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Abstract: The microbial life indigenous to mineral deposits are generally regarded as extremophiles as
they are tolerant to extreme conditions. The microorganisms that thrive in such environments survive
by modifying their metabolic pathway or mechanisms. The microbiome associated with ore deposits
remain poorly studied. The present study is the first attempt to explore the taxonomic composition
of the bacterial community associated with the muscovite ore deposit from Southern India by
using high throughput Illumina sequencing employing the V3 and V4 region of the16S rDNA and
bioinformatics channel. A total of 20 bacterial phyla with 55 classes, 96 orders, 192 families, 382 genera
and 462 species were recovered in the study. The alpha diversity index suggests that muscovite
ore deposits harbored highly variable bacterial communities. Among the bacterial communities,
Proteobacteria (33%), Actinobacteria (29.9%), Firmicutes (25.4%), Bacteroidetes (5.5%) and Chloroflexi
(2.7%) were the dominate phyla. A total of 156 abundant species and 306 rare species were observed
and is an indication of the presence of novel species. This study helps to understand the survival
strategy of oligotrophs, which are an important aspect of microbial ecology.

Keywords: muscovite ore; 16S rDNA; microbial diversity; metagenomics; phyla; next-generation
sequencing; krona chart

1. Introduction

Extreme environments are described as environments where one or more physical and
chemical parameters are far from the values that are considered normal for human life [1].
Five decades ago, life was thought to be a surface phenomenon and even resilient prokary-
otic species could not live deeper than tens of meters below the surface [1]. In the 1990s,
it became clear that microbes exist even in very subterranean surface environments [2].
Today, we know that life on the deep surface is ubiquitous and makes up the bulk of life on
earth [3]. The microorganisms that thrive in the subsurface have developed a number of
mechanisms to deal with extreme conditions that prevail in ore/surface environments, such
as limited nutrient availability and usable energy, high temperature and pressure, extreme
pH, metal toxicity and radiation [4]. Many studies revealed that microbial communities
not only adapt to these extreme conditions but also adapt these environments to their
lifestyle [5–8]. According to Whitman et al. (1998) [9] 75% to 94% of the earth’s prokaryotes
lives in the subsurface. Ores and mineral deposits are the earth’s subsurface habitats.
Ores are mineral concentrations of economic interest and have unique microbiology based
on the host’s geology. Muscovite ore is the most common mineral of the phyllosilicates.
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The basic characteristic feature is their layered structure and their formation can be in
subsurface due to diagenesis and hydrothermal alterations [10]. Muscovite is a natural
K-bearing mineral that mainly consists of potassium aluminum silicates (Al2 K2O6 Si).
India possesses the world’s largest deposit of muscovite and it is distributed in the state
of Jharkhand and Andhrapradesh, in an area covering 4000 km2 [11]. Muscovite is one
of the most important minerals used in the electricity and electronics industries due to its
insulating properties, resistance to high voltage, low power loss factor and high dielectric
strength. It is also heavily used in the aviation industry due to its unique properties such
as transparency, flexibility and toughness. Besides this, muscovite is also used in cosmetics
and toothpaste [12]. Therefore, the bulk of sheet muscovite is exported.

In India, the Nellore mica belt is the largest muscovite-producing area where muscovite
is extracted by open cast and underground mining. Underground mines are developed
generally up to a 100 m depth of cover [13]. Principally, prokaryotic life in these minerals
experiences a range of extreme conditions, such as high temperature, high pressure, low
abundance of organic material and electron acceptor or donors. These extreme conditions
pose novel challenges to the microorganisms and help in shaping the metabolic potentials
in relation to biogeochemical transformations. In this study, we are interested in examining
the prokaryotic microbial life in muscovite ore. This investigation may shed a range of
insights on the ecology and evolution of microbial life in these acute environments. This
information is critical to develop further understanding of biogeochemical transformations,
new geochemical processes in their extraction and to develop a new approach to surface
remediation. Further, if the diversity of microorganisms that occur in these extreme environ-
ments were tapped, they will have potential use in the food and pharmaceutical industry. It
is extremely difficult to plot precise representations of microbial communities, in particular
ecological niches, due to their unculturable nature and wide biodiversity. “Metagenomics”
is a revolutionary concept of studying microbial biodiversity, their adoption to the eco-
logical niches and their evolution [9,14]. This methodology comfortably overcomes the
bottlenecks associated with traditional culturing methods [15,16]. Moreover, this enables
the clear-cut examination of deep mining deposits of the microbiome [17,18]. To our best
knowledge, this study is among the first to employ high-throughput Illumina-based se-
quencing to characterize the taxonomic diversity of muscovite mica bacterial communities.
This study was designed to target unexplored muscovite minerals to analyze in-depth
microbial community composition.

2. Materials and Methods
2.1. Description of the Sampling Site

In India, the main muscovite depositsare located in the Nellore district of Andhrapradesh
at a latitude of 14◦10′ and 14◦19′ E longitude of 79◦35′ and 79◦45′ W. The muscovite belt
in the Nellore district extends for about 96 km from the south of Gudur to Udayagiri
(Figure 1) and this is the oldest muscovite mining area where mining occurs in open cast
and underground. Nearly sixty to seventy mines were operational in 1990. Now, only very
few mines are operational.

2.2. Collection and Processing of Muscovite

From different operating mines situated in Kalichedu, Gudur division, Nellore District,
India, a total of 10 muscovite mineral samples were collected using randomized block
design. From the out growths of underground mining roof at a depth of 350 m and at every
5.0 m horizontal interval using sterile cable tool drilling and immediately placed in freezer
at drilling site. These collected muscovite samples were pooled, then milled and sieved
through a mesh (1.0 mm particle size filter). This powdered material stored at 4 ◦C was
used for microbial analysis.
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Figure 1. Muscovite belt in Nellore district (Reprinted with permission from Indian Bureau of
mines, India).

2.3. Extraction of DNA from Muscovite Samples

The processed muscovite powder was used for metagenomic DNA extraction ac-
cording to Pang et al. (2008) [19] with minor modifications. Ten grams of muscovite
fine powder was suspended in 20 mL of extraction buffer consisting of 100 mM Tris HCl,
100 mM sodium EDTA and 1.5 M NaCl. A 1000 µL of lysozyme (10 mg/mL) was added
and incubated for one hour. After 30 min of incubation 1 mL of 20%SDS and 30 µL of
proteinase K (20 mg/mL) were added. The entire lysate was incubated for 2 h at 65 ◦C
and centrifuged for 15 min at 4034× g and supernatant was collected. To the collected
supernatant a half volume of 30%PEG and 1.6 M NaCl were added and incubated over
night at room temperature. Then, this mixture was again centrifuged at 4034× g for 15 min
and pellet was collected. Then, collected pellet was suspended in 20 mL of TE buffer and
the DNA was extracted with phenol: Chloroform: Isoamyl alcohol (25:24:5) treatment.
The extracted DNA was precipitated with 0.1 volume of 5 M NaCl and 2.5 mL volume of
absolute ethanol. The DNA pellet was washed with 70% ethanol then vacuum dried and
dissolved in 50 µL of TE buffer. The extracted DNA was checked for its yield and purity
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using Nano drop (Thermoscientific, Walthem, MA, USA). The extracted DNA was also
visualized through agarose gel electrophoresis.

2.4. Amplification of V3–V4 Region Regions of 16S rDNA Region of Metagenome Using
Polymerase Chain Reaction

The PCR reaction volume consists of 200 uM dNTPs, 5 U Taq DNA polymerase, 30 ng
of template DNA and 13 uM of each index primer (Table 1). The initial denaturation
was performed at 95 ◦C for 2 min followed by denaturation at 95 ◦C for 30 s, annealing
temperature at 55 ◦C for 60 s and extension at 72 ◦C for 30 s for 25 cycles. The final extension
step performed at 72 ◦C for 5 min. The PCR product was (~460 bp) extracted with Qiagen
gel extraction kit (Qiagen, Hilden, Germany). The extracted amplicon product was used
for metagenomic sequencing on the Illumina MI seq platform (Illumina, San Diego, CA,
USA) employing NGS protocol.

Table 1. Primers used for amplification of V3–V4 region of Libraries.

Index-1 Index-1 Sequence Index-2 Index-2 Sequence

N712 GTAGAGGA S510 CGTCTAAT

2.5. Library Preparation and Illumina MI seq Sequencing

The 16S metagenomic library was prepared using the protocol detailed by illumina
library prep guide (15044B dated November 2013). Roughly, a 2 ng gel-purified amplicon
was used for re-amplifying V3–V4 region of 16SrRNA region using NEXTERA XT index
kit V2 (Cat# FC = 131–2002, Illumina, San Diego, CA, USA) according to manufacturer’s
protocol. Before proceeding for index PCR, the amplification confirmed through 1.0%
agarose gel (~530 bp amplicon). In the indexing PCR dual indexing barcodes and Illumina
sequencing adapter were added to generate ~600 bp PCR product using limited cycles.
High-prep PCR and Post-prep clean-up system (MagBio genomics, INC, Galithersburg,
MA, USA) were used to clean library. Then a bio analyzer chip (Agilent Technologies,
Santaclara, California, USA) was used to check the quality of the library. The Illumina
paired-end V3–V4 reads (300 × 2) multiplex sequence was performed by using ~5ng PCR
product from the prepared library using Illumina Miseq platform.

2.6. Processing and Bioinformatics Analysis of Sequence Reads

Using Fast QC, the paired-end reads were quality tested. The raw reads with the
sequence of primers and high-quality bases were picked. Using Fast Q Join, reads were
stitched further. For advance study, these stitched reads were taken into account using
the QIIME pipeline (www.QIIME.org, accessed on 30 July 2021). To obtain representative
sequences, the stretched sequences were aligned. Under the 97% identity threshold with
Phred Score > 2020, the unique sequences set were classified into OTUs. The green genes
database (http.greengenes.ibl.gov) was used to confirm the OUT identity. The alpha
diversity was evaluated by calculating Shannon–Weiner index [20], Simpson index [21] and
Chao 1 index [22]. The abundance of various taxonomy within a community was calculated
on the basis of rarefaction curves. Paired-end Illumina sequence data from this study was
subjected to NCBI sequence read archive (SRA under accession number SRR347895).

2.7. Statistical Analysis

The diversity matrices, such as rare faction analysis and alpha diversity index analysis
were carried out. The rarefaction curves, heat maps, relative abundance were generated
using QIIME [20,23–27].

3. Results and Discussion

In the current investigation, the microbial diversity in muscovite deposits of Andhrapradesh
in the Indian subcontinent was explored by utilizing a metagenomics barcoding approach.

www.QIIME.org
http.greengenes.ibl.gov
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The processed muscovite samples were subjected to metagenome barcoding analysis using
next-generation sequencing technology of amplified rDNA libraries. Approximately ~39 ng
metagenomic DNA was obtained from a ten-gram sample with an A260/A240 0.6 purity
ratio. The PCR-amplified metagenome yielded 460 bp fragment, which is a hyper variable
V3–V4 region of the 16S rDNA. A 2 ng gel-purified amplicon was re amplified in the V3–V4
region of 16S rDNA region using NEXTERA XT index kitV2 (Illumina, San Diego, CA,
USA) and yielded approximately ~530 bp amplicon (Figure 2). In the indexing PCR dual
indexing barcodes and Illumina sequencing adapters were added to generate ~600 bp PCR
product using limited cycles.

Figure 2. Indexing PCR amplicon on the 1% agarose gel.

The Illumina Miseq sequencing of the muscovite metagenome sample generated
197,924 paired-end reads. Pre-processing of the reads for the elimination of primer-
containing sequences and possible adapter sequences yielded 193,837 reads. Around
86,412 reads were utilized in the identification of the microbiome and finally, 1641 OTU
were picked (Table 2).

Table 2. Read count statistics for muscovite sample of V3–V4 region.

Total paired end reads 197,924

Processed reads 193,837

Total identified rRNA sequences 86,412

Total OUTs picked 1641

In recent times, NGS technology has been an important technology for analyzing
the microbial diversity in various ecosystems [17]. Our current study identified several
distinct OTUs based on the NGS sequencing of the V3–V4 region of the 16S rRNA gene.
It was observed that the members of proteobacteria were reported as the major bacterial
population in the biosphere due to their effective colonization ability [14,16]. Proteobacteria
were also reported as the predominant phyla in manganese and quartz ores.

A heat map of OTUs, created utilizing the QIIME pipeline, clearly delineated the
phylum level microbial abundance and differences in taxonomic composition (Figure 3)
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Figure 3. Heat map showing taxonomic composition and abundant microbial phyla.

An interactive graphical overview of relative abundance of bacterial diversity and
confidence limits within the complex hierarchy of OTUs classification from phylum upto
order level was obtained through the Krona chart (Figure 4).

Figure 4. Krona chart showing relative abundance of bacterial phylum up to order level.

The diversity of the microbial community structure of the muscovite sample was
estimated by the alpha diversity index. In this study, we calculated the diversity index
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using different matrices namely the Shannon diversity index(H), Simpson (evenness index),
Chao 1 and observed species (Table 3).

Table 3. Alpha-diversity indexin muscovite sample.

Diversity Index Matrices

Shannon (H) 8.27735309509
Simpson 0.991321004267

Chao1 2181.92727273
Observed species 1641.0

The Shannon diversity index (H) is an index commonly used to characterize species’
diversity in a community. In muscovite, we calculated it as 8.27735309509. The Shannon
index accounts for both the abundance and evenness of the species. The Simpson diversity
score is 0.991321004267, which is almost close to 1 and indicates high diversity in the
muscovite samples. The Chao1 species richness value revealed that OUT richness is
2181.92727273. In addition, the rarefaction curve also revealed the same pattern of high
relative diversity present in the muscovite sample (Figure 5). A significant number of
species (1641) were also observed in the muscovite sample.

Figure 5. Rarefaction curve revealing the high diversity in muscovite mineral.

Bacterial community distribution: The OTUs identified in the muscovite sample were
categorized into different phyla, classes, orders, families and genera (Table 4).

Table 4. Distribution of bacterial OTUs in muscovite samples.

Taxonomical Status Bacterial OTUs

Phylum 20
Classes 55
Orders 96
Family 192
Genus 382
Species 462

The relative abundance of different bacterial phyla was identified as 20, classes as 55,
orders as 96, families as 192, genuses as 382 and 482 species (Table 4).

The predominant phylum was Proteobacteria, accounting for 33.9% of total bacterial
sequences, followed by Actinobacteria and Firmicutes with 29.9808% and 25.4479%, respec-
tively (Table 5). However, Bacteroidetes and Chloroflexi represent 5.527% and 2.7357%,
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respectively. The remaining phyla Planctomycetes, Cyanobacteria, Thermi, Acidobacteria,
TM7, Fusobacteria, BRC1, Nitrospirae, Tenericutes, Verrumicrobia, Gemmatimonadeta,
Elusimicrobia, Armatimonadetes, SBR1093 and Eury archaeota were represented as <1.0%.
The bacterial population present in the mica sample was represented by both abundant
and rare species. The rare species were defined as those with a species frequency of <0.01%
of the total population and the remaining ones are considered as abundant species. In
all the samples there was a preponderance of rare species. In the muscovite sample, we
observed 156 rare species and 306 abundant species. The presence of these rare and abun-
dant species is unique to the picked samples and may be indicative of their crucial role
in biogeochemical cycling. Some species can thrive well by using ATP-binding and ATP-
independent periplasmic transporters [28]. Microbial communities are well-known key
players of biogeochemical cycles and bacterial community structure is largely influenced
by the mineral substrate present in the environment [29]. Our study also corroborated the
above previous studies. In this nutrient-poor environment, natural selection favors the
adaptations in microbial communities to sustain in these environments.

Table 5. The abundance of different phyla in muscovite sample.

Name of the Kingdom Name of the Phyla Total Numbers Percent (%)

Bacteria Proteobacteria 28,763 33.2859%
Bacteria Actinobacteria 25,907 29.9808
Bacteria Firmicutes 21,990 25.4479
Bacteria Bacteroidetes 4773 5.527
Bacteria Chloroflexii 2364 2.7357

4. Conclusions

The present metagenomic study employed Illumina sequencing aimed at examining
the taxonomical diversity of bacterial communities present in muscovite deposits. The
oligotrophic muscovite deposit is a biodiversity hotspot region that harbors high phylo-
genetic diversity and is dominated by proteobacteria. The rarefaction curve revealed the
high phylogenetic diversity from all hierarchies. A high proportion of rare species and
unclassified sequences indicate the possibility of novel species. Further, research is needed
to cultivate the uncultured communities or whole-genome sequencing is needed.
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