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Isolation and Characterization of native isolates of Silicon Solubilizing Bacteria from rhizospheric soil of Paddy (Oryza sativa L.) of Kolhapur District

ABSTRACT
Paddy (Oryza sativa L.) is the most important cereal crop in the world and consumed as the major staple food by nearly 50% of the world population. India being the second largest producer and the largest exporter of rice worldwide; its production plays an important role in contributing to the national economy and meeting the demands of the rising population. Silicon is a beneficial element for the growth and productivity of paddy, containing upto 10% of its dry matter weight. Although silicon is found abundant in earth’s crust but it is not present in the available form. Silicon solubilizing bacteria found to play an effective role in soil by solubilizing insoluble form of silicates into bioavailable form of silica ultimately making it available to the crop. In the present investigation, twenty-two rhizospheric soil samples of paddy were collected from seven tehsils of Kolhapur district. Four isolates of silicon solubilizing bacteria were obtained. All the isolates were identified on the basis of morphological, microscopic observations and different biochemical tests. Biochemical tests were studies viz., methyl red test, nitrate reduction test, starch hydrolysis test, catalase test, indole production test, oxidase test and gelatine hydrolysis test. Most of the isolates showed positive while some showed negative test. All the isolates were rod shaped having irregular colony shapes. The isolates showed variability in Gram reaction, colony colour, margin and elevation. Out of the four SSB isolates, SSB-1 showed the highest solubilization index (3.13) and found to be most efficient in its role. The results advance our knowledge of the microbial diversity of silicon solubilizing bacteria in the rhizosphere of paddy and could guide the creation of biofertilizers with potential isolates in the future.
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INTRODUCTION
Paddy (Oryza sativa L.), an important cereal crop in the world consumed by nearly 50% of the world population as the primary staple food. India is world’s second largest rice producer and the largest exporter worldwide with total area and production of 393.79 lakh ha and 129.47 Mt respectively (Anonymous, 2022). There are certain constraints in the production of paddy like nutrient deficiency, biotic and abiotic stresses. The growth and development of plants is essentially regulated by different macro and micro nutrients. Silicon is one such beneficial element for growth of plants and is agronomically crucial for enhancing and sustaining the productivity of rice (Ma and Yamaji, 2008). Rice is a high silicon accumulating plant containing silicon levels upto 10% of dry matter weight (Ma and Yamaji, 2006). Silicon is the second most abundant element in the earth’s crust with nearly 29% mean content (Sommer et al., 2006). Despite its abundance in the soil, silicon exists mostly in the form of silicon dioxide (SiO2) in a wide array of crystalline, poorly crystalline and amorphous phases in the soil, which is not available for plant uptake. Rice absorbs silicon mostly in the form of monosilic acid (H4SiO4), but the natural release of monosilic acid (H4SiO4) from SiO2 is very slow (Raven J.A., 1983). Silicon solubilizing bacteria (SSB) which produces silicase enzyme, are involved in the conversion of insoluble form of silicates into soluble silica. In addition, some SSB can also solubilize potassium and phosphates thereby increasing soil fertility and enhancing plant defence mechanisms (Joshi et al., 2023). Silicon solubilizing bacteria helps in dissolution of silicates by producing excess proton, hydroxyl anion, organic ligands, extra cellular polysaccharides and enzymes (Berthelin, J. and Belgy, G. 1979) (Barker et al., 1998). The production of organic acids such as 2 keto-gluconic acid, alkalies and polysaccharides by silicon solubilizing bacterial isolates can solubilize insoluble minerals such as silicates, phosphates and potash into soluble form (Joseph et al., 2015). They supply H+ ion to the medium and promote hydrolysis. Natural acids like oxalic acid, citric acid, keto acids and hydroxy carbolic acids which form complexes with cation, promote their elimination and retention within the medium in a dissolved state. This microbial breakdown and solubilization of silica minerals through production of organic acids and polysaccharides is regarded as the primary plant source of silicon in the natural soil environment. The silicon solubilizing bacteria are widely distributed in soil, water, aquatic sediments and silicate minerals (Vasanthi et al., 2018). There are certain bacterial strains viz., Bacillus sp., Pseudomonas sp., Aspergillus sp. and Penicillium sp. that can solubilize silica (Gopal et al., 2005). Thus, the availability of soluble silica to paddy is regulated by silicon solubilizing bacteria in the rhizosphere. 
Biochemical tests are the most important methods for microbial identification by differentiating them on the basis of biochemical activities. 
Identification and characterization of microorganisms is a key part of the microbial management. This technique is useful to identify bacteria or other unknown microorganisms in the bacterial population. The aim of the study is to isolate silicon solubilizing bacteria from rhizosphere of paddy in Kolhapur district and identify and characterize them and through systematic screening select the best performing SSB isolates for their further use in paddy cultivation.
MATERIALS AND METHOD
Rhizospheric soil samples were taken from paddy cultivated villages of Ajra, Bhudargad, Gadhinglaj, Kagal, Karvir, Panhala and Radhanagari tehsil of Kolhapur district. The rhizospheric soil samples of paddy crop were carefully cleaned from the plant roots before there were being stored in sterile plastic bags after labelling and tagging with precise GPS coordinates (latitude, longitude and altitude) (Table 1). These samples were preserved in refrigerator at 4°C temperature for further use. The isolation of silicon solubilizing bacterial isolates was carried out by serial dilution and pour plate technique on modified Bunt and Rovira medium (Bunt and Rovira, 1955) containing 0.25% insoluble magnesium trisilicate (Mg2O8Si3).
Serial dilution and pour plate technique 
One gram of well mixed rhizospheric soil sample was suspended in 9 ml of distilled water blanks. Tenfold serial dilutions were prepared from 10-1 to 10-7 dilution. One ml aliquot of suspension from 10-4, 10-5, 10-6 and 10-7 was transferred in sterilized petri plates under aseptic conditions. After that each petri plate with aliquot was filled with sterilized modified Bunt and Rovira medium (15-20 ml) and mixed gently. After solidification of the medium, plates were incubated at 27±2°C for 4-5 days. 
Morphological characteristics
Morphological characteristics such as Gram staining and cell shape. The individual colonies of silicon solubilizing bacterial isolates were examined for colony shape, colony colour, margin and elevation as per the standard procedures given by Bartholomew and Mittwer (1950).
Biochemical characteristics
Biochemical tests were done viz., methyl red test, nitrate reduction test, starch hydrolysis test, catalase test, indole production test, oxidase test and gelatine hydrolysis test. The biochemical characterization was done as per procedures outlined by Cappuccino and Sherman (2014).
Methyl red test

Fresh isolates of silicon solubilizing bacteria were inoculated in the test tubes containing MR-VP broth under aseptic conditions and incubated at 28±2°C for 48 hours. 5 ml of methyl red solution was added to each test tube after the incubation period. The formation of red colour in the broth indicated the positive result and the formation of yellow colour indicated negative result for the test.
Nitrate reduction test

Fresh isolates of silicon solubilizing bacteria were inoculated in the test tubes containing nitrate broth under aseptic conditions and incubated at 28±2°C for 24 hours. After incubation, test tubes were checked for nitrogen gas before reagents are added. 6-8 drops of nitrite reagent A and 6-8 drops of nitrite reagent B were added respectively in each test tubes. Observe for the reaction within minute or less. If no colour developed, then add zinc powder. Observe for at least 3 minutes for a red colour to develop after addition of zinc powder. The development of cherry red colour on addition of reagent A and reagent B indicated positive reaction. The absence of red colour on addition of reagent A and reagent B and the development of red colour on addition of zinc powder indicated negative reaction.
Starch hydrolysis test

The isolates were inoculated on the sterilized petri plates containing starch agar media and incubated at 28±2°C for 48 hrs. After the incubation for 48 hrs, the surface of the plates were flooded with Lugol’s iodine solution through a dropper for 30 seconds. Examined for the clear zone around the line of bacterial growth. Formation of clear halo zone around the bacterial colony indicated starch positive test.
Catalase test

Catalase activity of the isolates was determined by placing the 24-hour old cultures on a clean labelled glass slide. A drop of H2O2 (3% Hydrogen Peroxide) was added on the samples placed on glass slide. The development of gas bubbles indicated the positive catalase test.
Indole production test

Fresh isolates of silicon solubilizing bacteria were inoculated in the test tubes containing tryptophan broth under aseptic conditions and incubated at 28±2°C for 24-48 hours. After incubation, added 0.5 ml of Indole Kovac’s reagent to broth culture. Observed for the formation of pink to red coloured reagent layer on top of medium within seconds of adding the reagent. The formation of red coloured ring indicated positive test.
Oxidase test

Oxidase activity of the isolates was determined by oxidase test. Tryptic soy agar (TSA) media was prepared and pour into sterilized petri plates under aseptic condition. Media was allowed to solidify and then inoculated with obtained isolates of silicon solubilizing bacteria. The plates were incubated at 28±2°C for 48hr. The Whatman’s No. 1 filter paper was taken and soaked with a little freshly prepared 1% Kovac’s oxidase reagent in petri plate. Then a loopful of incubated culture was gently smeared on filter paper. The development of an intense deep-purple colour on filter paper showed positive test.
Gelatine hydrolysis test
The sterilized nutrient gelatine deep tubes were inoculated with fresh isolates of silicon solubilizing bacteria and tubes were incubated at 28±2°C for 48 hr. The tubes were kept in a refrigerator at 4°C for 30 minutes. The culture was then examined whether the medium was solid or liquid. The liquefaction of the medium indicated positive test.
Selection of efficient strain of silicon solubilizing bacteria

The efficient strain of silicon solubilizing bacteria was determined by screening the obtained isolates for silicon solubilizing activity on the basis of development of silicon solubilization zone on modified Bunt and Rovira medium, containing 0.25 % insoluble magnesium trisilicate (Mg2O8Si3). The plates were spot inoculated and incubated at 28°C for 5 days and then Solubilization Index (SI) was calculated by zone clearing method (Edi-Premono et al., 1996).
RESULTS AND DISCUSSION
Twenty-two rhizospheric soil samples of paddy were collected from different villages of Kolhapur district in the year 2023-24. Four isolates of silicon solubilizing bacteria were obtained from twenty-two rhizospheric soil samples respectively from Kolhapur district.
Morphological characteristics of silicon solubilizing bacterial isolates 

Based on the formation of halo zones around the colonies and morphological characteristics viz., cell shape, Gram reaction, colony shape, colony colour, margin and elevation of the colonies of all isolates, examined on modified Bunt and Rovira medium, were identified as silicon solubilizing bacteria. From the results (Table 2) it is observed that all the SSB isolates were rod shaped having irregular colonies. Three isolates viz., SSB-1, SSB-2 and SSB-3 were Gram negative whereas only one isolate viz., SSB-4 was Gram positive. The isolates exhibited varied colony colour viz., SSB-1, SSB-2, SSB-3 and SSB-4 was creamy white, milky white, yellow and light yellow respectively. The colony margin of two isolate viz., SSB-1 and SSB-3 was undulate whereas it was lobate and curled in case of SSB-2 and SSB-4 respectively. The elevation of colony of the two isolates viz., SSB-1 and SSB-2 was convex and that of SSB-3 and SSB-4 was raised respectively.
The results of the present investigation are in tune with the findings on Zhou et al., (2006) silicon solublizing bacterium from illite and noticed as Gram negative, rod shaped with thick capsule and endospore forming. Janardhan et al., (2014) studied four silicon solubilizing bacterial isolates from different rhizospheric soils in which two bacterial isolates were Gram positive identified as Bacillus sp. and two isolates were Gram negative identified as Pseudomonas sp. and further noticed that the colonies were circular, cream, white, low convex or reseal elevation and dull or shiny surface with irregular or entire margin. Babu et al., (2020) reported the isolates of silicon solubilizing bacteria as gram negative, short stumpy, rod shaped cells through microscopic observations and observed small to medium size, dull white or off white, flat, smooth and irregular or undulate or colonies. The findings of Subhash (2020) showed that silicon solublizing bacterial isolates were rod shaped, Gram positive, endospore formers and exhibited light yellow, yellowish green, off-white, creamy, flat, raised, smooth, opaque, transparent, irregular and spreading colonies. Cruz (2021) studied silicon solubilizing bacterial isolates showed both types of gram reaction i.e. Gram negative and Gram positive. Raza et al., (2023) noted various silicon solubilizing bacterial strain which was belonging to genera Bacillus (rod shaped, Gram positive, facultative anaerobic); Pseudomonas (Gram negative, aerobic bacilli); Proteus (motile, aerobic and facultative anaerobic, Gram negative); Rhizobia (Gram negative, aerobic); Burkholderia (motile, Gram negative, rod shaped) and Enterobacter (Gram negative, facultative anaerobic).
Biochemical characteristics of silicon solubilizing bacterial isolates
All the SSB isolates were biochemically tested (Table 3). The isolates SSB-1 and SSB-2 were positive for methyl-red test however, isolates SSB-3 and SSB-4 were negative for methyl-red test. Except SSB-4, all the obtained isolates were positive for nitrate reduction test. All the obtained isolates were negative for starch hydrolysis test except SSB-4. All the obtained isolates were positive for catalase and oxidase test. In indole production test, SSB-1 was positive and all other isolates were negative. All the isolates were positive result for gelatine hydrolysis test except SSB-2.
The current investigation’s results of biochemical tests are in accordance with the findings of Janardhan (2014) who reported that all isolated strains of silicon solubilizing bacteria showed positive results for catalase test and oxidase test. Sulizah et al., (2018) studied the biochemical characterization of five isolates, out of sixteen isolates, showed positive reaction for catalase test and positive or negative in H2S production, methyl-red test, nitrate reduction, citrate utilization and indole production. Babu et al., (2020) observed twenty-five out of twenty-eight isolates were positive for starch hydrolysis, catalase, gelatine liquefaction, citrate and ammonia production, twenty-six isolates were positive for Vogesprausker’s test, twenty-one isolates were positive for oxidase test and twenty-four isolates were positive for hydrogen sulphide test. Similar study on four isolates of silicon solubilizing bacteria for biochemical characters revealed all isolates showing positive results for oxidase test and catalase test Lokhande (2024).
Based on the morphological, microscopic observations and biochemical characterization, the four obtained isolates were silicon solubilizing bacteria and identified as Pseudomonas sp. and designated as SSB-1, SSB-2 and SSB-3 and one isolate was identified as Bacillus sp. and designated as SSB-4.

Selection of efficient strain of silicon solubilizing bacteria
Solubilization index (SI) indicates the efficiency of obtained isolates. The SSB isolates were observed for formation of clear halo zones around the colonies on the modified Bunt and Rovira medium supplemented with insoluble magnesium trisilicate (0.25%) (Table 4, Fig. 1,2). Solubilization index was calculated by measuring halo zone (solubilization zone) diameter and colony diameter. From the obtained isolates of silicon solubilizing bacteria, SSB-1 exhibited highest solubilization index (3.13) followed by SSB-3 (2.79) and SSB-4 (2.54). The isolate SSB-2 exhibited lowest solubilization index (2.41). On the basis of the data on SI of obtained isolates, the isolate SSB-1 was confirmed as efficient strain and selected for further investigations. 

Similar findings were reported by Sulizah et al., (2018), where out of sixteen isolates, five isolates were screened with highest solubilization index exhibited by OS7 (1.10), while other isolates exhibited zone of solubilization indicating solubilization index ranging from 1.05 to 1.10. Babu et al., (2020) screened twenty-eight isolates, out of which SiKPP-1 (4.95) showed highest silica solubilization index followed by SiPYY-3 (4.85) and these isolates exhibited zone of clearance indicating silica solubilization index ranging from 4.95 to 2.64. Chopra (2022) screened forty bacterial isolates, out of which SSB-2 (2.67) exhibited highest silica solubilization index followed by SSB-17 (2.45) and SSB-30 (2.36) and the isolates showed the silicate solubilization zone with a solubilization index ranging between 1.09 to 2.67. Vijaypriya and Muthukkaarupan (2010) isolated and characterized ten bacterial isolates as Bacillus mucilaginosus and recorded that SSB-8 (15.4 mm) produced highest zone of solubilization followed by SSB-9 (15.0 mm), SSB-5 (11.5 mm) and SSB-3 (11.0 mm).
CONCLUSION

All the native isolates of silicon solubilizing bacteria isolated from the rhizospheric soil of paddy crop cultivated in different villages of Kolhapur district were identified on the basis of morphological characteristics, microscopic observations and biochemical characterization. Out of all SSB isolates, the isolate SSB-1 showed the highest solubilization index (3.13) on the modified Bunt and Rovira medium and found to be most efficient in its role. The efficient isolate SSB-1 was identified as Pseudomonas spp. The results advance our knowledge in the management of biofertilizers containing silicon solubilizing bacteria which can help in regulating the nutrient use efficiency of chemical fertilizers as well as natural silicate minerals resulting in increased yield and productivity of paddy and other crops.
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Table 1: Collection of rhizospheric soil samples of paddy from Kolhapur district
	Name of Tehsil
	Name of Village
	No. of Sample
	Obtained isolates of SSB
	Latitude
	Longitude
	Altitude (m)

	1. Karveer
	1. Kandalgaon
	1
	-
	16.614174°
	74.258264°
	654

	2. 
	3. Rajputwadi
	1
	SSB-1
	16.737062°
	74.188910°
	544

	4. 
	5. Sarnobatwadi
	1
	-
	16.684785°
	74.269563°
	562

	2. Kagal
	1. Pimpalgaon Bk.
	1
	SSB-2
	16.469071°
	74.231492°
	589

	3. 
	2. Siddhanerli
	1
	-
	16.544301°
	74.241435°
	542

	4. 
	3. Vannur
	1
	-
	16.569699°
	74.269376°
	559

	5. Ajra
	1. Bhadawan
	1
	-
	16.175589°
	74.256107°
	656

	6. 
	2. Jadhewadi
	1
	SSB-3
	16.185587°
	74.277653°
	685

	7. 
	3. Mumewadi
	1
	-
	16.252596°
	74.285005°
	708

	8. Bhudargad
	1. Madilge Kh.
	1
	-
	16.354816°
	74.154163°
	585

	9. 
	2. Mudal
	1
	SSB-4
	16.405705°
	74.143645°
	586

	10. 
	3. Shindewadi
	1
	-
	16.311080°
	74.162300°
	612

	11. Gadhinglaj
	1. Gijawane
	1
	-
	16.207035°
	74.331608°
	633

	12. 
	2. Karambali
	1
	-
	16.202212°
	74.291083°
	691

	13. 
	3. Mahagaon
	1
	-
	16.226678°
	74.330174°
	655

	14. Panhala
	1. Pimple T.Satave
	1
	-
	16.808247°
	74.135991°
	803

	15. 
	2. Rakshi
	1
	-
	16.797704°
	74.148835°
	701

	16. 
	3. Yevaluj 
	1
	-
	16.781390°
	74.157045°
	584

	17. Radhanagari
	1. Avali Bk.
	1
	-
	16.482820°
	74.050028°
	556

	18. 
	2. Avali Kh.
	1
	-
	16.470698°
	74.052378°
	555

	19. 
	3. Rashivade Kh.
	1
	-
	16.503779°
	74.049904°
	555

	20. 
	4. Radhanagari
	1
	-
	16.409823°
	73.993407°
	561


Table 2: Morphological characteristics of silicon solubilizing bacterial isolates
	Sr. No.
	Morphological characters
	Obtained isolates of silicon solubilizing bacteria

	
	
	SSB-1
	SSB-2
	SSB-3
	SSB-4

	1.
	Cell shape
	Rod
	Rod
	Rod
	Rod

	2.
	Gram reaction
	-ve
	-ve
	-ve
	+ve

	3.
	Colony shape
	Irregular
	Irregular
	Irregular
	Irregular

	4.
	Colony colour
	Creamy white
	Milky white
	Yellow
	Light yellow

	5.
	Margin
	Undulate
	Lobate
	Undulate
	Curled

	6.
	Elevation
	Convex
	Convex
	Raised
	Raised


Table 3: Biochemical characteristics of silicon solubilizing bacterial isolates
	Sr. No.
	Biochemical test
	Isolates of silicon solubilizing bacteria

	
	
	SSB-1
	SSB-2
	SSB-3
	SSB-4

	1.
	Methyl-red test
	+
	+
	-
	-

	2.
	Nitrate reduction test
	+
	+
	+
	-

	3.
	Starch hydrolysis test
	-
	-
	-
	+

	4.
	Catalase test
	+
	+
	+
	+

	5.
	Indole production test
	+
	-
	-
	-

	6.
	Oxidase test
	+
	+
	+
	+

	7.
	Gelatine hydrolysis test
	+
	-
	+
	+


Table 4: Screening of silicon solubilizing bacteria according to solubilization index
	Sr. No.
	Isolates of silicon solubilizing bacteria (SSB)
	Solubilization index

	1.
	SSB-1
	3.13

	2.
	SSB-2
	2.41

	3.
	SSB-3
	2.79

	4.
	SSB-4
	2.54
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Fig. 1 Selection of silicon solubilizing bacteria by solubilization index (SI) 
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Fig. 2 Solubilization index (SI) of silicon solubilizing bacteria

