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ABSTRACT

Silica is a beneficial mineral that regulates the growth of plants and improves crop yields. Silica is a key factor in 
inducing the drought mitigation property and systemic acquired resistance in plants. Screening of silicate solubilizing 
bacteria on conventional medium forms white colonies on off-white media with translucent zones which makes 
the observation challenging. The present study used a modified plate assay by incorporating 0.0025% bromocresol 
purple in the Bunt and Rovira media which eases the screening process. The soil sample was collected from the 
maize rhizosphere, seven silicate solubilizing bacteria were isolated, among which SKSSB09 showed a better 
result. Bacillus tequilensis showed high silicate solubilization efficiency, that is, 546.23 ± 3.4 µg/mL with a silicate 
solubilization zone of 7.5 ± 0.6 mm. Gas chromatography–mass spectrometry analysis of the bacterial filter extracts 
detected the organic acids as propanoic acid, acetic acid, butanoic acid, and glycolic acid which are crucial factors in 
the dissolution of insoluble silicates. SKSSB09 also possess indole acetic acid production ability and the quantitative 
analysis showed 61.2 ± 3.6 µg/mL. SKSSB09 possess higher antagonistic activity which showed 99% of mycelial 
inhibition against Fusarium oxysporum. NCBI BLAST results of 16S rRNA gene sequence identified the SKSSB09 
as B. tequilensis. This work highlights the importance of silicate solubilizing B. tequilensis SKSSB09 as a plant 
beneficial microbial inoculant.

1. INTRODUCTION

Silica is a key element of soil playing an important role in the growth 
of plants by providing resistance to abiotic and biotic stress which 
occupies 27% of earth’s crust [1]. Initially, silica was not considered 
as a plant essential element, but the beneficial effects of silica on the 
plants made the Association of American Plant Food Control officials 
to consider it as “beneficial element” [2]. Silica was also considered as 
a “quasi – essential element” as the deficiency may leads to disorders 
in plants [3].

Silica has proven plant benefits in enhancing the growth and 
development of various crops by strengthening the cell walls and 
also by inducing systemic acquired resistance towards various plant 
pathogens [4]. Deposition of silica in the plant cell walls avoids the 
formation of appressorium by the plant fungal pathogens. Silica has 
proven benefits in plants enhancing the photosynthetic rate, inducing 
drought mitigation, enhancing the survivability in alkaline soils, saline 
soils, and metal toxicity soils [5].
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Silica is in insoluble form in the soil as Mg, Al, Fe, Na, K, or Ca silicates 
(SiO3) [1,2]. The unavailable silica forms are converted into soluble 
mono silicic acid, which is the plant’s preferred form for uptake, by 
the biological or chemical process. Silicate solubilizing microbes play 
a crucial role in the solubilization of silicates [3,6,7].

Organic acids secreted by the microbes will dissolve the insoluble form 
of phosphates or silicates and convert them into a plant-available soluble 
form [8]. Some important genera possessing silicate solubilization 
efficiency are Bacillus spp., Enterobacter spp., Burkholderia spp., 
Pseudomonas spp., and Rhizobium spp. [1]. Although several silicate 
solubilizing microbes were notified, Bacillus spp. has made its mark 
by their remarkable endospore forming ability, enabling to survive in 
harsh unfavorable conditions [3,9].

Based on the silicon assimilation, the plants are segregated into 3 
types’, namely, accumulators, intermediates, and excluders. Plant 
accumulators such as Zea mays L., Oryza sativa L., and Saccharum 
officinarum L. accumulate high content of biogenic silica in their plant 
parts [10].

Although various benefits of silica deposition in plants were noticed, 
isolating and screening potential silicate solubilizing bacteria is 
challenging. Harnessing the silicate solubilization efficiency on the 
conventional media with magnesium trisilicate makes observation 
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more challenging as the color of the media is off-white with 
translucent silicate solubilization zones [1,11]. Various microbial 
isolates solubilize silica by secretion of organic acids, which can be 
easily detected by adding an acid base dye in the medium for proper 
visualization.

The current study emphasizes in isolating and screening a silicate 
solubilizing bacterium which can be used as an agricultural microbial 
inoculant. Conventional Bunt and Rovira media were modified 
using acid base indicator dye for making the screening process much 
easier [12]. Silicate solubilizing bacteria obtained was characterized by 
morphological and molecular techniques. Key secondary metabolites 
responsible for silicate solubilization and other plant growth promoting 
characters were also studied.

2. MATERIALS AND METHODS

2.1. Soil Samples Collection
Soil samples from the rhizosphere zone were collected from the 
Bowrampet village (17.5749°N, 78.3910°E), Telangana, India, where 
maize had been under continuous cultivation for the last decade. Maize 
rhizosphere soils were collected from a depth of 10  cm in a sterile 
gamma irradiated container. Rhizosphere soil sample (10 g) was taken 
in 250 mL Erlenmeyer flask, 90 mL of 0.85% NaCl solution was added 
and kept on an orbital shaker at 120 rpm for 30 min. Serial dilution 
of the rhizosphere soil was carried till 10-7 and 0.1 mL of the aliquot 
was inoculated into Luria Bertani agar plates (HiMedia M1151) 
and incubated at 30°C for 48  h. Bacterial colonies were isolated, 
subcultured, and stored in Luria Bertani agar slants at 4°C [5,13].

2.2. Developing a Modified Plate Assay
A modified plate assay for the isolation of silicate solubilizing bacteria 
was developed by incorporating the acid base indicator dyes into 
the selective media with the following composition glucose 10 g/L, 
magnesium trisilicate 2.5  g/L and agar 20  g/L [11,14]. Observation 
of bacterial colonies and silicate solubilization zones formed on the 
conventional Bunt and Rovira media was challenging as the color of 
the medium was off-white. To address the issue, various acid base 
indicator dyes, that is, 0.0025% bromocresol purple, 2 mL of (0.002 g 
in 0.5% alcoholic solution) bromothymol blue and 0.1 g/L of phenol 
red were added in different medium sets. Different acid base dyes were 
used in order to screen the suitable dye for Bunt and Rovira medium 
which also makes the screening process easier [1,12,15].

Bacterial isolates were screened for their silicate solubilization 
efficiency using the modified selective media. Microbial isolates were 
inoculated on the modified agar plates and incubated for 24–168  h 
(7  days) at 30°C. Bacterial isolates showing a high zone of silicate 
solubilization were screened and the isolate showing a high silicate 
solubilization zone was further studied [2,6].

2.3. Quantification of Silicate Solubilization
Quantification of silicate dissolution was done using the standard 
spectrophotometric assay which includes inoculation of a loopful of 
culture into the selective liquid medium with composition glucose 
10 g/L and magnesium trisilicate 2.5 g/L with pH 7.0. After 5 days 
of incubation, the microbial broth was centrifuged (REMI R4C) and 
the top supernatant layer was collected. Boric acid 2.5% was added 
to the supernatant in the ratio 3:1 followed by the addition of 5.4% 
ammonium molybdate (1:1). After incubating the mixture for 5 min, 
20% of tartaric acid and ascorbic acid (0.5%) were added to 1  mL 

of total volume. The reaction mixture was vortexed (REMI CM101) 
and absorbance was recorded at 650  nm by using a UV-visible 
spectrophotometer (Elico SL 244) [16]. Silicon dioxide (1  g) was 
heated in muffle furnace at 500°C for 2 h. Sodium carbonate (0.2 g) 
was added to 0.1 g of silicon dioxide and heated at 500°C in muffle 
furnace for 2 h. The mixture was dissolved in boiled double distilled 
water and the volume was made to 1 L. Different concentrations of 
stock solution were transferred (0–10 mL) in respective tubes and the 
volume was made to 10 mL using distilled water. Absorbance values 
were measured at 650 nm and the standard graph was constructed [14].

2.4. Characterization of Organic Acids
The supernatant from bacterial culture was analyzed using gas 
chromatography–mass spectrometry (GC-MS) (Perkin Elmer Clarus 
680). Supernatant was filtered using Whatman no. 1 filter, filtrate was 
mixed in the ethanol in the ratio 1:1 and vortexed for 1 min. A sample 
quantity of 1 µL was injected into the GC-MS containing a fused 
silica column, with Elite – 5 MS (30 m × 0.25 mm ID × 250 μm df, 
5% biphenyl 95% dimethyl polysiloxane). Helium was the carrier 
and maintained at a constant flow rate of 1  mL/min. The injector 
temperature was maintained at 260°C and the sample was injected at 
an oven temperature of 60°C for 2 min. The mass detector’s transfer 
line and ion source temperatures were maintained at 230°C with an 
electron impact of 70 eV and scanned. Compounds were identified by 
NIST library comparative search [17].

2.5. Qualitative and Quantitative Estimation of Indole Acetic 
Acid (IAA)
Qualitative estimation of IAA was done using the Salkowski reagent 
which was prepared with 50 mL of 35% perchloric acid and 1 mL of 
0.5 M Ferric chloride. The bacterial culture was inoculated into the LB 
broth (tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L, and pH 7.0) 
and incubated for 24 h at 120  rpm. Bacterial broth was centrifuged 
(REMI R4C) at 10,000 rpm for 10 min and the top supernatant layer 
was collected. Salkowski reagent (0.5 mL) was added to the supernatant 
and incubated in dark for 30 min. A change in the color intensity to 
pink color was observed, indicating the presence of IAA [2].

Quantitative estimation of IAA secreted by the microbial isolate was 
done by UV spectrophotometer (Elico SL 244) using the Salkowski 
reagent. Bacterial isolate was inoculated into a sterilized Luria Bertani 
medium and incubated at 37°C for 24 h on an orbital shaker at 120 rpm. 
The bacterial culture broth was centrifuged for 25 min at 5000  rpm 
and the supernatant portion was collected. The supernatant was mixed 
with the Salkowski reagent in the ratio of 2:1 and the absorbance 
was recorded at 530 nm. Standard graph was constructed by taking 
different IAA concentrations (0, 1, 2, 3, 4, 5, 6, 7, and 8 µg/mL) to 
which 0.5 mL of Salkowski reagent was added and the total volume 
was made to 10  mL using distilled water. Absorbance values were 
recorded at 530 nm and the standard graph was plotted [18].

2.6. Antagonistic Activity
Freshly grown silicate solubilizing bacteria (0.1  mL) with 
1.0 × 109 CFU/mL were poured and spread on the potato dextrose 
agar plates. A week old, Fusarium oxysporum culture was taken by 
using the cork borer, 5 mm block was cut. The block was placed on the 
potato dextrose agar plate having bacterial culture. The percentage of 
mycelial suppression was calculated using a formula. The percentage 
of mycelial inhibition (%) = Mycelial growth in control – Mycelial 
growth in treated/Mycelial growth in control [19].
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2.7. Morphological and Molecular Identification of Silicate 
Solubilizing Bacteria
Silicate solubilizing bacterial isolate was morphologically characterized 
using the scanning electron microscope. Bacterial culture was smeared 
on the coverslip and carbon-coated for better visualization. The size 
and shape of the bacterial cells were captured at various magnifications 
using the Hitachi S-3700N model [20].

Potent silicate solubilizing bacterial isolate was identified using 
16S rRNA gene sequencing. Bacterial culture was inoculated 
into 100  mL of Luria Bertani liquid medium and kept on an 
orbital shaker for 12  h. As per the standard protocol, 16S rRNA 
gene was extracted and amplification was carried out using the 
universal primers 518 F- CCAGCAGCCGCGGTAATACG and 800 
R  -  TACCAGGGTATCTAATCC. The polymerase chain reaction 
product was outsourced for Sanger’s sequencing [21]. Quality of the 
raw DNA sequences was checked using the Fast QC software, bad 
quality DNA sequences, and chimeric sequences were removed. Good 
quality 16S rRNA gene sequences obtained was aligned by Clustal W 
and a neighbor-joining tree was constructed using MEGA X software. 
The 16S rRNA gene sequence obtained was submitted to the NCBI 
GenBank database and an accession number was obtained [20,22].

3. RESULTS

3.1. Sample Collection and Isolation of the Potent Strain
Among all the pH indicator dyes (phenol red, bromocresol purple, and 
bromothymol blue) used, bromocresol purple (0.0025%) showed rapid 
and proper visualization of the clearance zones which was further used 
for the screening of silicate solubilizing isolates [Figure 1].

A total of seven isolates were obtained using a modified silicate 
solubilization plate assay. When compared to all the bacterial 
isolates, SKSSB09 showed a high and distinct yellow zone of silicate 

solubilization (7.5 ± 0.6 mm) within 72 h of incubation followed by 
SSB029 (5.7 ± 0.5 mm) [Figure 2].

3.2. Silicate Solubilization Assay and Organic Acids 
Characterization
After 5 days of incubation, the samples were tested using the standard 
ammonium molybdate method which showed 546.23 ± 3.4  µg/mL 
of silicate solubilization in SKSSB09 followed by 428.91 ± 3.2 in 
SSB029 [Figure 3].

Bacterial culture filtrate of SKSSB09 was analyzed using GC-MS and 
the spectrum obtained was compared with the NIST database revealing 
the organic acids as propanoic acid, acetic acid, butanoic acid, and 
glycolic acid. The four organic acids secreted by the SKSSB09 showed 
a key role in the solubilization of magnesium trisilicate. The ion m/z 
chromatogram peaks 60.2511, 75.2675, 78.54, and 89.3659 represent 
propanoic acid, acetic acid, butanoic acid, and glycolic acid [Figure 4].

3.3. Qualitative and Quantitative Estimation of IAA
Among all the seven silicate solubilizing bacterial strains tested, 
SKSSB09 and SSB029 have tested positive by turning the solution to 

Figure 1: Acid base dyes showing zone of silicate solubilization.

Figure 2: Silicate solubilization zones of the bacterial isolates recorded 
after 72 h.

Figure 3: Graph showing the quantification of silicates solubilized by the 
silicate solubilizing bacterial isolates in µg/mL.
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a pink color, indicating the presence of IAA. Whereas, the intensity of 
the pink color is high in SKSSB09 compared to the SSB029.

The culture supernatants of SKSSB09 and SSB029 were assessed 
by the calorimetric method. The absorbance values obtained at 
530 nm were correlated with the standard graph and the amount of 
IAA produced by SKSSB09 was 61.2 ± 3.6 µg/mL and SSB029 was 
48.6 ± 4.2 µg/mL.

3.4. Antagonistic Activity
F. oxysporum is a plant pathogen which causes huge economic losses 
all the world causing wilt in various crops which further leads to death 
of the plants. The in vitro antagonistic study on F. oxysporum showed 
99% of mycelial inhibition when compared to the control in SKSSB09. 
Whereas, rest of the silicate solubilizing isolates showed no inhibition 
of F. oxysporum.

3.5. Morphological and Molecular Characterization of SKSSB09
Morphological study using scanning electron microscope revealed 
the silicate solubilizing SKSSB09 as rod shaped bacterium with 
blunt ends. The microbial isolate was identified by 16S rRNA gene 
sequencing studies and good quality DNA sequences obtained were 
searched in the NCBI BLAST database and were identified as Bacillus 
tequilensis with a sequence similarity of 99%. The partial 16S rRNA 
gene sequence was submitted to the NCBI Genbank database with 
the accession number (MW405905). Neighbor joining tree was 
constructed using MEGA X by taking Pseudomonas aeruginosa as an 
out group [Figure 5].

4. DISCUSSION

Silica is the second most abundantly available mineral on the earth’s 
crust. Although several silica advantages are notified, the plants cannot 
directly utilize the complex silicates. In this scenario, microbes played 
a crucial role in the process of bio weathering and converting the 
insoluble silica into a soluble plant available form [23]. Accumulation 

of silica in the plants will provide tolerance to abiotic and biotic 
stress. Although several physicochemical reactions are involved in the 
dissolution of silica by microbes, some of the biochemical processes 
played a significant role in the mechanism of bio weathering [24].

Bio weathering by microbes is considered a crucial factor that releases 
the essential nutrients from the sediments and soil [2,17]. In the current 
research, a silicate solubilizing endospore-forming microbe was 
isolated from the rhizosphere soil of maize. The conventional Bunt and 
Rovira selective medium were widely used for the isolation of silicate 
solubilizing bacteria. Observation of silicate solubilizing zones in the 
conventional selective media is a bit challenging as the zones formed 
will be off-white and translucent.

Similar challenges were also faced in the Aleksandrov medium (potash 
solubilizers) and Pikovskaya medium (phosphate solubilizers) which are 
dependent on the acidolysis process. These challenges were rectified by 
the addition of acid base indicator dyes. Among all the acid base dyes 
tested, bromocresol purple showed good clearance zones followed by 
phenol red. Bromocresol purple reacted with the organic acids secreted 
by the bacterium and formed a distinct yellow zone in purple color media.

Silicate solubilization is also an acidolysis process, in which silicate 
solubilizing bacteria utilize glucose for the secretion of organic 
acids. Bromocresol purple was used as an acid base indicator dye 
in the qualitative analysis of silica and phosphate solubilization in 
the earlier reports [1]. Whereas, bromothymol blue was used in the 
rapid screening of potash solubilizing bacteria. The incorporation of 

Figure 4: Ion m/z chromatogram showing peaks of acetic acid, propanoic 
acid, glycolic acid, and butanoic acid.

Figure 5: Neighbor-joining phylogenetic tree showing the evolution of 
Bacillus tequilensis SKSSB09 which was constructed with 1000 bootstrap 

replications.
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bromothymol blue in the medium showed a significant correlation 
between the halo zones formed and the amount of potassium released 
in the liquid medium [12]. Based on the results obtained in the present 
study, bromocresol purple was selected as a suitable acid base dye for 
the modified plate assay.

The screening was done on the modified selective media incorporated 
with 0.0025% of bromocresol purple. The addition of bromocresol 
purple will ease the process of screening when compared to the 
conventional screening method. Among the seven isolates obtained, 
SKSSB09 isolate showed a higher silicate solubilization zone with 
distinct yellow color when incubated for 5 days. Organic acids secreted 
by the SKSSB09 reacted with the bromocresol purple dye forming 
yellow color zones around the bacterial culture [1].

In the earlier reports, various concentrations (0.00125%, 0.0025%, 
0.005%, and 0.01%) of bromocresol purple were used in the silicate 
solubilization medium and the concentration optimization studies 
were carried out. A  major focus was made on the optimization of 
concentration within a single acid base dye which can be effectively 
used for the qualitative and quantitative analysis of potash and silicate 
solubilizing bacteria [1]. In the present study, screening was carried 
out between three different acid base dyes, that is, bromothymol blue, 
bromocresol purple and phenol red.

Quantitative estimation of silicate solubilizing bacterial culture filtrate 
showed 546.23 ± 3.4 µg/mL of silicate solubilization. Results obtained 
are on par with the previous reports, 495.38 – 741.38 µg/mL of silicate 
solubilization when 0.125% of CaCl2 and MgNO3 were used in a 
selective medium [1]. Similar reports were recorded on Rhizobium spp. 
which showed silicate solubilization of 662 µg/mL [7]. Four types 
of organic acids, namely, propanoic acid, acetic acid, butanoic acid, 
and glycolic acid were detected from the culture filtrate extract of 
B. tequilensis SKSSB09.

Earlier reports showed the detection of gluconic acid, hydroxy 
propionic acid, tartaric acid, maleic acid, fumaric acid, acetic acid, and 
succinic acids [1,17]. Apart from acetic acid and propionic acid, the 
present study revealed the secretion of butanoic acid and glycolic acid 
for the 1st  time. Various mechanisms were observed in the microbial 
silicate bio weathering process, which includes the formation of 
carbonic acid by the hydration of CO2 and the production of amino 
acids, phenolic compounds and organic acids by microbes that 
dissolute the silicates [25]. Organic acids secreted by the bacterium 
not only dissolute the silicates but also provide H+ for the hydrolysis 
of silicates. H+ ions act as chelating agents and form complexes with 
cationic materials [7,11,26].

Bacterial culture filtrate when tested with Salkowski’s reagent 
showed the presence of IAA. Production of IAA by B. tequilensis 
SKSSB09 was quantified using the calorimetric method which 
showed 61.2 ± 3.6 µg/mL. Similar results were also recorded by the 
previous researchers for Bacillus spp. which showed IAA production 
in the range of 14.4–92.7 µg/mL [27]. Research on the plant growth 
promoting Rhizobium sp. showed silicate solubilization efficiency and 
IAA secretion (0.95 ± 0.14 μg IAA/μg) [7].

IAA has several proven reports stating the promotion of plant growth 
in several ways which will be an add on benefit for the silicate 
solubilizing bacterial isolate SKSSB09. IAA enhances plant growth 
by cell elongation and improving cell multiplication. IAA also 
increases the root hairs and the rootlets. Recent research studies show 
IAA as a key signaling molecule in establishing the plant-microbe 
relationship [1,2,6].

Antagonistic activity of SKSSB09 against plant pathogen F. oxysporum 
showed 99% of mycelial inhibition. This reveals the antagonistic 
activity of silicate solubilizing bacteria by the secretion of HCN, 
siderophores, and hydrolytic enzymes [13,28]. In general, most plant 
beneficial microbes regulate several plant physiological activities, 
namely, secretion of secondary metabolites, stress mitigation, 
germination improvement, and cell division [2].

Scanning electron microscopic image revealed the structure of 
SKSSB09 as rod shape bacterium with blunt ends. 16S rRNA gene 
sequencing analysis was performed and the DNA sequence was 
compared with the DNA sequences in the NCBI BLAST database 
revealing the isolate SKSSB09 as B. tequilensis. Phylogenetic tree 
was constructed by taking Pseudomonas as an out group. Bacillus 
and Pseudomonas are very distantly related groups and taking 
Pseudomonas as an out group gives a proper phylogenetic tree. Bacillus 
is a gram positive, endospore-forming bacterium with a wide range of 
applicability in the production of enzymes, biocontrol efficacy, and 
secretion of antimicrobial compounds [29].

Morphology of B. tequilensis showed close resemblance with 
the Bacillus mucilaginosus which is widely used in studying the 
silicate-microbial interactions [26]. There are no prior reports stating 
B. tequilensis as a silicate solubilizer, but the present research 
revealed the efficiency of B. tequilensis as a potent silicate solubilizer 
for the 1st time and it can also be used as a plant beneficial microbial 
inoculant.

5. CONCLUSION

In the current global scenario, silica has an impeccable ability to 
provide tolerance towards the abiotic and biotic stress to plants. Silicate 
solubilizing B. tequilensis SKSSB09 has good silicate solubilization 
efficiency and remarkable ability to secrete organic acids. Apart 
from the silicate solubilization ability, SKSSB09 also secreted IAA 
which enhances the growth promotion in plants. Antagonistic activity 
against the F. oxysporum showed high mycelial inhibition revealing its 
utilization as a biocontrol agent. Based on the above research study, it 
can be concluded that B. tequilensis SKSSB09 can be effectively used 
as a silicate solubilizing bacterial inoculant in the maize crop.
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