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Abstract
In the present study, we studied the distribution of silicate mineral weathering bacteria (SWB) in stressed environments that
release potassium from insoluble source of mineral. Out of 972 isolates, 340 isolates were positive and mineral weathering
potential ranged from 5.55 to 180.05%. Maximum abundance of SWB occurred 44.71% in saline environment followed by
23.53% in low temperature and 12.35% each in high temperature and moisture deficit. Among isolates, silicate mineral
weathering efficiency ranged from 1.9 to 72.8 μg mL−1 available K in liquid medium. The phylogenetic tree of SWB discrim-
inated in three clusters viz. Firmicutes, Proteobacteria and Actinobacteria. This is the first report on SWB in stressed environ-
ments and identified 27 genera and 67 species which is not reported earlier. Among them Bacillus was the predominant genera
(58.60%) distantly followed by Pseudomonas (6.37%), Staphylococcus (5.10%) and Paenibacillus (4.46%). These bacterial
strains could be developed as inoculants for biological replenishment of K in stressed soils.
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Highlights
• First report on distribution of SWB in stressed ecological niches/
environments.
• New genera and species possessing potential to weather potassium
aluminosilicate mineral have been reported.

• Some species belongs to α and β-proteobacteria and Actinobacteria can
solubilize K.

• Solubilization efficiency ranges from 1.9 to 72.8 μgmL−1 available K in
broth.

• The reported strains could be utilized as bioinoculants particularly in
stressed abiotic conditions.
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Introduction

In recent years, the biodiversity of soil microbes has raised
attention with an essential need to conserve coherence, activ-
ity and long-term renewable ability of natural and organized
terrestrial ecosystems. The exploited microbial functions are
enhancement, supplementation and reusing nutrients which
are essential for plants and contribute significantly for sustain-
able agriculture. Microbial diversity in soil affects a broad
range of processes in soil ecosystem that play a crucial role
for sustainability of life on Earth [1, 2].

Nitrogen, phosphorus and potassium are the three major
macronutrients that are required for growth and yield of all
plants. Among the three major nutrients, a lot of work has
been carried out on availability and use efficiency of nitrogen
and phosphorus. However, the literature is comparatively si-
lent on different aspects of potassium including its availability
in the soil, its sustainable management and its significance in
agriculture. Potassium is one of the key nutrients required for
the growth and development of plants but in most of the
Indian soils, it is present in low or medium concentration.
The concern of sustainable management of potassium in soil
has partly been ignored during the last decades when the focus
was aimed with potent environmental impact on use of nitro-
gen and phosphorus. However, in recent years, there is a
growing awareness among all concerned regarding the impor-
tance of potassium in crop production in several parts of India.
Once thought of being adequate in Indian soils, K has been
reported to be low in 21% and medium in 51% of arable land
warranting immediate K fertilization in 72% of cultivated soils
of India [3]. According to a report of Fertilizers Association of
India (2010), India ranks 4th in consumption of K fertilizers
and almost 90% potassic fertilizers are imported in India [4].
Since the cost of potash fertilizer is dependent on global mar-
ket, it is getting costlier every year leading to increased cost of
cultivation. There are many reports in last few years that
Indian soils exhibit K deficiency with decreased level of avail-
able K in soil because of rapid development of agriculture by
ignoring to replenish it and utilization of potassium fertilizer
to those agricultural lands shows positive response.

Insoluble K reserves particularly as aluminosilicate min-
erals such as microcline, muscovite, orthoclase biotite and
feldspar are present in considerable amounts in many soils
and are not available to the plants [5]. Potassium and other
metal elements can be released when minerals slowly weath-
ered naturally. The biological process of release of K from
minerals involves the activity of microorganisms. In the recent
years, reports have been published on the utilization of silicate
mineral weathering bacteria for crop improvement [1, 6–11].
Initially, only species of Bacillus were reported to weather
silicate mineral. A number of bacterial strains having mineral
weathering capability have been reported in the recent years.
Many agriculturally important crops harbour these bacteria in

their rhizosphere playing a vital role in their growth, develop-
ment and yield of these crops. Awide range of species belong-
ing to the genera Acidithiobacillus, Bacillus, Burkholderia,
Paenibacillus and many other have been documented as sili-
cate mineral weathering bacteria (SWB) [12–17]. Among sil-
icate weathering bacteria, Bacillus spp. that colonize soil ag-
gressively have been considered as an important group of
bacteria due to their ability to secrete exopolysaccharide and
organic acids.

With a view to identify more efficient cultures for
weathering silicate mineral suitable for various crops and en-
vironment, it is pertinent to look at the diversity of these sili-
cate weathering bacteria (SWB) in different stressed environ-
ments. Most of the stressed environments like saline lakes,
thermal springs, mangrove forests, acidic soils and cold de-
serts are poor in the availability of many nutrient ions and
represent oligotrophic conditions. In such soils, it is expected
to have greater diversity of SWB since communities adapt and
evolve to survive in such environmental conditions [18–21].
There are few reports on the diversity of SWB; however, in-
formation on stress environments is lacking [14, 22, 23].
Some research attempts has been made about the use of sili-
cate weathering bacteria, known as ‘biological potassium
biofertilizer (BPF)’, particularly in China and South Korea
to investigate the bio-activation of soil K reserves so as to
alleviate the shortage of K fertilizer but not much information
is available on the diversity of these BPF in the Indian soils. In
our earlier studies, a large database of bacteria isolated from
stressed environments of India was developed [23–25].With a
view to look for the predominance and abundance of silicate
weathering bacteria, the entire collection was screened to
study distribution and phylogenetic relationship among
SWB in different stressed/extreme environmental conditions/
habitats.

Materials and methods

Mineral preparation and analysis

Potassium aluminosilicate mineral was purchased from Hi-
media (Product number RM1510) with trade name of molec-
ular sieve 3 Å and contains potassium as an insoluble form
based on their chemical formula (KnNa12-n[(AlO2)12(SiO2)12]·
xH2O). Molecular sieve was crushed with mortar pestle and
passed the material through 80–100-mesh size sieve followed
by 4–5 successive washing with distilled water for removing
the fine particles and soluble K which was estimated through
the flame photometric method [17, 26, 27]. During the wash-
ing process, distilled water and mineral was mixed at 5:1 ratio
with shaking for 30–60 min. The supernatant was subjected to
analyse the soluble K. The estimation of K was done using
different concentrations of KCl solution as standard solution
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(20 ppm, 30 ppm and 40 ppm). The estimation of soluble K in
mineral powder was carried to eliminate or reduce the avail-
able K from minerals. The cation exchange capacity of min-
eral was analysed using standard protocol [28]. Further, the
compositional analysis for confirming the distribution of var-
ious elements in minerals was carried out through the SEM-
EDX method. The results obtained and chromatogram of
SEM-EDX has been given in Supplementary Table S3.

Further, powder form of potassium aluminosilicate mineral
was characterized for their cation exchange capacity and X-
ray diffractometer pattern. The diffraction pattern was obtain-
ed using CuKα radiation (λ = 1.54060 Å) with nickel mono-
chromator from 20° to 80°. The average crystallite size was
calculated by following Scherrer’s equation:

D ¼ Kλ
βcosθ

where D is the average crystal size of nanoparticle; λ is the
wavelength of X-ray source (1.54060 Å); β is width at half of
maxima of diffraction peak; and K is constant of Debye-
Scherrer’s equation with value ranging from 0.9 to 1.0.

Isolation and screening of bacterial isolates for their
weathering potential of silicate mineral

Isolation of bacterial isolates from different stressed environ-
ments was carried out using different combinations of nutri-
ents followed by incubation at appropriate temperature until
the appearance of growth [25]. Morphologically distinguished
colonies were picked and preserved at 4 °C for further work.
Bacterial isolates were screened for their potential to weather
silicate mineral by spotting (10 μL) the purified isolates on
Aleksandrov agar plates [26]. Six cultures were spotted on
each plate and incubated at 30 °C for 5 days. The composition
of medium (g L−1) is glucose 5.0, magnesium sulphate 0.5,
ferric chloride 0.005, calcium carbonate 0.1, calcium phos-
phate 2.0 and potassium-bearing minerals 2.0. Potassium alu-
minosilicate was used as an insoluble mineral. The pH of the
medium was adjusted to 7.2 by addition of 1 M NaOH.
Cultures showing halo zone around the colony were selected
and the diameter of halo zone and colony was measured. Halo
zone size (Eq. (1)) and mineral weathering efficiency of each
isolate was calculated by following the Eq. (2).

DH ¼ DT−DCð Þ ð1Þ
DH ¼ DT−DCð Þ=DC½ � � 100 ð2Þ
where DH is the diameter of halo zone (mm), DT is the total
diameter (mm) and DC is the diameter of colony (mm). The
physiochemical characteristics of different sites exhibit the
presence of bacterial isolates capable to weather silicate min-
erals were given in Supplementary Table S2.

Quantitative estimation of released potassium

Quantitative estimation of potassium released due to inocula-
tion of cultures positive for mineral weathering on plates was
carried out in Aleksandrov liquid medium. Potassium alumi-
nosilicates were used in medium as insoluble source of potas-
sium. Conical flasks containing 40 mL of liquid mediumwere
inoculated with each of the bacterial cultures tested.
Autoclaved liquid medium without inoculation served as con-
trol. The flasks were kept on shaker for 5 days at 30 °C with
continuous shaking at 140 rpm. After incubation, broth was
centrifuged at 10,000 rpm for 10 min and the supernatant was
collected for estimation of available potassium using flame
photometer (Esico, India). Different concentrations of KCl
solution (20 ppm, 30 ppm, 40 ppm) were used as a standard
for the analysis of available K. Flame photometer was cali-
brated with standard solution of KCl prior to estimation of
available K in supernatant and calculated the amount of re-
leased K by each bacterial isolate using linear regression equa-
tion of standard curve of KCl solution (Supplementary Fig.
S2; Supplementary Table S4). All experiments were done in
triplicates.

Genomic DNA isolation, amplification of 16S rRNA
gene and RFLP analysis

Genomic DNA was extracted from all the isolates using the
ultra-clean microbial DNA isolation kit (Zymoresearch, USA)
following the manufacturer protocol. DNA preparations were
visualized after electrophoresis in a 1.0% agarose gel in 1X
TAE buffer to assess their integrity and then stored at − 80 °C
prior to PCR amplification.

PCR amplification of 16S rRNA gene of mineral
weathering bacteria was done by using two universal primer
pair PA 5′—AGAGTTTGATCCTGGCTCAG and PH 5′—
AAGGAGGTGATCCAGCCGCA [29]. The final volume
of reaction mixture of 100 μL contained 10 μL of Taq
buffer with 15 mM MgCl2, 6 μL of dNTP, 1 μL of each
primer, 2 μL (500 ng) template DNA and 1 U of Taq
polymerase. The amplification was performed on Bio-Rad
My cycler (initial denaturation at 95 °C for 5 min followed
by 39 cycles of 95 °C for 30 s, 52 °C for 40 s and exten-
sion at 72 °C for 1 min and final extension at 72 °C for
8 min). Amplified 16S rRNA gene was further purified
using Quiaquick purification kit (Qiagen). After purification,
25 μL of purified gene products was subjected for digestion
with three different restriction enzymes, AluI, HaeIII and
MspI separately at 37 °C. Digestion pattern was analysed
using 2.5% agarose gel. Distinct bands were scored to study
the similarity, and clustering analysis through NTSYS-2.02e
package (numerical taxonomy analysis program package,
Exeter software, USA). Similarity among the isolates was
calculated by Jaccard’s coefficient [30] and dendogram was
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constructed using the UPGMA method [31]. The represen-
tative strains from each cluster were selected for further
sequencing of 16S rRNA gene.

Sequencing of 16S rRNA gene and phylogenetic tree
construction

The sequencing of partial 16S rRNA gene in representative
silicate weathering isolates was done by Sci-Genome Pvt. Ltd.
with both primers PA (forward primer) and PH (reverse prim-
er). The sequences obtained from company were assembled
using CAP3 program and were used to identify the bacteria
with the help of the BLASTn programme http://www.ncbi.
nlm.nih.gov/BLAST. All the sequences were submitted to
NCBI GenBank.

Sequence alignment and comparison were performed using
the multiple sequence alignment program CLUSTALW [32]
with default parameters and the data was converted to
PHYLIP format. Minor modifications were done manually
on the basis of conserved domains, and columns containing
more than 50% gaps were removed. The phylogenetic tree
was constructed on the aligned datasets using the neighbour-
joining (NJ) method [33] using the program MEGA 7.0 [34].
Bootstrap analysis [35] was performed on 1000 random sam-
ples taken from the multiple alignments.

Nucleotide sequence submission to NCBI Genebank

The 16S rRNA gene sequences reported in this study were
submitted to the GenBank database and accession numbers
assigned for isolates are given in Table 1.

Statistical analysis

All obtained data were analysed statistically using SPSS 16.0
software and represent the mean value and standard deviation
as error bar for plotting the graphs. Analysis of variance
(ANOVA) was conducted using Duncan’s multiple range tests
[36] at 95% confidence level for comparison of mineral
weathering potential among different bacterial strains.

Various statistical equations were used for diversity analy-
sis of silicate weathering strains in different stressed environ-
ments. These equations are as follows:

s
Shannon index Hð Þ ¼

X
− Pi*ln Pið Þ

i ¼ 1
ð3Þ

where H denotes Shannon diversity index, Pi represent the
fraction of the entire population made up of species I, S rep-
resent numbers of species encountered and∑ denotes the sum
from species 1 to species S.

Simpson0s index Dð Þ ¼ 1−
P

n n−1ð Þ
N N−1ð Þ

ð4Þ

where n denotes number of individuals of each species, and N
denotes total number of individuals of all species.

Margalef index ¼ S−1ð Þ=Log nð Þ ð5Þ

where S represents total number of species and n represents
total number of individuals

Species Evenness ¼ i=ln s−1ð Þ=Ln nð Þ½ � ð6Þ

where s denotes the number of species, n denotes total number
of individuals and i denotes Shannon’s diversity index.

Mehinick index ¼ Sffiffiffiffi
N

p ð7Þ

where N represents total number of individuals and S repre-
sents the species number in the sample.

Results

Mineral characterization

Soluble K in prepared mineral was not detected. The cation
exchange capacity of mineral was 2.63 meq g−1. Based on
literature survey, cation exchange capacity among silicate
minerals or zeolites ranged from 2.3–4.9 meq g−1.
Potassium aluminosilicate showed the typical XRD pat-
terns that confers their relatedness with silicate minerals
(Supplementary Fig. S1) [37, 38]. Potassium aluminosili-
cate showed maximum peak at 2θ value 29.126°. The av-
erage crystallite size calculated using Scherrer’s equation
was found 30.55 nm.

Abundance and weathering efficiency of bacterial
isolates in stressed ecological niches

In this study, we explored fifteen stressed ecological niches
represented by mangroves or characterized by saline, high
and low temperature, acidic and moisture deficit conditions.
Nine hundred seventy-two bacterial isolates from different
stressed environments as given in Table 1 were screened for
their potential to release potassium from insoluble source of
potassium aluminosilicate mineral. Out of 972 isolates, 340
isolates distributed among different sites showed the mineral
weathering ability on plate assay based on halo zone
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formation (Fig. 1a). Mineral weathering efficiency of isolates
on agar plate ranged from 5.55 to 180.05%. The abundance
of bacterial isolates exhibiting mineral weathering potential
showed different distribution patterns in various stressed

environmental conditions. The occurrence of silicate
weathering isolates 44.71% in saline, 23.53% in low temper-
ature, 12.35% each in high temperature and moisture deficit
and 7.06% in acidic environment were observed (Fig. 1b).

Fig. 1 Screening and abundance of silicate weathering bacterial (SWB)
isolates: a geographical mapping of different sites explored (left side) and
halo zone formation on Aleksandrov agar plate (right side); relative abun-
dance of SWB in different b stressed environments and c sites explored.

Relative abundance (%) of bacteria capable to weather silicate mineral
was calculated using total number of isolates (n = 340) positive for min-
eral weathering
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Among all the sites, the SWB was found to be predom-
inant in Sambhar salt lake and accounted for 16.18% of the
total isolates having potential to weather silicate mineral. It
was followed by Rohtang Pass (15.88%) and Jaisalmer
(12.35%). The sites those showed low abundance of SWB
were Vashisht and Bakereshwar each (1.47%) and
Balrampur (0.88%) (Fig. 1c). The percentage distribution
of SWB among various stressed environments revealed
their predominance in saline habitats followed by cold de-
serts. Among all the sites studied, samples from Chilka
Lake and Andman & Nicobar Island did not show the pres-
ence of SWB (Table 1). Bacterial isolates exhibiting the
potential to weather silicate mineral were further character-
ized quantitatively for their efficiency to release potassium
from insoluble potassium aluminosilicate in liquid
Aleksandrov broth individually. Among the bacterial iso-
lates, weathering efficiency in liquid medium ranged from
1.9 to 72.8 μg mL−1 available K from potassium alumino-
silicate mineral (Fig. 2) with maximum weathering
achieved by strain IARI–J-6 (72.8 μg mL−1 available K)
isolated from Jaisalmer.

16S rRNA gene amplification and restriction analysis
of amplified rRNA gene

Amplification of 16S rRNA gene through PCR followed by
restriction digestion by using three different restriction enzymes
was performed on isolates positive for mineral weathering.
Digestion of amplicons using different enzymes revealed 3–6
fragments and various digestion patterns of amplicons ranging
from 100 to 760 base pairs. Restriction digestion pattern of 16S
rRNA gene exhibited that AluI is more discriminatory in com-
parison with MspI and HaeIII. A combined dendogram of
screened isolates from each ecological niche was constructed to
understand the percentage of similarity among silicate

weathering isolates. At a level of 97% similarity, the isolateswere
grouped into clusters so as to select one representative strain for
each cluster. The number of clusters obtained varied among eco-
logical sites and were 30 for Sambhar lake, 21 for Bhitarkanika;
19 for Rohtang Pass; 18 for Runn of Kutch, 13 for Sunderbans
and Jaisalmer each; 12 for Leh; 7 for Chummathang, 6 for
Manikaran and Kollam each; 5 for Vashisht and Bakereshwar
each; and 2 for Balrampur.

Phylogenetic analysis of silicate weathering bacteria

16S rRNA gene identity and phylogenetic study of a representa-
tive isolate from each cluster revealed that all the isolates showed
> 99–100% similarity with available sequences within the
GenBank database. A total of 157 bacterial isolates exhibiting
mineral weathering potential were identified for each ecological
niche and used to construct phylogenetic tree to determine their
affiliations and an archaeal 16S rRNA gene sequence of
Halolamina pelagica was used as an out group (Fig. 3a, b). A
perusal of phylogenetic trees for stressed environments discrim-
inated the isolates in three clusters viz. Firmicutes (76.43%),
Proteobacteria (20.38%) and Actinobacteria (3.18%). Among
them, Firmicutes were the most predominant phylum followed
by Proteobacteria. Phylogenetic tree exhibited 67 species of 27
genera. GenusBacillus (58.59%) fromFirmicutes,Pseudomonas
(6.36%) from Proteobacteria and Arthrobacter (1.27%) from
Actinobacteria were found in high frequency of abundance
(Fig. 4c).

Distribution of silicate weathering bacteria in stressed
environments

Only for sites Rohtang Pass, Chummathang thermal spring in
Leh and Bhitarkanika mangrove, few isolates belonging to
Actinobacteria (Brachybacterium, Cellulosimicrobium,

Fig. 2 Quantitative estimation of
K released in Aleksandrov liquid
medium amended with potassium
aluminosilicate mineral.
Quantitative data of potassium
released in liquid medium was
plotted as bar diagram using mean
± standard deviation and
alphabetic coding denotes the
ranking of significance variations
among isolates using Duncan’s
test.
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Plantibacter, Arthrobacter) were also identified as SWB
(Fig. 4b). Firmicutes represented by members of
Bacillaceae, Paenibacillaceae, Staphylococcaceae and
Planococcaceae were the predominant Phylum for all sites
except Rohtang Pass. Among the four families, Bacillaceae
members belonging to Bacillus spp. and Lysinibacillus spp.
predominated at all sites. Paenbacillaceae represented by spe-
cies of Paenibacillus genus were recovered only from
Sunderbans, Leh and Runn of Kutch (Fig. 3a, b) while
Brevibacillus brevis was identified as SWB from Vashisht
thermal spring. Members of the Staphylococcaceae family
that could weather silicate mineral were identified only from
Sambhar salt lake and Chummathang thermal spring.
Planococcus psychrotoleratus, Planomicrobium glaciei iden-
tified as SWB from Sunderbans mangrove and Sporosarcina
pasteurii from Jaisalmer were the only members belonging to
the family Planococcaceae (Fig. 3a, b).

Moreover, filtering the data across the ecological niches
indicate the predominance of Bacillus species; however, the
profile of the species varied from one site to another. Some of
the species of Bacillus were typically identified as SWB only
from one or few sites. For example, B. thuringiensis from
Sunderban mangrove and Kollam, B. mycoides from
Jaisalmer and Runn of Kutch; B. endophyticus from
Jaisalmer and Sambhar salt lake; B. cibi from Sunderbans;
B. simplex f rom Manikaran thermal springs and
B. marisflavi from Bhitarkanika. As stated above, the species
belonging to Phylum Proteobacteria were very few (Fig. 4a),
and among them, α- and β-proteobacteria were rare and lo-
calized to one or two sites only. Among the isolates obtained
from different sites, only one isolate obtained from
Chummathang thermal spr ing and ident i f ied as
Brevundimonas terrae belonged to α-proteobacteria.
Janthinobacterium lividum and Janthinobacterium sp.

Fig. 3 Phylogenetic relationship among bacterial strains capable to weather potassium aluminosilicate mineral which occurred in different stressed
ecological niches
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Fig. 4 Distribution of silicate
weathering bacteria occurred in
various stressed environments: a
at phylum (left side) and sub-
phylum of Proteobacteria (right
side); b at overall genus distribu-
tion (top) and genus among vari-
ous stressed environments
(bottom); and c distribution at
species level among various
stressed environments. Relative
distribution is given in percent-
age. Relative distribution of SWB
was calculated based on the total
number of isolates (n = 157)
identified through 16S rRNA
gene sequencing.
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belonging to β-proteobacteria were isolated only from cold
regions, Rohtang Pass and Leh. Species belonging to γ-
proteobacteria that could weather silicate mineral were inter-
spersed in all sites other than Sunderbans, Kollam, Jaisalmer
and Manikaran thermal springs. Among the major genera be-
longing to γ-proteobacteria that could weather silicate mineral
were Pseudomonas (from Rohtang Pass, Leh, Bakereshwar),
Stenotrophomonas (from Sambhar lake, Runn of Kutch,

Bhitarkanika), Halomonas (from sambhar salt lake)
Psychrobacter, Pantoea, Providencia and Aeromonas (from
Rohtang Pass), Enterobacter (from Sambhar salt lake and
Bhitarkanika), Acinetobacter (from Sambhar salt lake and
Vashisht) and Klebsiella (from Chummathang hot spring).
Pooling the data for all sites revealed as many as 27 genera
(Supplementary Table S1) and 67 species that can release K
through weathering of silicate mineral. Among them, Bacillus

Fig. 4 (continued)
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(58.59%) was the predominant genera distantly followed by
Pseudomonas (6.36%), Staphylococcus (5.10%) and
Paenibacillus (4.45%) as represented in Fig. 4b.

Diversity analysis

In the present study, 340 isolates from the fifteen different
stressed habitats were characterized which have potential to
release potassium from insoluble silicate mineral. Based on
similarity index at > 97% of the 16S rRNA gene sequences,
157 strains were identified. Interestingly, there was no species
common to all sites that have the potential to weather silicate
mineral. Two typingmethods (restriction digestion pattern and
analysis of 16S rRNA gene) were adopted to study the diver-
sity of silicate weathering bacterial isolates which provided a
similar level of resolution. Among various extreme ecological
niches, Shannon diversity index was found to have highest
value (H′ = 2.61) for Rohtang Pass, followed by Sunderbans
(H′ = 2.6) and Balrampur hot spring exhibited lowest value
(H′ = 0.64). Besides, the highest species richness was ob-
served in Rohtang Pass (27) followed by Sambhar salt lake,
Sunderbans and Leh (15). The lowest species richness among
the silicate weathering isolates were found in Balrampur hot
spring. These observations are supported by bacterial diversity
parameters, such as Simpson’s index, Mehinick index,
Evenness and Margalef (Table 2).

Discussion

Potassium is an essential macronutrient required by crops
which is now in focus because of the increase in land area
reported to be deficient for K. This situation is further com-
plicated for the countries that depend largely on the import of
potash fertilizers. Moreover, it is also known that there are
considerable amounts of insoluble K reserves in many soils,

most of which exist in aluminosilicate minerals from which K
cannot be absorbed directly by plants. Silicate bacteria were
found to resolve potassium, silicon and aluminium from in-
soluble minerals [39–41]. Similarly, microorganisms in the
soil are able to weather ‘unavailable’ forms of K-bearing min-
erals, such as micas, illite and orthoclase, by excreting organic
acids which either directly dissolves rock K or chelating sili-
con ions to bring the K into solution [42, 43]. The report on
mineral weathering potential of Bacillus mucilaginosus isolat-
ed from Tianmu Mountain, Zhejiang, China, renewed the in-
terest in identification and evaluation of KSB in improving the
growth and yield of different crops [17, 26, 44]. Silicate
weathering isolates have been obtained from non-
agricultural sites like ceramic industrial soil, weathered mate-
rial of RockMountain, Cirebon quarry and Red soil of Poyang
lake [15, 40, 45, 46]. There are few reports available in the
literature on the screening of small subset of bacteria isolated
from one or two niches or crops for mineral weathering [7, 13,
16, 22, 41]. However, no concerted effort has been made to
screen the diversity of bacteria recovered from stressed envi-
ronments of the country for their ability to weather silicate
mineral.

In this study, we explored fifteen stressed ecological niches
represented by mangroves or characterized by saline, high and
low temperature, acidic and moisture deficit conditions. At
present, most of the reported isolates exhibiting mineral
weathering efficiency belong to genus Bacillus. Besides, few
reports are available which describe mineral weathering po-
tential of isolates belonging to genus Alcaligenes,
Arthrobacter, Acidithiobacillus ferrooxidans, Paenibacillus,
Enterobacter, Serratia and Burkholderia, while fungi belong-
ing to genus Aspergillus and Penicillium have also been re-
ported to weather silicate mineral [7, 12, 22, 27, 44, 47, 48].
These microorganisms have been reported to release potassi-
um in accessible form from potassium-bearing minerals in
soils. Diversity studies have led to identification of more

Table 2 Diversity indices for silicate weathering bacteria isolated from 13 locations in India exhibiting stressed environmental conditions

Environmental conditions

High temperature Acidic Saline Moisture deficit Low temperature

V MB BC BK LC A SL K S B & AB J R L

Total Abundance 5 16 3 5 13 24 55 36 32 29 42 54 26

Species richness 4 5 2 4 10 5 15 9 15 14 7 27 15

Simpson’s (D) 0.1 0.18 0.33 0.1 0.04 0.18 0.13 0.15 0.05 0.05 0.19 0.04 0.08

Shannon (H) 1.33 1.54 0.64 1.33 2.25 1.58 2.29 1.91 2.6 2.55 1.74 2.61 2.45

Menhinick index 1.79 1.25 1.15 1.79 2.27 1.02 2.02 1.5 2.65 2.6 1.08 3.67 2.94

Evenness (J′) 0.96 0.96 0.93 0.96 0.98 0.98 0.84 0.87 0.96 0.97 0.89 0.95 0.90

Margalef 1.86 1.44 0.91 1.86 3.51 1.26 3.49 2.23 4.04 3.86 1.61 6.52 4.3

*V, Vashisht;MB, Manikaran; BC, Balrampur; BK, Bakereshwar; LC, Chummathang; A, Kollam; SL, Sambhar Lake; K, Kutch; S, Sunderbans; B & AB,
Bhitarkanika; J, Jaisalmer; R, Rohtang Pass; and L, Leh

Braz J Microbiol (2020) 51:751–764 761



genera with a potential to weather silicate mineral.
Enterobacter, Bacillus, Pseudomonas, Acidaminococcus,
Clostridium, Janthinobacterium, Cardiobacterium,
Mitsuokella, Staphylococcus, Actinomyces, Brevibacterium,
Pediococcus , Eubacterium , Bacteroides , Pantoea ,
Agrobacter ium , Microbacter ium , Burkholder ia ,
Stenotrophomonas, Exiguobacterium, Mesorhizobium and
Myroides have been reported from the rhizosphere of plants
[7, 10, 12, 13, 22, 49]. The present study was undertaken to
look for the distribution of mineral weathering potential
among bacteria among different stressed environments.
Earlier studies on isolation of SWB from sample soils/
weathered rocks of Ha Tien Mountain, Kien Giang,
Vietnam, led to the identification of new species of SWB like
Microbacterium hominis , Flectobaci l lus sp. and
Agrobacterium tumefaciens besides Bacillus species already
reported [45]. Soil samples from the rhizosphere of tobacco
plant also revealed the presence of some new SW bacterial
species like Klebsiella variicola, Pantoea agglomerans,
Microbacterium foliorum and Myroides odoratimimus [10].
The results of the present investigation has expanded the list
of SWB and besides Bacillus, other members of Firmicutes,
genera belonging to α-, β- and γ-proteobacteria and
Actinobacteria were also appended to the list of potential
SWB. In the present investigation, some of the newly de-
scribed genera with mineral weathering potential are
Planococcus, Planomicrobium, Halomonas, Lysinibacillus,
Halobacillus, Brevibacillus, Ammoniphilus, Brevundimonas,
Janthinobacterium, Stenotrophomonas, Psychrobacter,
Aeromonas , Cellulosimicrobium , Plantibacter and
Brachybacterium (Table 1; Fig. 4b).

In concurrence to earlier reports, Bacillus sp. was found to
predominate in all ecological niches except for Rohtang Pass.
However, several species of Bacillus not reported earlier for
their ability to weather silicate mineral were reported in the
present study (Bacillus marisflavi, Bacillus simplex, Bacillus
cibi, Bacillus decolorationis, Bacillus mojavensis, Bacillus
halodurans and Bacillus baekryungensis). Among the 157
isolates capable to weather silicate mineral and identified up
to species level, none was found to be common among all the
sites. It suggests that sites may have identical stress condition
like salinity (Sambhar salt lake, Runn of Kutch, Sunderbans,
Chilka Lake and Bhitarkanika mangrove), low temperature
(Rohtang Pass and Leh) and high temperature (Manikaran,
Vashisht, Balrampur, Bakereshwar, Chummathang thermal
springs), but still the profile of SWB is very different. It clearly
indicates that both the environmental and edaphic conditions
contribute to the selection of microbial community of a par-
ticular ecological niche. Among all the SWB analysed,
weathering efficiency in liquid medium ranged from 1.9 to
72.8 μg mL−1 of available K from potassium aluminosilicate
mineral. In general, the literature reports the range to be 0.5 to
76.0 μg mL−1 of available K [7, 12, 13, 22, 41, 45]. From

Sambhar salt lake, few halophilic or halotolerant SWB were
identified like Bacillus halodurans, Ammoniphilus sp.,
Halomonas sp. and Halomonas campisalis (Supplementary
Table S1). However, from other saline habitats, none of the
known halophilic or halotolerant bacteria showed the capabil-
ity to weather silicate mineral. Likewise, analysis of cold de-
serts of Leh and Rohtang Pass led to the identification of some
of the psychrophilic or psychrotolerant bacteria capable to
weather silicate mineral. Psychrobacter glacincola from Leh
and Pseudomonas p sychroph i l a , Ar th robac t e r
psychrolactophilus and Pseudomonas extremaustralis from
Rohtang Pass were earlier reported as inhabitants of cold en-
vironment [24]. However, from the thermal springs, none of
the known thermophilic or thermotolerant SWB was
recovered.

Conclusion Bacillus and Pseudomonas are two predominant
genera reported in the literature for mineral weathering. Many
studies carried out in last decade that added new genera to this
list. However, stressed environments that are considered to be
low in nutrient availability have never been explored for dis-
tribution of SWB. The present study has made significant
additions to the number of genera and species that could
weather silicate mineral. It further revealed that besides
Firmicutes, species belonging to Proteobacteria, particularly
α- andβ-proteobacteria, and Actinobacteria could also weath-
er silicate mineral under stressed conditions. This information
can be used to develop inoculants for stressed environment.
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