosphate and calcium 
phosphate, respectively. It is found that all the treatments except control result in phosphorus immobilized 
highly in the form of Fe-P (Figure 1).  The application of P fertilizer and PSB can increase the inorganic 
P fractions in the soil. The other study showed that the bacterial treatment caused significant changes in 
the amount of phosphorus, organic phosphorus, and mineral phosphorus. The amount of available 
phosphorus, organic phosphorus, and mineral form (di-calcium bound phosphate (Ca2-P)) in bacterial 
inoculation increased compared to control treatment. In addition, the Al-P form was increased 10 % 
compared to control in bacteria treatment [27]. 
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Figure 1  Phosphorus fraction in treatments at harvesting time. 
 
 
  Phosphorus solubilizing bacteria and phosphorus fertilizer effect on PSB population  
  There were no significant differences in the PSB population in all treatments but the application of 
PSB can increase the PSB population in the soil when compared with NPK treatment and control (Figure 
2). When PSB was applied in conjunction with DAP (T3, T4, and T5) as phosphorus fertilizer, a much 
greater effect was found at the 6 months of sugarcane over the application of PSB with RP (T6, T7, and 
T8). The co-inoculation of PSB showed a high number of PSB in the application of any phosphorus 
fertilizer sources (DAP or RP). The PSB population in treatments involving PSB applications was 
maintained up to 6 months of sugarcane growth and then lower towards the harvesting time. The PSB 
population and the available P contents were higher in treatments when P was given partly through RP 
and DAP than the control. The bacterial population decreased from six months to harvesting time of 
sugarcane. The physical, chemical, and physicochemical nature of the soil and its indigenous 
microorganisms and predators influence the microbial population both quantitatively and qualitatively. 
Soil abiotic factors (e.g., texture, pH, temperature, and moisture) exert their (direct) effect on inoculant 
population dynamics by imposing stresses. On the other side, trophic competitions and 
antagonistic/synergic and predatory interactions with the resident microbial and fauna populations 
determine the field efficiency of inoculants. The key factors involved in the lack of success are rapid 
decline in the size of populations of active cells to levels ineffective to achieve the objective and variable 
production of required metabolites or poor colonization, following the introduction into the soil [28]. 
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Figure 2 PSB population in the soil at 6 months and harvesting time. 
 
 
  Phosphorus solubilizing bacteria and phosphorus fertilizer effect on yield components, yield, 
and CCS%  
  Effect of PSB and P fertilizer on yield components of sugarcane; stalk length and stalk weight were 
recorded at 6 months and yield and CCS% at harvesting time of sugarcane. There were no significant 
differences in sugarcane parameters (Table 2). The recommended P application with PSB increased the 
stalk length and stalk weight compared with NPK treatment (T2) and control (T1). The stalk length was 
higher in the application of PSB with P fertilizer through rock phosphate (T6 and T7) than the DAP 
fertilizer application (T3 and T4). The application of PSB2 with RP (T7) was the highest in stalk length 
and stalk weight among all treatments. However, the application of PSB with DAP (T3 and T4) also 
showed an increase in stalk length and weight over control (T1) and NPK application (T2) only. Another 
study based on pot experiments demonstrated that bacterially impregnating DAP and urea granules with 
the Plant Growth Promoting Bacteria (PGPB) Bacillus sp. Strain (KAP6) enhanced growth, yield, 
photosynthetic rate, and nutrient use efficiency of wheat supplied with N-containing fertilizers such as 
urea and DAP [29]. Combinatory use of PSM and phosphorus fertilizer has been practiced and some 
studies evidenced improved agronomic efficiency of rock phosphate and P fertilizers such asDAP, NPK, 
and TSP [30]. Inoculation of PSMs in soil or seed is known to enhance solubilization of applied and fixed 
phosphates in soil, resulting in better crop yield [31]. PSMs promote plant growth via generating 
phytohormones, such as auxins, gibberellins, cytokinins, or polyamides [32]. 
  There were significantly differences in cane yield and CCS% of sugarcane in treatments. The 
application of PSB with P fertilizer sources increased the cane yield over NPK without PSB (T2) and 
control (T1). The cane yield was highest in the application PSB2 with P fertilizer through DAP (T4) 
which was followed by the co-inoculation of PSB with DAP (T5) and with RP (T8). The PSB application 
either single or co-inoculation of PSBs increased the average cane yield from 17.03 % (T8) to 38.42 % 
(T4) over control. The yields increased in only NPK fertilizer treatment showed an 11.81 % (T2) 
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increased over the control (T1). The CCS% was the highest in treatment when RP as a phosphorus source 
was applied through with PSB. The co-inoculation of PSB with RP (T8) also showed a higher level of 
CCS%. The CCS% increased from 4.80 to 19.96 % over control in the PSB treatments. The NPK 
fertilizer (T2) treatment increased 13.11 % in CCS% compared to control (T1). The authors reported that 
fertilization with rock phosphate (59 kg P2O5 ha-1) and inoculation with two PSB strains induced high 
growth and yield performances (grains yield, shoot, and root biomass, and P uptake) in wheat and maize 
[33]. The two PSB strains in the co-inoculation acted synergistically with each other and strengthened the 
beneficial effects on plant growth performance [34]. Moreover, the benefit of the combined DAP and 
PSB application improved maize dry matter (12 %), yield, and P uptake (33 %) compared to unfertilized 
soil. Such a P fertilizer-bacteria alliance approach is particularly interesting in the soil where P 
management is demanding [35]. Application of PSM by inoculating in soil appears to be an efficient way 
to convert the insoluble P compounds to plant-available P form, resulting in better plant growth, crop 
yield, and quality. Bacillus, Pseudomonas, Rhizobium, Aspergillus, Penicillium, and arbuscular 
mycorrhizal (AMR) are the most efficient P solubilizers for increasing the bioavailability of P in soil. 
Application of PSM by inoculating in soil appears to be an efficient way to convert the insoluble P 
compounds to plant-available P form, resulting in better plant growth, crop yield, and quality. Bacillus, 
Pseudomonas, Rhizobium, Aspergillus, Penicillium, and AMR are the most efficient P solubilizers for 
increasing bioavailability of P in soil [36]. 
 
 
Table 2 Effect of PSB and fertilizer treatments on sugarcane growth, yield, and CCS%. 
 

Treatments 
Stalk length (cm) Stalk weight  

(kg) 
Cane yield 
(ton ha-1) CCS% 

6 months Harvesting 
time 

T1 Control 175.97 244.63 14.07 88.53 c 11.67 d 
T2 NPK 172.80 252.07 14.80 98.99 bc 13.20 abc 
T3 PSB1 + NPK 176.27 254.87 14.55 102.26 bc 12.88 abc 
T4 PSB2 + NPK 180.17 264.83 15.30 122.55 a 12.57 bcd 
T5 PSB1 + PSB2 + NPK 172.63 258.77 15.31 115.28 ab 12.38 bcd 
T6 PSB1 + NK + RP 186.70 258.10 15.69 114.40 ab 12.23 cd 
T7 PSB2 + NK + RP 187.23 263.17 15.81 115.14 ab 14.00 a 
T8 PSB1 + PSB2 + NK + 
RP 171.10 260.27 15.73 103.61 bc 13.48 ab 

F - Test ns ns ns ** ** 
CV % 6.11 20.46 8.37 9.16 4.85 
*Means followed by the same letter in the same column were not significantly different at p ≤  0.01. 
*CV means coefficient of variation. 
 
 
Conclusions 

 The results of this study showed the beneficial effect of PSB application for sugarcane. The 
application of PSB increased the amount of available phosphorus in the soil. Phosphorus can promote 
tillering capacity. It can also lead to an increase in stalk number and cane yield. Improvement in juice 
sucrose and purity was significant by PSB.  The average cane yield of the treatments including PSB either 
single or co-inoculation of PSBs increased yield from the lowest value of 17.03 (T8) percent to 38.42 % 
(T4) highest value over control. The yields increased in the treatments of recommended NPK fertilizer 
showed just 11.81 % (T2) over the control (T1). The CCS% increased from 4.80 to 19.96 % over control 
in the PSB treatments. The application of recommended NPK treatment increased CCS% to 13.11 % as 
compared to control. 
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