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Abstract
Laboratory evaluation of hyperthermophiles with the potential for Enhanced Oil Recovery (EOR) is often
hampered by the difficulties in replicating the in situ growth conditions in the lab. In the present
investigation, genome analysis was used to gain insights into the metabolic potential of a
hyperthermophile to mobilize the residual oil from depleting high-temperature oil reservoir. Here, we report
the 1.9 Mb draft genome sequence of hyperthermophilic anaerobic archaeon, Thermococcus sp. 101C5
with a GC content of 44%, isolated from a high temperature oil reservoir of Gujarat, India. 101C5
possessed the genetic arsenal required for adaptation to harsh oil reservoir conditions, such as various
heat shock proteins for thermo-adaptation, Trk potassium uptake system proteins for osmo-adaptation,
and superoxide reductases against oxidative stress. MEOR potential of the strain was established by the
presence of genes encoding enzymes involved in desired metabolite production like hydrogen, acetate,
exopolysaccharide, bio-emulsifier, etc., which was further experimentally confirmed and validated. Also,
the presence of crude oil degradative genes highlighted the ability of the strain to mobilize heavy residual
oil, which was confirmed under simulated conditions in sand-pack studies. The obtained results
demonstrated additional oil recoveries of 42.1% and 56.5% at 96°C and 101°C, respectively, by strain
101C5, illustrating its potential for application in high-temperature oil reservoirs. To our best knowledge,
this is the first report of genome analysis of any microbe assessed for its suitability for MEOR from the
high-temperature oil reservoir.

Introduction
Energy demand is globally increasing day by day, which is sufficed mainly by fossil fuels. Despite the
recent technological advances in the production of biofuels (bioethanol, biodiesel, biohydrogen, etc.),
crude oil has no viable alternative as of the date (Naik et al. 2010). Most biofuel-based technologies have
either safety issues or application issues, whereas some lack cost-competitiveness compared to fossil
fuels (De Almeida et al. 2016; Elraies & Tan 2012). Thus, crude oil continues to remain the major fuel
source of our energy sector.
Conventional technologies of crude oil extraction can usually extract up to 40% – 45% of oil, leaving up to
two-third of oil trapped in the reservoir (Sen 2008), which highlights the need for a process that can
harness every single drop. Microbial Enhanced Oil Recovery (MEOR) is one such promising process that
can extract the maximum possible oil from a reservoir (Lazar et al. 2007). The efficiency of MEOR
process depends upon the production of metabolites such as acids, gases, polymers, solvents, or
surfactants by the exogenous or indigenous microbes (Almeida et al. 2004). These metabolites are
known to significantly alter the physical properties of reservoirs, including permeability, porosity, and
wettability along with the oil properties such as viscosity (Brown 2010) and facilitate oil recovery by
emulsifying the oil, reducing the viscosity of the oil, pressurizing the reservoir environment and dissolving
the residual oil (Sen 2008).
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The oil reservoirs are characterized by harsh environments having extreme temperatures (10 to 124°C),
salinity (100 to 300 g/L), and pH (5 to 8) (Varjani & Gnansounou 2017; Rathi et al. 2015; Safdel et al.
2017). These physicochemical conditions can significantly influence microbial survival, growth, and
metabolite production in oil reservoirs (Li et al. 2013; Li et al. 2010). Very few studies have reported the
presence of active microbes at higher temperatures of 80–90°C (Bachmann et al. 2014; Grassia et al.
1996; Arora et al. 2014). Therefore, microbial candidates suitable for MEOR applications should be
anaerobic, thermophilic, barophilic, and halophilic (Maudgalya et al. 2007). Several microbial genera like

Clostridium, Bacillus, Pseudomonas, Arcobacter, Enterobacter, Acinetobacter, etc., that have been
successfully used for MEOR applications have remained restricted to low-temperature oil reservoirs
(Zhang et al. 2012). However, the MEOR process has certain limitations pertaining to high-temperature oil
reservoirs, especially in countries like India, where many oil reservoirs have temperatures above 90 °C.
Notably, these studies have been hampered by the fact that microbes tolerating high temperatures and
pressures are difficult to cultivate.
Most MEOR experiments have exhibited excellent results in lab-scale studies (Costa et al. 2012; AlSulaimani et al. 2012), and some field trials have shown comparable oil recovery and better economic
efficiency than chemical EOR (Al-Wahaibi et al. 2014; Cao et al. 2013; Gao & Zekri 2011; Youssef et al.
2013). The effectiveness of MEOR has remained unpredictable despite these successes. Field
applications of MEOR are restricted mainly due to the limited understanding of microbial survival and
metabolism within the oil reservoir (Cao et al. 2013).
In recent years, various metagenomics studies of oil reservoirs have illustrated the phylogenetic profiles
of the microbial communities native to oil reservoirs (Liu et al. 2018; Hu et al. 2016; Kim et al. 2018).
However, genes responsible for the production of metabolites required for MEOR were largely unmapped.
Hence, there is a paucity of information evaluating the suitability of the resident microbial flora for MEOR
application. Genome analysis can identify microbial strains possessing the potential to facilitate MEOR.
Such strains are expected to possess genes encoding proteins involved in attributing the environmental
stress resistance to the host or metabolites involved in mobilizing the residual oil, enhancing its recovery.
Genes encoding properties like tolerance to thermo-, osmo- and oxidative stress present in reservoir and
production of desired metabolites can be used as biomarkers. With the aid of these markers, potential
MEOR strains can be identified rapidly, and an efficient MEOR process can be developed for
implementation in high-temperature depleted reservoirs with a fair degree of success. With this aim, the
present study was undertaken wherein hyperthermophiles were isolated from a high-temperature oil
reservoir. The whole-genome sequencing of the most potent strain was performed, which provided
genomic insights into its ability to survive under harsh reservoir conditions and produce metabolites
desired for MEOR. The oil recovery potential of this strain was further validated under laboratory
simulated reservoir conditions using sand pack columns.

Materials And Methods
Sampling details
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The produced water sample was collected from the wellhead of Nandasan 9, an oil reservoir situated in
Ahmedabad (Gujarat), India. In situ temperature of the reservoir was 112 ℃. The sample was stored at
4˚C until processed for the enrichment of hyperthermophilic bacteria/ archaea.
Culturing and characterization of hyperthermophile
For enrichment of hyperthermophilic microbes, 10% (v/v) of the sample was inoculated into sterilized
serum bottles containing molasses medium (20 ml) flushed with N2 and incubated at 101 ℃, pH 7.0 until
growth was observed. Molasses medium contained molasses 7.0%, yeast extract 0.5%, NaCl 5%
supplemented with 4% SS-30 trace element solution (K2HPO4 0.1 %, KH2PO4 0.1%, NaHCO3 1%, CaCl2
anhydrous 0.02%, NaCl 0.2%, MgSO4 0.02%). Isolation of pure cultures from the enriched sample was
performed by Hungate’s roll tube method. Following isolation, a single culture designated as 101C5 was
selected for further studies based on growth and desired metabolite production. Morphological studies of
the isolated strain were performed with a scanning electron microscope (ZEISS, EVO MA-15, Germany).
For molecular identification, Genomic DNA of the strain 101C5 was isolated using the Nucleospin Soil
DNA kit (Macherey-Nagel) using manufacturers protocol, and 16S rRNA gene sequencing was performed
using primer set 86F (5’-GCT CAG TAA CAC GTG G-3’) and 1340R (5’-CGG TGT GTG CAA GGA G-3’)
(Wright et al. 2004). Twenty μL reaction mixture contained 3 μL of genomic DNA, 1 U of Taq DNA
polymerase (Sigma, India), 1X Taq buffer, 1.5 mM MgCl2, 0.2 mM of dNTP mix (Sigma) and 0.4 μM each
primer. The amplification program consisted of 1 cycle at 94 °C for 5 min, 39 cycles at 94 °C for 1 min, 56
°C for 1 min, 72 °C for 1 min, 30 sec and 1 cycle of final extension at 72 °C for 10 min, in a thermal cycler
(GeneAmp PCR system 9700, Applied Biosciences, USA).
Genome sequencing and annotation
The genome of 101C5 was sequenced on the Illumina NextSeq500 platform. De novo genome assembly
was performed using Spades assembler version 3.13.0. Whole-genome comparison of strain 101C5 was
done with publically available genomes of closes phylogenetic affiliates using online tools such as
Digital DNA-DNA hybridization (DDH) (Auch et al. 2010) and Average Nucleotide Identity (ANI) (Yoon et al.
2017). Functional annotation of the genome was performed by Rapid Annotation using Subsystem
Technology (RAST) (Aziz et al. 2008) and PATRIC (Wattam et al. 2017). Further, the genome was mined
for genetic determinants involved in its adaptability to harsh reservoir conditions and its oil recovery
potential.
Metabolite profiling of strain 101C5
The strain 101C5 was screened for the production of different metabolites (gas, acids, solvents, and VFA)
desirable for the MEOR application after 14 days of incubation at 96 ℃ and 101 ℃. Gas analysis for
hydrogen, carbon dioxide, and nitrogen was performed using Gas chromatography (PerkinElmer)
equipped with thermal conductivity detector (TCD), Porapak Q column (SS, 1/800 _ 80 mesh) with argon
as carrier gas (flow rate: 40 ml/min). Bio-emulsifier production was analyzed in terms of the
emulsification index using Kerosene (Satpute et al. 2010). Acidified cell-free supernatant of the grown
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culture was used for VFA and HPLC analysis. Volatile Fatty Acids (VFAs) were determined on Gas
Chromatograph (Chemito-8510, India) equipped with Flame Ionization Detector, column 10% FFAP + 2%
H3PO4, injector temperature 180 °C, oven temperature 140 °C, detector temperature 190 °C, carrier gas N2
(40 ml min−1). Organic acids and solvents were analyzed using the HPLC system (Dionex, USA) using
Aminex HPX-87H, Biorad column, equipped with a refractive index (RI) detector. The working conditions
were: 5 mM H2SO4 as a mobile phase with a flow rate of 0.7 ml/min at 40 °C. Exopolysaccharide
production was determined by precipitation by isopropanol (Pawar et al. 2013), followed by gravimetric
analysis. A control set of un-inoculated medium bottles was kept at similar experimental conditions.
Evaluation of MEOR potential of strain 101C5 under simulated reservoir conditions
Evaluation of reservoir properties affecting oil recovery will permit the prudent application of
microorganisms for enhanced oil recovery. Sand-pack columns were designed to simulate the oil reservoir
and used to evaluate the potential of 101C5 in enhanced oil recovery. Briefly, vertically oriented metal
columns of 60 ml volume were uniformly packed with acid-washed dry sand. The column was then
flooded with brine (2 % NaCl) followed by heavy crude oil (collected from oil reservoir located in Gujarat)
under pressure till brine was washed out. The sand-packed column's void volume was determined as V
crude oil in –V crude oil out. Primary recovery of crude oil was done using water, and the amount of crude oil
displaced was measured. The sand pack was subsequently flooded with nutrient medium to ensure
maximum possible displacement of oil till saturation of residual oil was reached. The column was
inoculated with 30 ml inoculums (107 cells/ml) in the test and sterile distilled water in the control column
and incubated at 96 °C and 101 °C for 14 days. Oil recovery was made after 14 days, and the columns
were flooded with water to remove the excess oil until no more oil mixture was observed in the effluent.
The amount of oil recovered was measured, and % oil recovery was calculated as (oil recovered after 14
days/ oil in place) *100.

Results And Discussion
Isolation and identification of 101C5
A hyperthermophilic strain, designated as 101C5, was isolated from a high-temperature oil reservoir at
101 °C by enrichment, followed by roll tube isolation technique. Strain 101C5 was selected for further
studies based on its ability to grow at 101 °C and produce metabolites desirable for MEOR.
Morphological characterization revealed 101C5 as Gram-negative cocci (0.3 µ to 0.5 µ in diameter), which
occurred in clusters (Fig. S1). The strain 101C5 shared the highest 16S rRNA gene sequence homology of
100% with phylogenetic affiliate Thermococcus litoralis DSM 5473 strain NS-C. The genome of strain
101C5 was sequenced, and the sequence homology of the extracted housekeeping genes was
determined. Relatively low sequence homologies with closest phylogenetic affiliate DSM 5473 (as
identified by 16S rRNA gene sequence) for each of the housekeeping genes (90.8% for rpoB, 88.95% for
gly A- serine methyltransferase and 83.31% for pfkB- carbohydrate kinase) identified strain 101C5 to be
taxonomically different from DSM 5473. Further, the entire 101C5 genome was compared with other
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publically available genomes of Thermococcus (Thermococcus litoralis DSM 5473 and
Thermococcus sp. PK) using Digital DNA-DNA-hybridization (DDH) and Average Nucleotide Identity (ANI)
tool. The strain 101C5 shared only 33.6% and 67.9% DDH homology with DSM 5473 and PK, respectively,
which was less than the threshold of 70%. Similarly, lower ANI homologies of 87.7% and 96.5% were
shared with DSM 5473 and PK, respectively, which was less than the threshold of 95% (Chun et al. 2018).
Thus, strain 101C5 was identified as a putative novel member of genus Thermococcus based on lesser
threshold homologies in DDH and ANI.
The genus Thermococcus comprises strictly anaerobic and hyperthermophilic archaea belonging to the
order Thermococcales within the phylum of euryarchaeota. The euryarchaeal rrder
Thermococcales consists of three genera Pyrococcus, Palaeococcus and Thermococcus. Members of the
genus Thermococcus include 19 different species and are common inhabitants of extreme niches such
as hot springs, hydrothermal vents, deep subsurface oil reservoirs, etc., with growth temperature ranging
from 45 °C to 90 °C (Adams 1993; Summit and Baross, 1998). Majority of Thermococcus sp. are
organoheterotrophs fermenting organic compounds into CO2 and H2 as end products (Teske et al. 2019),
while few are capable of lithotrophic CO-dependent hydrogenogenic growth such as Thermococcus strain
AM4 and Thermococcus onnurineus (Svetlitchnyi et al. 2001). Though the presence of Thermococcus sp.
has been reported from high-temperature oil reservoirs (Zahner et al. 2010; Orphan et al. 2000), only two
reports have documented its role in the MEOR application (Takahata et al. 2001; Lal et al. 2009), thus
warranting further study in this area.
General genome features and comparative genomics of 101C5 with related species
The sequencing of the 101C5 genome yielded a genome size of 1,926,104 bp with 119 contigs and GC
content of 44%. A circular map illustrating the graphical display of the distribution of genome
annotations was generated (Fig. S2) (Wattam et al. 2017), wherein, outermost circle 1 represented the
contigs, circle 2 represents CDS on the forward strand, circle 3 represents CDS on the reverse strand, circle
4 represents RNA genes, circle 5 represents CDS with homology to known antimicrobial resistance genes,
circle 6 represents GC content, and innermost circle 7 represents GC skew. The colors of the CDS on the
forward and reverse strand indicate the subsystem that protein-coding genes belong to. RAST functional
annotation predicted 146 subsystems having 2304 total genes, with 2258 protein-coding genes and 46
RNA encoding genes. Majority of the 101C5 proteins showed similarity to those of Thermococcus sp. PK.
The phylogenomic tree constructed using PATRIC indicated that 101C5 was placed at the same node with
PK, revealing a close taxonomic relationship of 101C5 with Thermococcus sp. PK (Fig. 1). However,
101C5 was placed distantly from DSM5473, indicating the taxonomic difference between both species.
Genome reports of six different species of Thermococcus namely, T. sibricus, T. barophilus, T.

kodakaraensis, T. gammotolerans, T. onnurineus and T. litoralis are publically available and have
provided insights into their genetic makeup and metabolic machinery. Except for T. sibricus, none of the
reported species of Thermococcus originated from oil reservoirs. T. sibricus was isolated from a hightemperature oil reservoir located in Western Siberia, growing anaerobically at 78 ℃. The genome size of
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T. sibricus was 1.84 Mb with 2061 protein coding genes, providing metabolic insights into substrate
utilization and energy generation. The T. sibricus genome established its indigenous origin from oil
reservoir based on the presence of enzymes involved in metabolizing organic matter (cellulose, agarose,
laminarin, and triglycerides) from oceanic sediments and alkanes from crude oil (Mardanov et al. 2009).
However, this study did not provide any information regarding the adaptive starategy employed by T.
sibricus to survive in harsh reservoir conditions. T. barophilus MP a hyperthermophilic, piezophilic
archaeon capable of growing at 95°C and 40 MPa was isolated from chimney samples. The MP genome
consisted of a circular chromosome of size 2.01 Mb and a circular plasmid of size 54,159 bp, harboring
the hydrogenase complexes and genes involved in carboxydotrophic pathway (Vannier et al. 2011). T.
kodakaraensis KOD1 was isolated from Kodakara Island, Japan and possessed a genome size of 2.08
Mb with 2306 coding sequences. KOD1 genome reported several proteins involved in nucleotide
metabolism, stress response, etc (Fukui et al. 2005). T. gammotolerans, a radioresistant archaea isolated
from hydrothermal chimneys had a genome size of 2.045 Mb with 2157 coding sequences. Genome
analysis of T. gammotolerans provided insights into catabolism, hydrogenase complexes, detoxification
systems and DNA repair (Zivanovic et al. 2009). T. onnurineus NA1 isolated from a deep-sea
hydrothermal vent possessed a genome size of 1.84 Mb with 1976 coding sequences. Genome analysis
of NA1 reported the carboxydotrophic pathway in combination with heterotrophy as well as provided the
first evidence of lithotrophic feature of Thermococcus (Lee et al. 2008). T. litoralis NS-C isolated from a
hot spring Italy had a genome size of 2.3 Mb with 2724 coding sequences. The NS-C genome provided
crucial information regarding the mobile genetic elements inteins (Gardner et al. 2012).
101C5 genome was compared with the publically available Thermococcus genomes of PK, EP1, DSM
5473 and oil based on general genome features using RAST (Table S1). The genome size of
Thermococcus sp. used for comparison in the present study ranged from 1.82 – 2.22 Mb, with DSM
5473 having the largest genome size among the genomes used. Interestingly, the genomes sued in the
study had similar GC contents (39.3% to ~44%). A noticeable difference in the number of genes between
101C5 and DSM 5473 was observed mainly in carbohydrate, DNA, protein, phosphorus, and amino acids
metabolism, membrane transport and stress response. RAST analysis revealed a total of 31, 26, 12 and
31 unique genes respectively, in 101C5 genome compared with other genomes, namely, PK, EP1, DSM
5473 and oil.
BRIG tool (Alikhan et al. 2011) was used for comparing multiple genomes of Thermococcus sp. available
in the NCBI database with 101C5 genome. The circular map (Fig. S3) representing the BLASTn results of
each query genome (Thermococcus litoralis DSM 5473, Thermococcus sp. PK, Thermococcus sp. EP1,
and Thermococcus sp. oil) against the reference strain 101C5 was generated. BRIG image displayed
lighter color intensities and pronounced gaps in each of the query genomes, highlighting the difference
between strain 101C5 and the other Thermococcus genomes used and further confirmed the novelty of
strain 101C5.
Stress resistance mechanisms: Survival under extreme reservoir conditions
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An oil reservoir is characterized as an extreme niche with extremes of temperature, pH, salinity, pressure,
oxidative stress, etc. These harsh conditions can have a detrimental effect on exogenously injected
microbes and can severely impair MEOR efficiency. Thus, adaptation to the environment becomes crucial
for microbes to survive, which is controlled by several mechanisms at the molecular level. Genome
analysis of strain 101C5 revealed the presence of diverse and abundant genes known to have a role in
combating these physiological stresses (Table S2).
Temperature is one of the critical factors affecting microbial growth and metabolism in oil reservoirs.
Elevated temperature affects the integrity of the cell membranes and can thus hamper bacterial growth.
101C5 genome harbored genes encoding various heat shock proteins, spermidine synthases, Clp, etc.,
having a role in thermo-tolerance. Spermidine synthases are physiological polyamines that are reported
to be strong candidates responsible for thermophily in bacteria and archaea (Takami et al. 2004). Genes
conferring resistance against oxidative stress (which might be transiently introduced during water
flushing used for oil production), such as superoxide reductases, rubrerythrin, etc., were also detected in
the 101C5 genome. Rubrerythrins are non‐haem iron proteins having a potential role in oxidative stress
protection in anaerobes (Sztukowska et al. 2002). 101C5 genome was also found to be well equipped
with the genetic arsenal required for adaptation to the saline environment present in a reservoir (osmoadaptation), such as Trk like transporters, genes involved in compatible solutes (choline and betaine)
synthesis. Under suddenly imposed and prolonged osmotic stress, uptake of K+ ions via Trk-like
transporter could act as an essential feature in the cellular defense of strain 101C5 (Kraegeloh et al.
2005). Genes encoding betaine synthesis were also detected in the genome, which indicated its osmoadaptive trait towards hypersaline environments. Plausible genes involved in tolerance of strain 101C5 to
high pressure were also assessed. Previous reports have suggested the involvement of specific heat
shock proteins in piezo tolerance (Aertsen et al. 2004; Simonato et al. 2006; Karatzas et al. 2007). The
presence of GroEL in the 101C5 genome suggested its role as a protectant against high-pressure stress,
which may also aid in repairing damages caused by high pressure.
Thus, in silico analysis of 101C5 predicted the excellent reservoir adaptive features of the strain,
suggesting its strong adaptability to harsh conditions.
Prediction of functional genes in 101C5 genome to elucidate its potential role in MEOR
Genome mining revealed an arsenal of candidate genes involved in producing various metabolites like
hydrogen, exopolysaccharide (EPS), organic acids, bio-emulsifier (Table S3), highlighting the potential of
strain 101C5 for MEOR. 101C5 genome contains a wide range of genes encoding various membranebound hydrogenases, NiFe hydrogenases, hydrogenase maturation, expression, and formation proteins.
These enzymes are actively involved in the generation of H+ ions and the production of bio-hydrogen,
which could enhance light oil recovery by the mechanisms of reservoir re-pressurization (Van Hamme et
al. 2003). Numerous NiFe hydrogenases have been identified and well characterized from Thermococcus
litoralis (Rákhely et al. 1999). NiFe hydrogenases are multisubunit membrane bound enzymes involved in
hydrogen production.
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Biopolymers or exopolysaccharide selectively plug the high permeability zones and divert the
displacement fluid towards the low permeability oil-rich zones in the reservoir thus, providing better sweep
efficiency of oil, leading to enhanced oil recovery (Guo et al. 2015). Genes encoding
Phosphomannomutase, mannose-1-phosphate guanylyltransferase, mannosyl-3-phosphoglycerate
phosphatase, and mannosyl-3-phosphoglycerate synthase suggested mannose to be the significant
component of EPS produced by strain 101C5. EPS is also known to act as a bio-emulsifier. Emulsification
is one of the most efficient mechanisms in MEOR processes. Bio-emulsifiers work by desorbing the oil
from rocks and forming a stable oil/water emulsion, consequently facilitating oil mobilization. 101C5
harbored genes encoding key enzymes involved in the Mannoprotein nature of bio-emulsifier production,
indicative of crude oil emulsifying and solubilizing ability of strain 101C5. 101C5 genome harbored
enzymes such as Pyruvate: Ferredoxin oxidoreductase (POR), Acetyl-CoA synthetase (ADP-forming)
(ACS), along with other auxiliary enzymes involved in acetate production. Organic acids, such as acetic
acid, play a vital role in oil recovery by acting on the reservoir properties, particularly by dissolving the
carbonate rock, thereby increasing its porosity and permeability.
101C5 genome presented the ability to produce gases, EPS, bio-emulsifiers and organic acids
simultaneously, suggesting its strong potential for MEOR, which was further validated with wet-lab
evidence. Thus, genome-level analysis aided in identifying candidate genes that can act as biomarkers
for selecting potential MEOR strains.
Genomic insights into crude oil degradation ability of 101C5
Genome analysis revealed the presence of a cascade of genes involved in the production of enzymes that
play a significant role in the biotransformation/ bio-degradation of crude oil. Genes encoding enzymes
such as dioxygenases, 4-oxalocrotonate tautomerase, acylphosphatase, etc.having a role in benzoate
degradation, alcohol dehydrogenase and haloacid dehalogenase, rubredoxin involved in alkane
degradation were present in 101C5 genome (Table S4). The presence of these genes indicated the
biotransformation potential of 101C5, implicating its prospects in improving the flow characteristics of
heavier crudes. Also, several oxidoreductases, dehydrogenases, and dioxygenases involved in the
degradation of PAHs, cyclic hydrocarbons and other aromatic compounds were detected in the genome.
Members of genus Thermococcus have been reported as efficient hydrocarbon degraders, particularly in
high-temperature oil reservoirs, making them ideal candidates for MEOR (Nikolova & Gutierrez 2020).
Heavy crude oil, because of its high viscosity and density, is challenging to extract, transport, and refine
by conventional technologies (Shibulal et al. 2014). However, if strain 101C5 can bio-transform or
partially degrade heavy oil into light oil, then this trait can be considered desirable by many.
Thus, genome analysis unraveled the ability of strain 101C5 to produce MEOR desired metabolites, which
was further validated in wet-lab experiments.
Metabolite profiling of hyperthermophile 101C5
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The highest production of CO2, organic acids and emulsifying activity was obtained with strain 101C5 in
molasses medium (20 ml) in 14 days at 101 °C (Table 1). This validates the potential of the
hyperthermophilic strain 101C5 towards microbial enhanced oil recovery. For successful implementation
of the MEOR process, microbial performance in terms of sustained growth and production of desired
metabolites such as CO2, biosurfactants, solvents, acids, etc., is of utmost importance. Microbial
production of carbon dioxide is a desired property for MEOR as it enhances oil recovery by increasing the
reservoir pressure and reducing the viscosity of heavy oil (Al-Sulaimani et al. 2011). In the present study,
101C5 produced significant quantities of gas, with carbon dioxide (43.8 ml molasses g-1) as the major
component. It was interesting to note that strain 101C5 produced substantial quantities of hydrogen
(33.1 ml molasses g-1) and lower quantities of CO2 (3.2 ml molasses g-1) at 96 °C, however at 101 °C, a
high quantity of CO2 was produced with negligible H2 production (Table 4). Bio-acids such as lactate and
acetate, which are produced as the byproducts of anaerobic fermentation of sugars, can be helpful in
carbonate reservoirs or sandstone formations cemented by carbonates. Acids are known to dissolve the
carbonate rocks, resulting in improved porosity and permeability and also aids in the solubilization of oil
(Adkins et al. 1992; Fardeau et al. 2004). Strain 101C5 produced 1477 mg/l of acetate, 466.4mg/l of
lactate using molasses as fermentable C source and Yeast extract as N source. Bio-emulsifier production
was analyzed in terms of the emulsification index. Arora et al. (2014) have reported EI of 43 % for
thermophilic Clostridium sp. growing at 96 °C. The highest EI24% of 60.8% was obtained in the present
study by strain 101C5 at 101 °C. This was suggestive of bio-emulsifier activity known to form stable oilwater emulsions. This property is known to mobilize trapped oil in reservoirs.
101C5 mediated oil recovery under simulated reservoir conditions
Reservoir characteristics can drastically influence the final outcome of MEOR as they significantly
influence the microbial performance and, thus, the efficiency of MEOR. Such reservoir characteristics
include in situ temperature, pressure, the porosity of reservoir rocks, carbonaceous or otherwise nature of
the formation rocks, viscosity and pour point of the oil in place, etc. Thus, it becomes imperative to
evaluate the oil recovery potential of the microbe under simulated reservoir conditions. The pore size of
the rock will determine the microbial penetration and extent of the growth in the pores and crevices. The
efficiency of MEOR will be directly affected by lesser pore size. Oil properties can have a significant
impact on the oil recovery process. The high viscosity and low flow characteristics of heavy oil make it
difficult to extract oil from the reservoir. The viscosity of the oil will determine the concentration of
metabolites required for dissolution/ emulsification/ dissipation of oil. Additional oil recoveries as
compared to water control were observed at 96 °C and 101 °C (Table 2). With increasing temperature,
increased oil recovery was observed. A maximum oil recovery of 56.5% was observed at 101 °C by strain
101C5. To our best knowledge, this is the first report of the Microbial Enhanced Oil Recovery at 101 °C.
Further, >56% recovery of the residual oil by MEOR is one of the highest ever reported efficiency of MEOR
for any microorganisms at any temperature in sand pack studies. This ability of strain 101C5 to
efficiently recover heavy oil may be attributed to the significant quantities of acetic acid as well as gases
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(H2 and CO2) generated by the culture, which may have reduced the viscosity of the heavy oil, allowing it
to display improved flow features and thereby, facilitating enhanced oil recovery. Organic acids are
reported to be the active metabolite involved in the viscosity reduction of heavy crudes, thereby improving
their mobility. Laboratory experiments in Daqing Oilfield revealed the viscosity reduction of 36 % with the
aid of microbial acids (Han et al. 2001). Studies have also reported the importance of CO2 in the viscosity
reduction of crude oil by expanding it when produced by microbes in a supercritical state of high
temperature and high pressure (She et al. 2019). Treatment of heavy oils with strain 101C5 can thus
improve their flow characteristics, thereby increasing the additional oil recoveries.

Conclusion
Low digital DNA-DNA hybridization homology (< 70%) and ANI value (< 95%) with the closest
phylogenetic affiliate identified 101C5, a hyperthermophilic, halophilic and oxygen tolerant anaerobic
isolate, as a putative novel member of the genus Thermococcus. Genome analysis of 101C5 revealed its
adaptability to extreme reservoir conditions. 101C5 genome harbored the gene repertoire that encoded the
production of metabolites desired in MEOR. Strain 101C5 exhibited the excellent ability to recover residual
heavy oil at 96 ℃ and 101 ℃ in simulated sand pack studies. Such data validated the potential of
Thermococcus sp. to facilitate MEOR as identified by the genome analysis. To the best of our knowledge,
this is the first report of MEOR facilitated by Thermococcus sp. at 101°C in simulated lab studies.
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Table 1
Metabolite production by strain 101C5 under wet lab
conditions
Metabolites

At 96 ℃

At 101 ℃

H2 (ml molasses g− 1)

33.1 ± 0

0.14 ± 0

CO2 (ml molasses g− 1)

3.2 ± 0

43.8 ± 2.0

Organic acid (mg/L)

525.2 ± 1.34

1943.4 ± 0

Emulsification index %

52.3 ± 0.10

60.8 ± 0

Exopolysaccharide (mg/ml)

1.45 ± 0.35

3.5 ± 0.70

Table 2
Ability of 101C5 to mediate heavy oil recovery under simulated reservoir conditions
Oil recovery parameters

96 ℃

101 ℃

Control

Test

Control

Test

Volume of column (ml)

60

60

60

60

Volume of sand added (ml)

30

30

30

30

Total volume of oil added (ml)

14.8

14.8

15.8

19.2

Void volume (ml)

14.4

14.4

15.2

17.6

Primary recovery (using water) (ml)

1.6

0

1.7

0.7

Oil in place after primary recovery (ml)

12.8

14.4

13.5

16.9

Culture density of inoculum

--

2.0 x
107

--

1.6 x 107
cells/ml

cells/ml
Volume of residual medium/ water in the
columns (ml)

30

30

30

30

Oil recovered after 14 days of incubation (ml)

0.6

6.9

1.6

9.7

% recovery of oil

5.4 ±
1.1

42.1 ±
8.2

11.8 ±
0

56.5 ± 1.06
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Figure 1
Phylogenomic tree showing the taxonomic relationship of strain 101C5 and closely related species
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