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Abstract. Scientific deep drilling of the Koyna pilot borehole into the continental crust up to a depth of 3000 m
below the surface at the Deccan Traps, India, provided a unique opportunity to explore microbial life within
the deep granitic bedrock of the Archaean Eon. Microbial communities of the returned drilling fluid (fluid re-
turned to the mud tank from the underground during the drilling operation; designated here as DF) sampled
during the drilling operation of the Koyna pilot borehole at a depth range of 1681–2908 metres below the surface
(m b.s.) were explored to gain a glimpse of the deep biosphere underneath the continental crust. Change of pH
to alkalinity, reduced abundance of Si and Al, but enrichment of Fe, Ca and SO2−

4 in the samples from deeper
horizons suggested a gradual infusion of elements or ions from the crystalline bedrock, leading to an observed
geochemical shift in the DF. Microbial communities of the DFs from deeper horizons showed progressively
increased abundance of Firmicutes, Gammaproteobacteria and Actinobacteria as bacterial taxa and members
of Euryarchaeota as the major archaeal taxa. Microbial families, well known to strive in strictly anaerobic and
extremophilic environments, (e.g. Thermoanaerobacteraceae, Clostridiaceae, Bacillaceae, Carnobacteriaceae,
Ruminococcaceae), increased in the samples obtained at a depth range of 2000 to 2908 m b.s. Phylogenetic
analysis of common and unique operational taxonomic units (OTUs) of DF samples indicated signatures of ex-
tremophilic and deep subsurface relevant bacterial genera (Mongoliitalea, Hydrogenophaga, Marinilactibacillus,
Anoxybacillus, Symbiobacterium, Geosporobacter, Thermoanaerobacter). Thermophilic, obligatory anaerobic
sulfate-reducing bacterial taxa known to inhabit the deep subsurface were enriched from DF samples using
sulfate as a terminal electron acceptor. This report on the geomicrobiology of the DF obtained during drilling
of the deep subsurface of the Deccan Traps showed new opportunities to investigate deep life from terrestrial,
granite-rock-hosted habitats.
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1 Introduction

The earth’s deep continental crust was found to be of geolog-
ically varied morphology with extreme conditions (tempera-
ture, pressure, pH etc.) which made it almost impossible for
life to survive (Fredrickson and Balkwill, 2006; Colwell and
D’Hondt, 2013). Nevertheless, the “deep subsurface” of the
earth has been known to host diverse arrays of ecosystems
which harbour numerous populations of extremophilic mi-
crobial life, comprising a significant (about 19 %) but mostly
unexplored parts of earth’s biosphere (Whitman et al., 1998;
McMahon and Parnell, 2014, 2018; Kieft, 2016; Magna-
bosco et al., 2018; Soares et al., 2019). In fact, the deep
subsurface is among the five main “big habitats” of bacte-
ria and archaea containing about 3× 1029 cells (Flemming
and Wuertz, 2019). Exploration of deep life within the con-
tinental crust mostly aims to provide answers to some of
the fundamental questions related to the limits of life on our
planet and its evolution, energy mechanisms and metabolism
as well as its involvement in cycling of the essential elements
of life (Hoehler and Jørgensen, 2013; Breuker et al., 2011;
Purkamo et al., 2018; Borgonie et al., 2019).

Deep drilling has been an important method for obtain-
ing subsurface samples for geomicrobiological investiga-
tions (Escudero et al., 2018). Generally, for acquiring the
sample of more than 300 m depth (especially from crys-
talline – granite and basalt – rock) a rotary drilling tech-
nique has been used which requires the drilling fluid to fa-
cilitate the drilling process (Keift et al., 2007; Onstott et
al., 1998). Drilling fluid prepared by mixing multiple pre-
packaged powdered components, including bentonite and a
variety of organic constituents with water to lubricate and
cool the drill bit, maintain the hydrostatic pressure during the
drilling operations so that intact cores can be retrieved and
ultimately carry the rock cuttings back to the surface (Zhang
et al., 2006; Keift, 2010). Bentonite (sodium bentonite: alu-
minium phyllosilicate clay consisting mostly of montmoril-
lonite) has been widely used as drilling fluid in several con-
tinental and oceanic drilling operations (Masui et al., 2008;
Zhang et al., 2006; Struchtemeyer et al., 2011). Specific ad-
vantages of bentonite-based fluids included protection of the
drilling tools from corrosion, reduced fluid and gas pene-
tration (Gandhi and Sarkar, 2003), and owing to its charac-
teristic “thixotrophic reaction” it hinders the rock material
from dropping back into the drilled shaft (İşçi and Turutoğlu,
2011).

These fluids are essentially considered as potential con-
taminants to rock cores not only from chemical but also from
a biological perspective. Owing to the presence of a variety
of complex organic compounds (e.g. xanthan gum, guar gum,
glycol, carboxymethylcellulose, polyanionic cellulose (PAC)
or starch), diverse heterotrophic microbial populations (bac-
teria, archaea, fungi) could grow in drilling fluid (Keift et
al., 2007; Beeman and Suflita, 1989; Rabia, 1985). A circu-
latory system in which the fluid remained in continuous use

throughout the drilling operation and the scope of the inva-
sion of microorganisms from the upper stratum to the strata
below may also pose a matter of further concern (Pedersen et
al., 1997; Yanagawa et al., 2013; Smith et al., 2000; Miteva
et al., 2014). In spite of the shortcomings, the fluid that re-
turned back to the mud tank has been a subject of geomicro-
biological investigation since it can act as a window enabling
sampling of the deep subsurface environment and may give
us an opportunity to analyse the microbial communities from
the geological fluids from faults and fractures (Zhang et al.,
2006).

Drilling fluids’ microbial diversity as a marker for deep
life was studied during a number of drilling operations.
Drilling fluid obtained from deep drilling at the Cretaceous-
age Piceance basin in Colorado, Triassic-age Taylorsville
basin in Virginia, Chinese continental scientific drilling op-
erations (CCSD) at a 240 Ma old ultra-high pressure meta-
morphic (UHPM) belt located in Jiangsu Province in China
and during the first riser drilling operation on the deep-earth
research vessel Chikyu was used for microbiological stud-
ies (Liu et al., 1997; Roh et al., 2002; Zhang et al., 2005,
2006; Masui et al., 2008). The presence of microorganisms
able to survive the extreme oligotrophic conditions of the
deep subsurface was detected in these studies. Several strains
of an extremely thermophilic, anaerobic chemoorganotroph
bacterium Thermoanaerobacter ethanolicus have been pre-
viously isolated from the fluids obtained during drilling in
the Piceance basin in Colorado and Taylorsville basin in Vir-
ginia at different depths of the geological formation (Liu et
al., 1997; Roh et al., 2002). This particular organism was
also retrieved from the DF samples of CCSD. Extremophilic
deep subsurface microorganisms (Caldicellulosiruptor lac-
toaceticus, Anaerobranca gottschalkii and Sulfolobus sol-
fataricus) were reported from the fluids obtained from the
CCSD project (Zhang et al., 2005, 2006). Deep subsurface
archaeal populations (Marine Crenarchaeota Group I and
II, South African Gold Mine Euryarchaeotic Group (SAG-
MEG), Soil Group Archaea) were detected in the fluid sam-
ples at the time of the first riser drilling operation on Chikyu
(Masui et al., 2008). Overall, the microbial ecology of cir-
culating fluids collected from various deep drilling opera-
tions (continental and oceanic) showed strong signatures of
subsurface microbial populations. Investigating these com-
munities remained scientifically intriguing. Additionally, the
drill cuttings along with the fluids also leave behind tons of
residue without adequate treatment, generating a large en-
vironmental liability. Knowledge about the microbial com-
munity of such drilling residue may be useful for develop-
ing techniques for drilling mud bioremediation (Guerra et al.,
2018).

The present research was undertaken to study the micro-
bial communities present in the returned drilling fluids (des-
ignated here as DF) as a proxy for deep granitic subsurface
microbial diversity in the Koyna Intra-plate Seismic zone
(Deccan Traps, India; https://www.icdp-online.org/projects/
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world/asia/koyna-india/, last access: 27 January 2020). This
unique opportunity to study microbial life within deep terres-
trial igneous rocks came to us through scientific deep drilling
in this region by the Inter Continental Drilling Programme
(ICDP) and Ministry of Earth Sciences (MoES), Government
of India, to study the earthquakes. The Deccan Traps, rep-
resentative of a continental flood basalt province, covers an
area of over 0.5 million km2 of lava flows (∼ 65 Ma) with
a total thickness of over 2000 m near the eruptive centre in
western India. This thick pile of Deccan basalts has been
resting on a ∼ 2.5 Ga Archaean crystalline basement. With
respect to varying temperature, pressure regimes (15 ◦C in-
crease in temperature and 26.7 MPa increase in lithostatic
pressure per 1000 m b.s. in granite) and geochemical condi-
tions, this study provided an excellent opportunity to study
life in deep igneous terrestrial subsurface (Roy and Rao,
2000). The specific goal of this work was to systematically
investigate the microbial diversity of DFs in the depth range
of 1681–2908 m b.s. by a culture-independent approach and
explore the presence of deep life relevant organisms within
these systems. Our results indicated that there was a change
in the microbial community structure of DF samples on
increasing borehole depth. The phylogenetic positions of
unique and shared operational taxonomic units (OTUs) of the
DF samples suggest the presence of deep subsurface and ex-
tremophilic microbial populations in drilling fluid samples.

2 Materials and methods

2.1 Sampling site and drilling

A 3 km deep pilot borehole (KFD-1) was drilled in the Koyna
region (17◦24′6′′ N, 73◦45′8′′ E) of the Deccan Traps, Ma-
harashtra during March–June 2017 under the pilot phase of
the Koyna scientific drilling project to comprehend the gen-
esis of earthquakes triggered by artificial water reservoirs in
the Koyna intraplate seismic zone. Several modifications to
the standard drilling procedure were made in order to collect
the core and drilling fluid samples in such a way that they
could be later used reliably for geochemical and geomicro-
biological analysis. All instruments in contact with the core
samples were cleaned properly before use. The drilling fluid
(bentonite) was kept in a separate tank and sodium fluores-
cein (500 mg m−3) was added to the tank before the coring
process to evaluate the penetration of drill mud into the core.
Drilling fluid samples that returned after circulating to the
depths ranging from 1681 to 2908 m b.s. were collected fol-
lowing aseptic techniques along with the rock cores (core 1–
core 7) at the time coring at the depths ranging from 1681
to 2908 m b.s. These returned DF samples were designated
as DF1 to DF7. Along with that the in-flow fluid (before
its introduction in the borehole) was also collected. A list
of samples, depth and other physiochemical parameters has
been presented in Table S1 in the Supplement. Samples were

stored in sterile containers at 4 ◦C for shipment. In labora-
tory, the samples were stored at −80 ◦C.

2.2 Geochemical analysis

The DF samples (DF1–DF7) were dried overnight in a hot
air oven (80 ◦C) to remove the water content. The dried cakes
were ground to powder using a mortar and pestle. The pow-
dered DFs were again kept overnight at 80 ◦C to remove
any leftover moisture and stored in a vacuum desiccator. The
powdered samples were analysed for their elemental compo-
sition by energy-dispersive X-ray spectroscopy (EDX) using
a field emission scanning electron microscope (Zeiss Mer-
lin) attached to an EDX detector. For pH and conductivity
measurements, DF samples were incubated in distilled wa-
ter overnight at a 1 : 10 ratio (w/v). All measurements were
done using highly sensitive probes fitted with a multiparame-
ter (Orion) (Thermo electron corporation, Beverly, MA) (Is-
lam et al., 2014). Temperature for each depth (at which rock
cores and DF samples were collected) was measured on-site
during drilling.

2.3 DNA extraction

Microbial diversity and community composition of DFs were
studied using an approach based on next-generation sequenc-
ing (NGS) and using the extracted DNA from the respective
samples. Environmental DNA from DFs (250 mg of DF was
taken for each extraction) was extracted in triplicates using
the DNeasy® PowerSoil® kit (Qiagen 12888-50) according
to the manufacturer’s protocol. A blank DNA extraction was
performed (no sample) at the same time as a negative control
and was used subsequently in the PCR and sequencing steps
to check chances of any possible contamination. The quality
of the extracted environmental DNA and its concentration
was measured using a NanoDrop 2000 spectrophotometer,
followed by fluorometric quantitation using Qubit (Thermo-
Fisher Scientific).

2.4 Quantitative real time PCR (qPCR)

Quantification of the bacterial and archaeal populations in
DFs was performed by estimating the copy number of
bacteria- and archaea-specific 16S rRNA genes. Details of
the qPCR primers used are provided in Table S2 in the Sup-
plement. A total of 2 µL of the environmental DNA was
added to the PCR mastermix with a total volume of 10 µL.
All the reactions were set in triplicates. Quant Studio 5 was
used to perform qPCR with a Power SYBR green PCR Mas-
ter Mix (Invitrogen), primer concentration of 5 pM and the
following amplification conditions: 95 ◦C for 10 min, 40 cy-
cles of 95 ◦C for 15 s, 55 ◦C for 30 s and 72 ◦C for 30 s. A
melting curve analysis was run after each assay to check PCR
specificity. Genes encoding archaeal and bacterial 16S rRNA
genes were PCR amplified from the metagenome and cloned
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in a TA cloning vector and plasmid DNA for each, with copy
numbers 102 to 1010 used as standards for quantification pur-
poses.

2.5 16S rRNA gene amplification and sequencing

Environmental DNA was subjected to amplification of the
V4 region of the 16S rRNA gene using a Veriti 96 well ther-
mal cycler (Applied Biosystems, Foster City, CA). The V4
region of the 16S rRNA gene was amplified using a 515F′–
806R′ primer (Table S2) (Bates et al., 2010) and an amplicon
library was prepared and sequenced on IonS5 NGS platform
(Thermo Scientific) as per the manufacturer’s protocol. The
sequence reads obtained were submitted to the sequence read
archive (SRA) under SRA accession: SRP155468.

2.6 Bioinformatic and statistical analysis

The reads obtained were quality filtered using the Quantita-
tive Insights Into Microbial Ecology (QIIME 1.9.1) (Capo-
raso et al., 2010) bioinformatics pipeline, according to which
sequences with lengths outside the bounds of 210 and 310,
a mean quality score below a minimum of 25 and a max-
imum homopolymer run exceeding a limit of 6 were fil-
tered out. De novo-based clustering of reads to form OTU
was performed using UCLUST under QIIME workflow. Se-
quences with greater than 97 % similarity were assigned to
the same OTU. Representative reads from each OTU were
assigned taxonomy using the UCLUST trained SILVA 128
database (Quast et al., 2012). OTUs which were present in
the reagent control were removed from the OTU pool of
the samples. Alpha diversity parameters were calculated us-
ing alpha_diversity.py under the QIIME workflow. The OTU
overlap among the DF samples and OTU pool of differ-
ent DFs were elucidated using InteractiVenn (Heberle et al.,
2015). Core (OTUs present in all samples) and unique OTU
sequences (sequences detected in only one of the samples)
were analysed using the National Center for Biotechnology
Information (NCBI) BLASTn nucleotide database. A phy-
logenetic tree was constructed by MEGA7 software using a
neighbour-joining method with 1000 bootstraps (Kumar et
al., 2016).

2.7 Enrichment of sulfate-reducing bacteria (SRB) from
DF samples

Two DF samples (DF1 and DF3, 10 mL in a 100 mL medium)
were incubated in a Postgate medium (Postgate, 1963) con-
taining sulfate as the sole terminal electron acceptor for
6 months under anaerobic conditions at 50 ◦C for the en-
richment of sulfate-reducing bacteria. Subsequently, samples
were sub-cultured thrice in the same medium and the final
culture obtained was used for total DNA extraction (in tripli-
cates) using the DNeasy® PowerSoil® kit (Qiagen 12888-
50). Total DNA was extracted from 10 mL of enrichment

cultures. The extracted DNA from the enrichment was pro-
cessed further for 16S rRNA gene amplicon sequencing and
subsequent analysis as described above.

3 Results

3.1 Geochemical properties of DF samples

DF samples were analysed for their major geochemical prop-
erties (Table S1). Silicon and oxygen were the major ele-
ments present in the DF (on an average 19 % and 29 % re-
spectively) along with Ca, S, N, Al, C and Mn. These el-
ements were found to be abundant in bentonite-based DF
(Schlumberger Oilfield Glossary, 2010). All the samples (ex-
cept DF1 – pH 7.3) were found to be alkaline in nature, with
the maximum for DF7 (9.17). The concentration of sulfide
(S2−) was found to be in the range of 0.3–0.8 mg kg−1. High
levels of barium were detected in all the DFs (except DF1)
with the maximum in DF4 (46 %). With increasing sample
depth, the change of pH to alkalinity reduced relative abun-
dance of Si and Al, but enrichment of Fe, Ca and SO2−

4 was
noted (Fig. 1). A shift in geochemical parameters suggested
the gradual infusion of elements from the crystalline bedrock
during the course of drilling.

3.2 Bacterial and archaeal abundance in DF

The abundance of bacterial and archaeal populations was de-
termined by estimating the copy number of bacterial- and
archaeal-specific 16S rRNA gene using a real-time PCR-
based quantitative approach. With respect to the sampling
depth, DF used for drilling rocks of a deeper horizon showed
marginal change in bacterial (2.02× 1010–3.43× 109 g−1 of
DF) and archaeal (2.54× 104 to 4.42× 103 g−1 of DF) gene
copy numbers (Fig. 2). Assuming an average of 4.7 and 1.7
16S rRNA gene copies per genome of bacteria and archaea
(Stoddard et al., 2015), we could estimate bacterial cell abun-
dance ranging between 1.38×1010 and 7.29×108 g−1 of DF
and archaeal cell abundance ranging between 1.22×104 and
2.55× 103 g−1 of DF.

3.3 Sequencing data

Sequencing of a hypervariable V4 region of 16S rRNA gene
generated 20 83 060 reads from 6 samples (Table 1). On av-
erage 613 669 reads were found usable and these obtained
reads were grouped into 49 570 operational taxonomic units
(OTUs). A total of 46 950 OTUs belonged to bacteria and
56 OTUs belonged to archaea. A small fraction of OTUs
(0.03 %–2.12 %) remained unassigned across all the samples.
A considerable portion of OTUs (17 % to 73 %) were found
to be unique and these unique OTUs represented 6 %–26 %
of the total microbial community across all the samples. A to-
tal of 148 OTUs (0.29 %) were found to be common among
all samples, which comprised about 25 % of the total micro-
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Figure 1. Major geochemical parameters of DF samples. There was a distinct variation in the geochemistry of DF samples obtained at
different depths. Increase in temperature (a), alkalinity (b), iron (c), sulfate (d) and calcium (e) was observed whereas the concentration of
manganese (f), silica (g) and aluminium (h) showed a decreasing trend.

Figure 2. Archaeal and bacterial 16S rRNA gene copy number detected by qPCR.

bial abundance. Alpha diversity analysis was performed for
the sample set. Chao 1 estimator analysis suggested that sam-
ples from the deepest location (DF7) contained the highest
number of OTUs. The Shannon index was in the range of
3.84–7.3 across all samples. The Simpson index ranged be-

tween 0.78 and 0.95. It could be noted that the lowest values
of the Shannon and Simpson indices were obtained for DF1
and in general both the values showed an increasing trend
from DF1 to DF7 (Fig. 3a).
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Table 1. Read details and alpha diversity.

DF1 DF2 DF3 DF4 DF6 DF7

No. of raw reads 311 959 27 804 447 627 243 598 223 603 828 469
No. of quality controlled reads 238 061 19 648 311 609 184 537 165 243 671 354
No. of reads after control subtraction 33 319 4055 127 385 74 140 98 994 275 776
Percentage of bacterial reads 99.118 99.459 99.440 96.69 99.433 98.578
Percentage of archaeal reads 0.003 0.024 0.005 0.033 0.055 0.417
Percentage of unassigned reads 0.879 0.517 0.555 3.277 0.512 1.005
No. of observed OTUs 3408 1148 7229 8002 9035 20 748
No. of bacterial OTUs 3291 1131 6883 7303 8692 19 660
No. of archaeal OTUs 1 1 3 6 12 33
No. of unassigned OTUs 116 16 341 693 331 1055
Percentage of unique OTUs 46.24 17.42 54.61 58.93 43.54 73.05
Percentage abundance of unique OTUs 12.29 6.51 7.82 20.94 6.89 25.98
Percentage of core OTUs 3.84 11.41 1.90 1.63 1.44 0.63
Percentage abundance of core OTUs 31.94 30.87 31.13 12.45 42.93 29
Estimated total OTUs (chao1) 6442.04 2805.21 13 162.85 14 339.015 17 092.29 38 931.388
Shannon evenness index 3.84 5.46 5.48 6.57 7.04 7.30
Simpson index 0.78 0.93 0.84 0.95 0.954 0.944
Goods coverage 0.99 0.96 0.99 0.98 0.97 0.983
Equitability 0.326027 0.531948 0.424991 0.504811 0.534176 0.504093

Figure 3. (a) Variation in Shannon and Simpson diversity indices across depths and (b) abundance of the top five bacterial groups across
depths.

3.4 Microbiological assessment of DF

The number of sequences assigned to bacteria covered 35
phyla, 87 classes, 174 orders, 350 families and 848 genera.
Sequences assigned to archaea covered 2 phyla, 5 classes,
6 orders, 6 families and 7 genera (Table 2). Based on aver-
age abundance at phylum level (phylum Proteobacteria has
been further divided into its different classes), Firmicutes
(10 %–66 %), Bacteriodetes (4 %–45 %), Alphaproteobac-
teria, (10 %) Gammaproteobacteria, (3 %–21 %) and Acti-
nobacteria (2 %–15 %) constituted more than 90 % of the
communities in the DF (Fig. 4a). Firmicutes was the most
abundant phylum across all the samples except DF4. Fig-

ure 3b revealed changes in the abundance of these phyla
depending on the depth. With respect to depth, the abun-
dance of Firmicutes (20 % to 60 %), Gammaproteobacteria
(3 % to 21 %) and Actinobacteria (2 % to 15 %) increased,
whereas Bacteriodetes (45 % to 10 %) showed a decreas-
ing trend. The abundance of Alphaproteobacteria remained
nearly consistent across the depths (10 %–30 %). Verrucomi-
crobia, Planctomycetes, Spirochaetae, Tenericutes, Chlo-
roflexi and Deinococcus-Thermus (0.07 %–3 %) were some
of the other phyla observed in the DF samples. Only two ar-
chaeal phyla, namely (Fig. 4b) Euryarchaeota and Thaumar-
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chaeota, were detected in DF samples, with relatively low
abundance (0.01 %–0.4 %).

Microbial diversity of the in-flow drilling fluid was as-
sessed and compared with that of returning DFs (DF1–DF7).
Bacteriodetes (45 %) was the most abundant phyla in the in-
flow DF, followed by Firmicutes (23 %), Alphaproteobacte-
ria and Deltaproteobacteria (Fig. 4a). These four phyla con-
stituted more than 90 % of the total community in the in-flow
fluid sample. A distinct shift in microbial community com-
position was observed in the returning DFs (DF1–DF7). Bac-
teriodetes was identified as one of the major phyla present in
DF1 (44 %), and its diversity decreased in DF samples re-
trieved from increasing depths. Similarly, abundance of Fir-
micutes, Alphaproteobacteria and Gammaproteobacteria in-
creased in the DF samples collected at lower depths. Interest-
ingly, no archaeal phylum was detected in the in-flow sample
but they were detected in the DF samples collected from the
lower depths.

Clostridia, Alphaproteobacteria, Gammaproteobacteria,
Bacilli, Cytophagia Actinobacteria, Bacteroidia and Be-
taproteobacteria (> 80 %) were the major bacterial classes
in DFs. Noticeably, there was an increase in the abundance
of Clostridia and Bacilli in the DF samples obtained from
lower depths. DF1 was majorly dominated by Cytophagia
(38 %) followed by Betaproteobacteria (15 %), Clostridia
(14 %), Alphaproteobacteria (8 %) and Bacteroidia (6 %).
DF2 was comprised of Gammaproteobacteria (22 %) and
Alphaproteobacteria (21 %), with Clostridia (11 %) being
the third most abundant class. Clostridia (26 %) was the
most abundant class in DF3 followed by Gamma- (21 %),
Alphaproteobacteria (11 %) and Deltaproteobacteria (9 %).
DF4 was majorly dominated by Alphaproteobacteria (28 %)
and Gammaproteobacteria (15 %). DF4 also had a higher
abundance of Actinobacteria (15 %) than other DFs. DF6
had a high abundance of Clostridia (31.5 %) and Bacilli
(26.5 %) with Alphaproteobacteria (8.5 %), Actinobacteria
(6 %), Bacteroidia (6 %) and Gammaproteobacteria (8 %)
being the other prominent classes. DF7 had a significant
abundance of Clostridia (36 %) and Bacilli (18 %) followed
by Alphaproteobacteria (9 %) and Actinobacteria (5 %).
Among archaeal classes Methanobacteria (DF6 and DF7)
and Methanomicrobia (DF3–DF7) showed the highest abun-
dance followed by Thermoplasmata (DF3 and DF7) and the
Soil Crenarchaeotic Group (SCG) (DF6 and DF7).

3.5 Abundance of major microbial families and genera
in DF

Figure 5 displays the abundance of different microbial
families in DFs. DF1 was dominated by Cyclobacteri-
aceae (Mongoliitalea, Cecembia) (39 %), Comamonadaceae
(Hydrogenophaga) (14 %) and Clostridiales (unclassified
Clostridium) (9 %). Pseudomonadaceae (Pseudomaonas)
(11 %), Rhodobacteraceae (Rhodobacter, Pannonibacter,
Paracoccus) (10 %), Erysipelotrichaceae (Erysipelothrix)

(8 %), Cyclobacteriaceae (Mongoliitalea, Cecembia) (6 %)
and Alteromonadaceae (Alishewanella) (5 %) were the top
five families in DF2. Shewanellaceae (Shewanella) (16 %),
Clostridiaceae 1 (unclassified Clostridiaceae) (15 %), Bac-
teroidetes Incertae Sedis (8 %) and Desulfovibrionaceae
(Desulfovibrio) (7 %) were the major families in DF3.
The prominent microbial families in DF4 were Hy-
phomonadaceae (Hyphomonas) (12 %), Bacteria (10 %),
Opitutaceae (Opitutus) (9 %), Cellulomonadaceae (Actino-
talea) (8 %) and Caulobacteraceae (Brevundimonas) (6 %).
Carnobacteriaceae (Marinilactibacillus, Alkalibacterium)
(32 %) was found to be the most abundant microbial fam-
ily in DF6 followed by Clostridiaceae 1 (Clostridium sensu
stricto 1) (13 %) and Lachnospiraceae (unclassified Lach-
nospiraceae) (7 %). Bacillaceae (Geobacillus, Anoxybacil-
lus, Anaerobacillus, Aeribacillus) (9 %), Clostridiaceae 1
(Clostridium sensu stricto 1) (7 %), Rhodobacteraceae (Pan-
nonibacter) (7 %) and Thermoanaerobacteraceae (Ther-
moanaerobacter, Gelria) (6 %) were the major microbial
families present in DF7.

Sample-wise community profiling at lower taxonomic
levels highlighted the distinct microbial assemblages with
change in depth. Overall community profile highlighted that
with changes in depth, the DF microbial communities under-
went a pronounced shift. However, members of a few bacte-
rial taxa remained ubiquitously abundant across all the sam-
ples. Clostridiaceae, Marinilibiaceae, Rhodobactereaceae
and Erysipelotrichaceae were ubiquitous in all the samples.
Samples from deeper horizon (2662–2908 m b.s.) showed
a distinct abundance of Clostridiaceae 4, Desulfovibri-
onaceae, Veillonellaceae, Aeromonadaceae and Xanthomon-
adaceae. On the other hand, samples recovered from shallow
levels (1681–1801 m b.s.) (like DF1, DF2) were more pop-
ulated with Peptococcaceae and Opitutaceae. Members of
Shewanellaceae, Hyphomonadaceae and Microbacteriaceae
were relatively more abundant in samples recovered from
DF3 and DF4, which represent a medium depth range (2093–
2335 m b.s.).

3.6 Core OTU analysis

OTUs common (core OTUs) across all six DF samples were
analysed. Out of the total 49 570 OTUs present across these
six samples only 148 OTUs were identified as core OTUs
(Fig. 6a). All of these OTUs together could cover 30 %–
45 % of the total communities (Fig. 6b), with the excep-
tion of DF4 (12 %) and DF7(18 %). The relative abundance
of different taxonomic groups (Fig. 7a) representing the
core OTUs indicated that the abundance of Firmicutes re-
mained higher in samples from deeper horizons (highest in
DF6; 71 %). OTUs affiliated with Alphaproteobacteria rep-
resented 7 % to 31 % from DF1 to DF7. Members of Bacte-
riodetes present in the core OTUs represented 50 % of to-
tal communities of DF1 and 11 % to 15 % in DF2, DF3
and DF6 but reduced substantially to 2 % and 6 % in DF4
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Table 2. Analysis of the unique operational taxonomic units (OTUs).

Sample Total no. of No. of No. of extremophilic Total no. of reads of Percent
name unique OTUs reads OTUs among top extremophilic communities abundance of top

10 unique OTUs among top 10 unique OTUs 10 unique OTUs

DF1 1577 4093 9 335 8.21
DF2 200 264 5 26 9.84
DF3 3947 9966 7 377 4.3
DF4 4716 15 534 6 1884 11.22
DF6 3934 6819 7 176 2.58
DF7 15 159 71 647 6 11 047 15.148

Figure 4. (a) Bacterial community composition of DF samples (original and returned DF samples) at phylum level (phylum Proteobacteria
has been further divided into its different classes). Phyla which had minimum 1 % abundance in the DF samples were selected and the
remaining ones were grouped into “Others”. (b) Abundance of archaeal communities in DFs (phylum level).

and DF7 respectively. Actinobacterial core OTUs in gen-
eral constituted 2 % to 9 % of the communities, except for
DF4 where these OTUs represented 53 % of total OTUs.
Core OTUs affiliated with Deltaproteobacteria represented a
relatively lower proportion of most of the communities ex-
cept DF2 (4 %) and DF3 (19 %). Members of Verrucomi-
crobia, present as core OTUs, constituted 16 % of DF1 and
3 % of DF2 communities, while in the rest of the communi-
ties their abundance was very low. Planctomycetes members
were generally less abundant except in DF2 (3 %). Betapro-
teobacterial core OTUs were no very abundant (0.004 %
to 0.03 %) except in DF1 (0.13 %) and DF2 (0.29 %). Ar-
chaeal OTUs were not detected in the core communities of
DF. Clostridia (24 %) and Alphaproteobacteria (18 %) were
the major classes detected in the core OTUs of DF fol-
lowed by Bacilli (14 %), Actinobacteria (12 %) and Cytopha-
gia (9 %) (Fig. 7b). However, the absence of Gammapro-
teobacteria and lower abundance of Betaproteobacteria was
noteworthy in the core OTUs of DF. The unique presence
of Negativicutes and Coriobacteria (with very low abun-
dance) was also noted within the DF core communities

(Fig. 7b). Erysipelotrichia, Clostridia, Alphaproteobacteria
and Deltaproteobacteria (Fig. 7b) were the other major
microbial classes. Carnobacteriaceae, Rhodobacteraceae,
Clostridiaceae 1, Cellulomonadaceae, Erysipelotrichaceae,
Cyclobacteriaceae, Opitutaceae, Bradyrhizobiaceae and
Desulfovibrionaceae were the major families present as the
core community members of DF (Fig. 8). These micro-
bial families constituting the core OTUs of DF obtained
from 1681 to 2908 m b.s. were quite different from the
microbial families detected in the core OTUs of granitic
bedrock at higher depths (up to 1500 m b.s.). Idiomarinaceae,
Moraxellaceae, Methylophilaceae, Nocardioidaceae, Nitro-
somonadaceae, Enterobacteriaceae, Comamonadaceae and
Chitinophagaceae were the major microbial families de-
tected in the core OTUs of granitic bedrock up to 1500 m b.s.
(Dutta et al., 2018). Marinilactibacillus, Youngilibacter,
Clostridium sensu stricto 8, Geosporobacter and Pannoni-
bacter were the highly abundant bacterial genera present in
the core communities of DF.
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Figure 5. Microbial community composition and their abundance
(> 1 %) in DF samples at family level.

3.7 Phylogeny of the core OTUs of DF samples

The phylogeny of the top 20 core OTUs (relative abun-
dance 82 %) were analysed using the NCBI BLASTn nu-
cleotide database, and a phylogenetic tree (Fig. 9) was
constructed using MEGA7 software. Phylogenetic analy-
sis revealed that the most of the core OTUs of all six DF
samples displayed a significant match with known (cul-
tured and uncultured) anaerobic, thermo-alkaliphilic mi-
croorganisms obtained from extremophilic habitats and the
deep subsurface. Amphibacillus, Marinilactibacillus, Pan-
nonibacter phragmitetus, Thermotalea metalivorans, Cras-
saminicella profunda, Geosporobacter subterraneus, Anaer-
obranca horikoshii, Anaerobranca californiensis, Cras-
saminicella profunda and Mongoliitalea lutea were some of
the major bacteria which displayed close lineage with the
OTUs of DF samples. Some of the OTUs also showed a
match with uncultured thermophilic, anaerobic iron and sul-
fate and nitrate reducers (Clostridia, Geosporobacter, Desul-
fovibrio etc.).

3.8 Phylogeny of the unique OTUs of DF samples

The top 10 OTUs (on the basis of relative abundance), unique
to each specific DF sample, were subjected to phyloge-
netic analysis to investigate their identity with extremophilic
lineages or microorganisms reported from the deep sub-
surface (Fig. 10). The relative abundance of the unique
OTUs (Table 2), which showed matches with extremophiles
or microorganisms reported from deep subsurface micro-
biome, pertaining to a specific sample, was highest for DF7
(15.42 %) and lowest for DF6 (2.58 %). Unique OTUs cor-
responding to DF1 showed close NCBI BLASTn matches
with Hydrogenophaga aquatica, Tepidicella and other un-
cultured bacteria from extreme environments (hypersaline
lakes) and deep environments. The top 10 unique OTUs cor-
responding to DF2 showed matches with Peptostreptococ-
caceae and Sphingobacteriales. Here also some of the OTUs
showed matches with Pseudomonas strains derived from sur-
face environments. Apart from a few OTUs pertaining to
DF3 (which showed a match with bacteria from waste wa-
ter and sewage sludge) most of them displayed close sim-
ilarity to Desulfomicrobium and some uncultured bacterial
population from deep subsurface environments. Most of the
top 10 OTUs of DF4 showed correspondence to Aishwanella
and other haloalkaliphilic bacteria, whereas few OTUs were
related to bacteria derived from hydrocarbon-contaminated
soil and anaerobic sludge. The unique OTUs (top 10) of
sample DF6 exhibited close lineage with Marinilactibacillus
piezotollerans and other representatives of uncultured bac-
teria from deep subsurface rocks and geologically derived
fluids. Subsequently most of the top 10 unique OTUs of
DF7 were similar to Thermincola, Thermosinus, extremotol-
erant Paenibacillus and other representatives from geother-
mal deep aquifers.
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Figure 6. (a) Venn diagram displaying the number of common OTUs among the DF samples; 148 OTUs were found common in the DF
samples (1–7). (b) Percentage abundance of common OTUs across the DF samples.

3.9 Enrichment of SRB from DF samples

16S rRNA gene amplicon sequencing and subsequent analy-
sis revealed an assessable shift in microbial community com-
position of DF samples (DF1 and DF3) following anaero-
bic incubation under sulfate-reducing conditions. A compar-
ison with the microbial community composition of DFs be-
fore and after enrichment is given in Fig. S1 in the Sup-
plement. Following incubation under sulfate-reducing con-
ditions a distinct shift in community composition with great
enhancement of Firmicutes (60 %) was observed. Bacteri-
odetes, Alphaproteobacteria and Betaproteobacteria, which
dominated the DF1 sample, decreased significantly in the
enrichments. Members of the phyla Gammaproteobacte-
ria (12 %) and Deltaproteobacteria (4 %) increased in DF1
SRB enrichments. Similarly, in the DF3 sample Firmicutes
(29 %), Bacteriodetes (18 %), Gammaproteobacteria (21 %)
and Alphaproteobacteria (11 %) were the major phyla. Fol-
lowing enrichment under sulfate-reducing conditions, a sharp
increase in the abundance of Firmicutes (98 %) was noted
(Fig. S1a). A 3- to 4-fold enhancement of Firmicutes was
observed in the SRB enrichments for both the DF samples.
Analysis of genus-level data (Fig. S1b) showed that known
anaerobic sulfate reducers such as Anaerobranca, Anoxy-
bacillus, Bacillus and Clostridium sensu stricto 8 were most
prevalent in the SRB enrichments for both the DFs.

4 Discussion

Rotary drilling has been one of the most important tech-
niques to get the crystalline rock samples and geological
fluids from deeper depths (Keift et al., 2007). The returned
drilling fluid obtained on site, during the drilling of Koyna
pilot borehole (at the Deccan Traps), India, contained chem-

ical signatures of bentonite-based drilling mud (Table S1).
These drilling fluids were mostly silica-rich, with Na, Al, N
and C being the other major elements, and also contain a
variety of organic constituents (Schlumberger Oilfield Glos-
sary, 2010; Keift et al., 2007; Rabia, 1985). The presence of
compounds such as calcium (Ca), manganese (Mn2+), sulfur
(S), iron (Fe2+), sulfate (SO2−

4 ) and minor amounts of sulfide
(S2−) in DF samples was quite noteworthy, and their concen-
trations increased with increased sampling depth. Normally,
those compounds should not exist in the bentonite-based DF
(Montmorillonite – Handbook of Mineralogy, 2000; http:
//rruff.geo.arizona.edu/doclib/hom/montmorillonite.pdf, last
access: 27 January 2020). With increasing sample depth,
a change of pH to alkalinity and a reduced relative abun-
dance of Si and Al was noted in the samples (Fig. 1).
The granitic subsurface of the Koyna–Warna region was
reported to be sulfur- and iron-rich (Misra et al., 2017).
The availability of sulfate in deeper horizons (> 1000 m)
was widely reported through geochemical analysis of deep
granitic aquifers around the globe (Ino et al., 2017, and refer-
ences within). Compared to other metallic elements present
in mineral form, SO2−

4 and Fe2+ present in rock were able
to dissolve in the DF during drilling; hence it got enriched
with sulfate with an increase in depth. The shift in geochem-
ical parameters suggested gradual infusion of elements from
the crystalline bedrock during the course of drilling. More
evidence of this infusion came from the alkaline nature of
the DF samples obtained from lower depths. These granites
have been reported to contain minerals responsible for cre-
ating alkaline conditions in those environments (Misra et al.,
2017). The mixing of the granitic bedrock with the drilling
fluid had provided alkalinity to the samples. There was a con-
stant increase in temperature with increasing depth (55.6 to
73.9 ◦C) from 1681 to 2908 m b.s. In the subsurface of the
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Figure 7. Microbial abundance of core OTUs at phylum (a) and class (b) level.

Deccan Traps temperature increased with depth at a rate of
∼ 15 ◦C km−1 in granitic bedrock and lithostatic pressure in-
creased by 26.7 MPa km−1 (Roy and Rao, 1999). The initial
fluid used might have contained surface-derived microbial
populations but the deep extreme subsurface environments,
through which it had circulated, could have tended to favour
indigenous, subsurface-adapted microorganisms (Zhang et
al., 2006; Masui et al., 2008). It could also contain the mi-
crobial diversity of rock chips and geological fluids from the
deep subsurface carried along with the DFs to the surface
during drilling. The bacterial and archaeal cell abundance
were detected using qPCR. No significant change in bacte-
rial and archaeal abundance was observed with respect to
sampling depth (Fig. 2). Microbial load in the DF was ob-
served to be persistent across depths. Hence, it could be as-

sumed that the change in biomass and its decay have been
at equilibrium across depths in DF samples. Dynamic con-
ditions encountered by the DF (due to drilling and coring
process) might also have favoured the growth of some of the
microbial populations, whereas others were not able to sus-
tain themselves, thereby keeping the overall microbial load
consistent throughout.

The microbial diversity of DFs were studied by amplicon
sequencing of the V4 region of the 16S rRNA gene. This
primer set (515F–806R) to amplify this region was devel-
oped by Bates et al., 2011, and was designed to be universal
for nearly all bacterial and archaeal taxa. They even demon-
strated in silico that this primer set could amplify 16S rRNA
genes from a broad range of archaeal and bacterial groups
with few biases or excluded taxa. In spite of the short-read
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Figure 8. Microbial abundance comparison at family level of core OTUs of granitic rock cores (up to 1500 m b.s.) (Dutta et al., 2018) and
DF samples (DF; up to 2908 m b.s.).

lengths (∼ 250 bp), this region provided sufficient resolu-
tion for the accurate taxonomic classification of microbial se-
quences. Since then there have been many studies which have
used the V4 region of the 16S rRNA gene to study the micro-
bial diversity of different environments, including the deep
subsurface (Dutta et al., 2018; Gupta et al., 2018; Purkamo et
al., 2017). Considerably higher diversity and bacterial abun-
dance was observed in DF with an increase in depth (Ta-
ble 1). There was a marginal increase in archaeal abundance
in DF with an increase in depth. Increases in Shannon and
Simpson index values (Fig. 3a) confirmed the increase in the
microbial diversity of DF as we went further down (Simpson,
1949; Pielou, 1966). Continuous exposure to the deep sub-
surface environment and its constant mixing with the granitic
subsurface rocks might have enriched the microbial diversity
of DF with an increase in depth (Struchtemeyer et al., 2011;
Zhang et al., 2006). The phylum-level composition of micro-
bial communities of the DF samples was similar to some of
the earlier studies on the microbial diversity of DFs (Fig. 4a
and b). Struchtemeyer et al., 2011, reported the dominance of
Firmicutes (average 55 %) in all the DF samples from ther-
mogenic natural gas wells of the Barnett Shale. Firmicutes
were found to be the major microbial community in six DF
samples collected from 2290 to 3350 m b.s. in the Chinese
continental scientific drilling (CCSD) project (Zhang et al.,
2006). The original in-flow DF which was collected from the
tank before its introduction in the borehole had different mi-
crobial community composition than the returned DF sam-
ples (DF1–DF7) from each depth (Fig. 4a). Bacteriodetes,

which dominated the in-flow DF, decreased considerably in
the returned DF samples (DF1 to DF7). The phylum Bac-
teriodetes is widely distributed in the environment, includ-
ing in soil, sediments and sea water, as well as in the guts
and on the skin of animals; hence it might be indigenous to
drilling fluid (Gibino et al., 2018; Rainey and Oren, 2011).
Similarly, Firmicutes, Alphaproteobacteria, Actinobacteria
and Gammaproteobacteria were increased in the returned
DF samples. Hence, it can be seen that indigenous microbial
community composition of in-flow DF was altered consider-
ably during its interaction with the granitic rock cores during
drilling. It was evident that microbial communities of the re-
turned DF samples also varied with increases in depth due its
extended exposure to deep subsurface conditions and interac-
tion with granitic rocks. The relative abundance of some bac-
terial phyla such as Bacteriodetes, Betaproteobacteria and
Gammaproteobacteria decreased and the relative abundance
of some bacterial phyla such as Firmicutes, Alphaproteobac-
teria and Actinobacteria (relevant to deep subsurface) in-
creased (Fig. 3b). There are several reports that confirmed
the dominance of these phyla in the deep subsurface (Sahl et
al., 2008; Leandro et al., 2018; Ino et al., 2017; Purkamo et
al., 2017; Leblanc et al., 2019). The concentration of some ar-
chaeal phyla (Euryarchaeota and Thaumarchaeota) also in-
creased in the lower depths. Interestingly, archaea were not
detected in the in-flow DF. These archaeal phyla have been
predominantly reported in deep igneous rocks (Nyyssönen et
al., 2014; Breuker et al., 2011; Labonté et al., 2017). A dy-
namic shift in microbial populations was particularly note-
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Figure 9. The phylogeny of the top 20 core OTUs (relative abundance > 82 %) constructed in MEGA7. Coloured stack bar represent their
relative abundance in all the DF samples. Each sample is represented by different colours as follows: DF1: red, DF2: blue, DF3: yellow, DF4:
green, DF6: light blue, DF7: dark red.
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Figure 10.
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Figure 10. The phylogeny of the top 10 unique OTUs of DF1 (a), DF2 (b), DF3 (c), DF4 (d), DF6 (e) and DF7 (f). A phylogenetic tree was
constructed using MEGA 7 software.
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worthy in the DF samples from the deep granitic subsurface
of the Koyna–Warna region. These microbial communities
must have intruded from the deep granitic rocks into the DFs
during the drilling process.

The family- and genus-level data gave us better insight into
the changing microbial dynamics of returning DF samples by
depth (Fig. 5). Comamonadaceae and Pseudomonadaceae
were observed to be dominant in DF1 (1500 m b.s.) and DF2
(1901 m b.s.) and their abundance decreased in the lower
depths. Several microorganisms belonging to Commamon-
adaceae and Pseudomonadaceae families were mesophilic
in nature, mostly found in soil and water (Palleroni, 1981;
Moore et al., 2006; Willems, 2014), and they might have
come either from DF or the surface. Cyclobacteriaceae and
Rhodobacteriaceaeae, though dominant in DF1 and DF2,
were also present in all the DF samples. These two micro-
bial families, found in diverse and extreme habitats (fresh-
water bodies, algal mats, marine waters, alkaline soda lakes,
hot springs, mud volcanoes etc.), manifested the ability to de-
grade a number of polysaccharides and have been deeply in-
volved in sulfur and carbon biogeochemical cycling (Pujalte
et al., 2014; Pinnaka and Tanuku, 2014). Major populations
of these two families in DF1 and DF2 could be indigenous to
DFs and surface soil or water. There is a reasonable chance
that the extremophilic microbial population belonging to Cy-
clobacteriaceae and Rhodobacteriaceaeae might have be-
come enriched in the DFs sampled at lower depths due to the
extreme conditions (Zhang et al., 2006; Kumar et al., 2012).
Alternatively, it could also be concluded that they might be
part of the deep subsurface microbiome (Russell et al., 2016;
Hubalek et al., 2016; Leboulanger et al., 2017). Subsequently
the relative abundance of some of the microbial families,
known to strive in strictly anaerobic and extremophilic en-
vironments (e.g. Thermoanaerobacteraceae, Clostridiaceae,
Bacillaceae, Carnobacteriaceae, Ruminococcaceae) (Tomás
et al., 2013; Deep et al., 2013; Glaring et al., 2015; Toffin
et al., 2005; Ishikawa et al., 2009; Song and Dong, 2009;
Horino et al., 2014), increased in the DFs sampled from
2000 to 3000 m b.s. Some of these microbial families such
as Thermoanaerobacteraceae and Bacillaceae have been re-
ported from deep subsurface environments as well as DFs
from other deep subsurface studies (Chakraborty et al., 2018;
Gaboyer et al., 2015; Zhang et al., 2006; Slobodkina et al.,
2012; Fang et al., 2017) These groups might have intruded
the DFs from the rocks at lower depths during drilling op-
erations (Struchtemeyer et al., 2011). High concentrations of
sulfate and iron in the DFs from lower depths are correlated
with the presence of these microbial families which have
been reported previously to utilize sulfate and iron as termi-
nal electron acceptors (Sylvan et al., 2015; Reyes et al., 2017;
Kjeldsen et al., 2007; Kanso et al., 2002; Emmerich et al.,
2012; Ogg et al., 2010). The presence of thermophilic, alka-
liphilic, halophilic and anaerobic fermentative bacterial gen-
era relevant to the deep subsurface (Opitutus, Mongoliitalea,
Hydrogenophaga, Marinilactibacillus, Anoxybacillus, Sym-

biobacterium, Geosporobacter, Thermoanaerobacter etc.) in
the DFs (Lee et al., 2012; Willems et al., 1989; Toffin et
al., 2005; Ueda et al., 2004; Klouche et al., 2007; Hong et
al., 2015) and their dominating presence in the samples from
lower depths (2500 m b.s.) confirmed the hypothesis of a pos-
sible interaction between the granitic bedrock and DF and
was indicative of the possible alteration in the DF microbial
community due to its exposure to the highly extreme condi-
tions at these depths.

Core OTU analysis revealed similar observations to
those stated above (Figs. 6 and 7). Some of the micro-
bial phyla (Cyanobacteria, Chloroflexi, Chlamydiae and
Euryarchaeota) indigenous to deep subsurface environ-
ments (Puente-Sánchez et al., 2014, 2018; Fullerton and
Moyer, 2016; Rempfert et al., 2017) were only observed
in the core OTUs of lower depths (DF4 onwards). The
microbial families (Carnobacteriaceae, Rhodobacteraceae,
Clostridiaceae 1, Cellulomonadaceae, Erysipelotrichaceae,
Cyclobacteriaceae, Opitutaceae, Bradyrhizobiaceae and
Desulfovibrionaceae) detected in the core OTUs of DF
were different from the microbial families (Idiomarinaceae,
Moraxellaceae, Methylophilaceae, Nocardioidaceae, Ni-
trosomonadaceae, Enterobacteriaceae, Comamonadaceae,
Chitinophagaceae) detected in granitic core OTUs at higher
depths (1500 m b.s.) (Dutta et al., 2018) (Fig. 8). These mi-
crobial families might have either come from the intru-
sions of subsurface deep granitic bedrock at lower depths
(1600 m b.s. onwards) or might have got enriched due to the
extreme environmental conditions at the deep granitic sub-
surface. Phylogenetic analysis of the core OTUs revealed
that most of the sequences belonged to anaerobic, deep sub-
surface microbial communities (Fig. 9). Core OTUs dis-
played a good match with extremophilic microorganisms
(cultured and uncultured), namely Amphibacillus (anaero-
bic, alkaline), Marinilactibacillus (halo-alkaliphilic, peizo-
tolerant), Pannonibacter phragmitetus (alkalitolerant), Ther-
motalea metalivorans (anaerobic,thermophilic), Crassamini-
cella profunda (anaerobic, chemo-organotrophic bacterium),
Geosporobacter subterraneus (obligate anaerobe), Anaer-
obranca horikoshii (alkalitolerant thermophile), Anaer-
obranca californiensis (obligately anaerobic, alkalither-
mophilic, chemo-organotroph), Crassaminicella profunda
(anaerobic, chemo-organotrophic) and Mongoliitalea lutea
(alkaliphilic, halotolerant). These organisms have been re-
ported from deep subsurface environments and extreme habi-
tats such as alkaline soda lakes, hot and alkaline springs,
sulfur-containing springs, methane bedrock, deep sea sedi-
ments, and aquifers (Engle et al., 1995; Borsodi et al., 2003;
Gorlenko et al., 2004; Toffin et al., 2005; Klouche et al.,
2007; Wu et al., 2010; Yang et al., 2012; Lakhal et al.,
2015; Ogg and Patel, 2009). Very few OTUs showed a match
with both types of habitats, namely moderate as well as ex-
treme. Phylogenetic analysis of unique OTUs pertaining to
each DF sample revealed similar results (Fig. 10). Some of
the OTUs unique to each sample (3 %–15 % relative abun-
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dance per sample) showed relatedness to extremophilic as
well as deep subsurface microbial groups while few OTUs
showed a match with mesophilic bacteria reported from
surface environments. Unique OTUs corresponding to the
DF1 sample showed close NCBI BLASTn matches with
Hydrogenophaga aquatica, which is isolated from the hot
spring (Lin et al., 2017) and Tepidicella (alkaliphilic bacte-
ria isolated from hot spring runoff) (França et al., 2006) and
other uncultured bacteria from hyperalkaline saline lakes and
deep basaltic aquifers. The top 10 unique OTUs correspond-
ing to DF2 showed matches with Peptostreptococcaceae (a
moderately thermophilic anaerobic bacterial family which
consists of bacteria reported from pristine rock cores, deep-
sea hydrothermal vents and other extreme environments)
(Slobodkin, 2014) and Sphingobacteriales (reported from
deep rocks) (Dutta et al., 2018). They are similar to vari-
ous Pseudomonas strains reported from river and petroleum
muck environment and other uncultured bacteria from mud
microbiomes as well. Uncultured bacteria from the Oukilito
borehole, geothermal deep aquifer, Atlantic coast sediment
(Desulfomicrobium) (Dias et al., 2008) and hydraulic fracture
fluids showed close lineage with most of the top 10 unique
OTUs pertaining to sample DF3, whereas a few uncul-
tured bacteria from waste water and sewage sludge (Porphy-
romonadaceae) (Sakamoto, 2014) also showed relatedness
to some of the unique OTUs of this sample. Some unique
OTUs among the top 10 of the DF4 sample showed correla-
tion with Alishawanella (Salah et al., 2016) and other halo-
alkalophilic bacteria and were representative of hypersaline
lake and deep subsurface clay rocks, and some unique OTUs
were related to hydrocarbon-contaminated soil and anaero-
bic sludge. Unique OTUs (top 10) of sample DF6 exhibited
close lineage with Marinilactibacillus piezotollerans, which
is a known peizotolerant bacterium, and other representatives
from hydraulic fracture fluids, deep bedrock aquifer and sub-
surface aquifer sediments (Toffin et al., 2005). Subsequently
most of the top 10 unique OTUs of DF7 were similar to
Thermincola (anaerobic, thermophilic, chemolithotrophic or-
ganism), Thermosinus (anaerobic, thermophilic and carbon
monoxide oxidizing bacterium), extremotolerant Paenibacil-
lus and other representatives from geothermal deep aquifers
(Zavarina et al., 2007; Sokolova et al., 2004). Based on these
observations we hypothesized that due to the prolonged in-
teraction of DF with the subsurface granitic crust these or-
ganisms might have become infused in the DF. The interac-
tion between DF and crust has altered the geochemistry of
DF, which is evident from the altered geochemical properties
of the DF. This interaction (infusion of crustal particle car-
rying cells) led to the enrichment of DF with extremophilic
microbial populations pertaining to the deep granitic subsur-
face (represented by the core OTUs). On the contrary in the
OTUs unique to each DF, a mixed bacterial population (both
extremophilic as well as mesophilic) was observed. The pres-
ence of deep subsurface and extremophilic bacterial popula-
tions in unique as well as core OTUs confirms our hypothesis

of the presence of deep subsurface microbial populations in
DF samples collected at different depths below the surface.
Apart from that, the presence of diverse heterotrophic bacte-
rial populations in DF samples is quite interesting, and dur-
ing core OTU analysis we observed that many OTUs showed
lineages with heterotrophic bacteria. As already discussed
above, DF consists of a variety of organic carbon compounds
(Keift et al., 2007; Rabia, 1985). These organic carbon com-
pounds could be efficiently utilized by heterotrophic bacte-
ria as a carbon source and hence played an active role in
shaping up the functional diversity of the DF microbial com-
munities. Incubation of DF samples (DF1 and DF3) under
sulfate-reducing conditions was quite successful and it led
to increase in the abundance of Firmicutes members (Anaer-
obranca, Clostridium sensu stricto 8, Anoxybacillus, Bacil-
lus) capable of anaerobic sulfate reduction (Fig. S1). All
these members of the phylum Firmicutes were well known
for their facultative to strict anaerobic metabolism and have
been reported from several deep subsurface studies and ex-
tremophilic environments (Sahl et al., 2008; Purkamo et al.,
2017; Leblanc et al., 2019; Gupta et al., 2018). Purkamo et
al. (2017) detected Anaerobranca in their enrichment sam-
ples, which were set up to understand the response of ac-
etate (carbon source) and sulfate (electron acceptor) in the
fracture water collected at a depth of 2516 m b.s. at the Out-
okumpu drill site. As already shown these genera were also
detected in DF samples (DF1 to DF7) and showed phyloge-
netic lineages with the bacteria isolated from extremophilic
environments or the deep subsurface. A dynamic shift in the
microbial community structure of DF with increases in depth
was observed due to its exposure to deep subsurface environ-
mental conditions.

5 Conclusion

Drilling fluid, often regarded as a source of contamination
during investigations of deep subsurface microbiology, could
be a vector for the sampling of geological fluids and sig-
natures of microbial life from such environments. The geo-
chemical investigation of DF that circulated through the deep
borehole (down to 3000 m b.s.) from the granitic subsurface
confirmed a possible interaction of DFs and igneous rocks.
These interactions had conferred the DF with unique con-
ditions (reducing, hot, alkaline and saline environments) that
partly reflected the deep subsurface. Our investigations of the
DFs suggested that although such circulating fluids could be
responsible for contaminating the deep subsurface rock sam-
ples by introducing extraneous microbes, enrichment of these
fluids with subsurface organisms was inevitable due to pro-
longed interaction with subsurface rocks. Successful identi-
fication and enrichment of anaerobic, thermophilic sulfate-
reducing and deep subsurface relevant microbial populations
from DF samples confirmed that DF could be used as a proxy
to study the deep subsurface. Hence, the study of the mi-
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crobial ecology of the DF that circulated through the deep
borehole (down to 3000 m) from granitic subsurface of the
Koyna–Warna region of the Deccan Traps provided a win-
dow through which to look into the broader spectrum of deep
life residing within the deep crystalline bedrock of the Dec-
can Traps. The DF microbiome could also be used as a proxy
for bedrock to isolate and characterize deep biosphere related
microorganisms.
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