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Abstract

Microbial community analysis of crude oil containing sludge collected from Duliajan oil field, Assam, India, showed the
predominance of hydrocarbon-degrading bacteria such as Pseudomonas (20.1%), Pseudoxanthomonas (15.8%),
Brevundimonas (1.6%), and Bacillus (0.8%) alongwith anaerobic, fermentative, nitrogen-fixing, nitrate-, sulfate-, and metal-
reducing, syntrophic bacteria, and methanogenic archaea. Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt) analysis indicated gene collection for potential hydrocarbon degradation, lipid, nitrogen, sulfur,
and methane metabolism. The culturable microbial community was predominated by Pseudomonas and Bacillus with the
metabolic potential for utilizing diverse hydrocarbons, crude oil, and actual petroleum sludge as sole carbon source during
growth and tolerating various environmental stresses prevailing in such contaminated sites. More than 90% of the isolated strains
could produce biosurfactant and exhibit catechol 2,3-dioxygenase activity. Nearly 30% of the isolates showed alkane hydrox-
ylase activity with the maximum specific activity of 0.54 umol min~' mg . The study provided better insights into the microbial
diversity and functional potential within the crude oil containing sludge which could be exploited for in situ bioremediation of
contaminated sites.
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Introduction

Over the last few decades, the expansion of petroleum and
allied industries has resulted in the generation of huge amount
of'hazardous petroleum containing waste, whose management
has become a major concern worldwide (Sarkar et al. 2017).
With an anticipated rise in global demand for oil up to 123
million barrels per day by the year 2025, production of oil and
its processing are continuously expanding to meet the accel-
erated growth in global energy demand leading to serious
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pollution of the environment (Ismail et al. 2017). Aliphatic
compounds are the major constituents derived from petroleum
hydrocarbons. Apart from that, the mixture also contains aro-
matics, asphaltenes, nitrogen-, sulfur-, oxygen (NSO)-con-
taining compounds and metals (Reddy et al. 2011; Sarkar
et al. 2016). Improper handling of petroleum hydrocarbons
severely polluted the environment because of its complex
composition, persistence nature, and toxicity (Reddy et al.
2011; Fuentes et al. 2014). Bioremediation of petroleum hy-
drocarbons has been in use for the last five decades; however,
it captured tremendous interest after successful clean-up of the
Exxon Valdez oil spill (Chandra et al. 2013). Bioremediation
relies on the diverse metabolic capabilities of microorganisms
to remove wide range of pollutants leading to environmental
decontamination (Fuentes et al. 2014). However, there are
many practical constraints in implementing efficient bioreme-
diation technology due to the complex nature of contaminated
sites and to the lack of knowledge about the adaptation and
survival strategies of microorganisms and about the various
interacting environmental factors regulating bioremediation
processes in such adverse environments (Kostka et al. 2014).
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Microbial population in the soils of contaminated sites are
determined by the physical and chemical conditions avail-
able, in particular, at contaminated sites. In sites, adopted
microoganisms require carbon and other elements from the
contaminants for survival. Therefore, management of such
contaminated environments requires proper understanding
of the native microbial activities (Kleinsteuber et al. 2012).
Culture-independent molecular investigations of different
oil-associated environments have been extensively used to
reveal the complexity in coexistence of hydrocarbon-
degrading, fermentative, syntrophic, and methane metabo-
lizing microorganisms (Hazen et al. 2013). In recent times,
PICRUSt (Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States) tool has been
employed by various investigators to comprehensively de-
scribe phylogenetic and functional compositions of these
contaminated habitats (Langille et al. 2013; Wang et al.
2016; Mukherjee et al. 2017; Omrani et al. 2018; Roy
et al. 2018a). This have allowed for the metabolomics study
of microbial communities that are complex in nature with
reasonable precision and high rate of taxonomic resolution.
The application of extensive culture-dependent approaches
has helped in assessing the physiology and metabolic po-
tential of isolated microorganisms in order to exploit them
for successful bioaugmentation-based bioremediation strat-
egy (Kostka et al. 2011; Poi et al. 2018). The complex
process of bioremediation involves co-metabolism among
microbes along with cross-induction, inhibition, and non-
interaction, possibly because of the nature of petroleum
hydrocarbons which is utilized differently by different mi-
crobes to support their growth and survival (Van Hamme
et al. 2003; Yang et al. 2016). Various research performed
on the microbial community of petroleum hydrocarbon-
contaminated environments (such as contaminated soil,
sludge, or sediments) revealed the prevalence of
Proteobacteria, Firmicutes, Actinobacteria, and
Euryarchaeota (Kostka et al. 2011; Yergeau et al. 2012;
Head et al. 2014; Gao et al. 2015; Yang et al. 2016; Tian
et al. 2019). Archaeal population have been shown to con-
tribute significantly to petroleum contaminant restoration
through methanogenesis (Gray et al. 2010; Gieg et al.
2014; Head et al. 2014; Tan et al. 2015; Fowler et al.
2016; Toth and Gieg 2018). Hydrocarbon mineralization
through methanogenesis could be important in degradation
and considered to be the most dominant terminal process in
anaerobic environments (Li et al. 2017). Members of
Deltaproteobacteria have been reported to carry out
syntrophic hydrocarbon or crude oil alkane degradation in
strict anaerobic or methanogenic conditions (Gray et al.
2011; Yang et al. 2016; Sampaio et al. 2017; Ji et al.
2019). However, syntrophic relationship of methanogens
with Anaerolineaceae members during hydrocarbon degra-
dation has also been well documented (Liang et al. 2015).

Culture-dependent and advanced meta-omics technologies
have documented hydrocarbon metabolizing bacteria related
to Pseudomonas, Acinetobacter, Burkholderia,
Sphingomonas, Bacillus, Rhodococcus, and Alcanivorax from
various hydrocarbon-associated environments (Kostka et al.
2011; Head et al. 2014; Gao et al. 2015). Hydrocarbon-
degrading genes can act as useful biomarkers for functional
characterization of microbial community, thus presenting a
broader estimation of contaminant bioremediation (Yang
et al. 2014). The present study was aimed to explore the di-
versity and hydrocarbon bioremediation potential of microbial
(bacterial and archaeal) community in oil containing sludge of
Duliajan oil field, Assam, India. The Ion Torrent platform-
based next-generation sequencing and analysis of sludge
metagenome shed light on the microbial diversity inhabiting
the petroleum containing sludge thereby predicting their func-
tional role through PICRUSt. Culturable bacterial community
was also identified and characterized based on their physio-
logical and metabolic characteristics. Valuable information
regarding the microbial community composition and function
could be obtained from this particular study that might assist
in designing technologies for in situ restoration of contaminat-
ed sites.

Materials and methods

Sample collection, physicochemical analysis, and
enumeration of microorganisms

Crude oil-contaminated waste sludge was collected in pre-
sterilized DEPC-treated screw capped bottles (1 L capacity)
from oil exploration sites of Duliajan oil field, Assam, India
(27.3667° N, 95.3167° E). Samples were immediately stored
in ice. Physicochemical parameters like temperature, pH,
oxidation-reduction potential (ORP), conductivity, salinity,
and moisture content were measured as per the method of
Roy etal. (2018b). Collected samples were immediately trans-
ferred to 4 °C after reaching the laboratory and aliquots were
sent for further analysis within 1 week. Chemical analysis of
sludge sample for total petroleum hydrocarbon (TPH), ali-
phatic and aromatic components, metals, and ions was done
using standard analytical techniques by S. K. Mitra Pvt. Ltd.,
Kolkata, India. Total aliphatic components and aromatic com-
ponents in the sample were estimated by GC-MS analysis
(Shimadzu QP2010SE GC-MS system) by following the
method of Maiti et al. (2014).

Bacterial enumeration of aerobic bacteria was done on
R2A and mineral salt medium (MSM). Both the medium
was prepared following the method of Das and Kazy (2014).
MSM was supplemented with 0.1% of trace element and 0.2%
vitamin solution. Enumeration of anaerobic bacteria was per-
formed following the method of Roy et al. (2018b).
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Metagenome extraction, 16S rRNA gene sequencing,
and phylogenetic analysis

Total community DNA extraction from 250 mg sample was
done in triplicates by using MoBio PowerSoil ™ DNA ex-
traction kit (MoBio, USA) by following the manufacturer’s
protocol. To increase the DNA vyield, extracted
metagenome from each set was pooled in a single tube prior
to PCR and was visualized by agarose gel electrophoresis
followed by quantification using Nanodrop spectrophotom-
eter (Nano 2000 Thermo Fischer Scientific, USA) in the
laboratory (Sarkar et al. 2016; Roy et al. 2018b). Gene for
the 16S rRNA was amplified using universal V4 region
specific conserved primer set of 515F and 806R to con-
struct amplicon library (Caporaso et al. 2011). Ton
Torrent-based NGS services were provided by SciGenom
Labs Pvt. Ltd., Cochin, Kerala, India. Single end sequenc-
ing of the V4 region was done in a 530 Ion Express chip in
Ion S5 (Life Technologies, USA) following the user man-
ual protocol. Obtained raw reads were analyzed through
Quantitative Insights Into Microbial Ecology (QIIME)
pipeline, version 1.7.0 (Caporaso et al. 2010). After quality
filtering, identification of operational taxonomic units
(OTUs) at an identity level of 97% and its taxonomy as-
signment was performed in QIIME as per described by Roy
et al. (2018b), by considering SILVAngs (version 1.7.0) as
a reference database. Estimation of the alpha diversity in-
dices (Shannon index, Simpson index, Chaol index, and
Good’s coverage) was also performed as mentioned by
Roy et al. (2018Db).

Isolation of culturable bacteria and their
identification based on partial sequence of the
bacterial 16S rRNA gene

Forty-three aerobic and nine anaerobic strains of bacteria were
isolated from the petroleum sludge sample on R2A and anaer-
obic agar medium using serial dilution technique. Anaerobic
experiments were executed as per the protocol of Das and
Kazy (2014). Incubation of the inoculated plates was done at
30 °C for 7 days under both aerobic and anaerobic conditions.
Aerobically isolated colonies were purified with repetitive
subculturing on agar plates. For extended period of preserva-
tion, 15% glycerol was used to store the strains at — 80 °C.
Anaerobic cultures were maintained by subculturing after cer-
tain time intervals.

Genomic DNA extraction of bacterial isolates was done
using genomic DNA purification kit (Promega, USA) by fol-
lowing manufacturer’s instructions. The primers and method
for amplifying 16S rRNA gene by polymerase chain reaction
(PCR) was carried out following the protocol of Paul et al.
(2015). Amplified 16S rRNA gene of the isolates was se-
quenced using 518R (“5-ATTACCGCGGCTGCTGG-37)
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primer by Sanger sequencing method by Eurofins Genomics
India Pvt. Ltd., Bengaluru, India (Reberg et al. 2011). The
sequences were analyzed using NCBI BLASTn and RDP
(Ribosomal Database Project) classifier program. MEGA 5
was used to draw the phylogenetic tree by employing the
neighbor-joining method with 1000 bootstrap value (Tamura
etal. 2011).

Metabolic characterization of sludge sample through
PICRUSt analysis

The genomic inventory of sludge metagenome was predicted
via PICRUSt analysis (Langille et al. 2013). The analysis was
performed through QIIME by using the method as described
by Roy et al. (2018b). Functional predictions of metagenomes
were done with Nearest Sequenced Taxon Index (NSTI)
values followed by reconstruction of the metabolic pathways
using KEGG (Kyoto Encyclopedia of Genes and Genomes)
database.

Metabolic characterization of bacterial isolates

Metabolic potential of the aerobic strains was determined by
their growth at various temperatures (4-50 °C), at different
NaCl concentrations (0—10%), and at different pH range
(1.0-11.0) in mineral salt medium (MSM) (Das and Kazy
2014). Sensitivity toward heavy metals was examined by
growing the isolates on MSM agar plates at 30 °C for 7 days.
Yeast extract (5.0 g L") was added to MSM as carbon source
and different heavy metal salts (CANO3, Pb(NO3),, and NiCl,)
were added at concentrations ranging from 0.1 to 5 mM.
Growth in anaerobic condition was tested in anaerobic agar
medium (HiMedia, India). Utilization of multiple electron ac-
ceptors during growth other than oxygen was investigated by
providing nitrate-, sulfate-, and iron-reducing conditions in
MSM agar plates amended with various electron acceptors
(NaNO3, Na,SOy, and FeCls; 20 mM each) and electron do-
nors (glucose, 0.1% and yeast extract, 0.1%) (Das and Kazy
2014). Surfactant production ability of the isolates was exam-
ined by adding equal volume diesel with culture supernatant (2
mL) in a culture tube and vortexed vigorously to form an emul-
sion. The tube was allowed to stand for 24 h. The emulsion
stability was determined after 24 h. The emulsification index
(E24) was estimated as the percentage height of the emulsion
layer to the total liquid column height (Cerqueira et al. 2011;
Pacwa-Plociniczak et al. 2014).

The potential of the isolates to utilize various hydrocarbons
as sole carbon source was assessed in MSM. The cultures
were incubated at 30 °C for 3 days in presence of BTEX
individually at concentration of 50 mg L' and BTEX mixture
at 200 mg L. Total aliphatic component of the sludge was
quite high (Table 1) and GC-MS analysis indicated the abun-
dance of medium chain length alkanes in the sample (Table 2).
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Therefore, biodegradation potential of medium chain length
alkanes (C; 5 (pentadecane) and C; ¢ (hexadecane)) by the bac-
terial isolates was assessed. Utilization of alkanes as sole
source of carbon by the bacterium was carried out during
growth in 100 mL flasks containing 20 mL MSM supplement-
ed with pentadecane (C15) or hexadecane (C16) at a concen-
tration of 250 mg L™'. Inoculation was done from an overnight
grown cell in the range of 10’~10® CFU mL ™" and incubated
at 30 °C with 150 rpm shaking. Cell numbers were determined
after every 7 days and the residual n-alkane was analyzed by
gas chromatography. The residual n-alkane from the medium
was extracted by adding equal volume of n-hexane and deep
freezing the lower water layer to collect the upper organic
phase. Remaining water was absorbed by adding Na,SO,.

Table 1  Physicochemical and microbiological parameters of DJ3
sample

Parameters Results
Physicochemical

27.3667° N 95.3167° E
Oil containing sludge

Geographical location
Nature of the sample

Temperature (°C) 31.5
pH 7.5
ORP (mV) 154.4
Conductivity (uS/cm) 249.6
Salinity (ppm) 14.0
Moisture content (%, w/w) 1.6
TPH (g/kg) 175.0
Total aliphatics (mg/kg) 1703.6
Ions (mg/kg)
Nitrate (mg/kg) 19.8
Chloride 704.8
Sulfate 3073.7
Phosphate 562.2
Ammonium 12.4
Metals (mg/kg)
Sodium 796.8
Chromium 0.6
Iron (I1I) 7827.0
Cobalt 15.5
Nickel 153
Zinc 47.0
Arsenic 0.6
Cadmium 36.0
Lead 61.0
Microbiological (CFU/g of sludge)
Medium
MSM (with yeast extract) (3.8+0.3) x 10*
R2A (5.9+0.1) x 10*

Anaerobic agar (3.4 +0.6) x 10°
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Table 2 Detailed

hydrocarbon Hydrocarbons detected %

composition of DJ3

sample 2,6-Di-tert-butyl-4-methylphenol 3.1
Cyclohexane, 19.2

1,5-diisopropyl-2,3-dimethyl

Decane, 2,3,5,8-tetramethyl 2.0
Docosane 35
Dodecane” 35
Eicosane 2.6
Heneicosane 2.3
Hexadecane® 6.3
Naphthalene® 92
Nonadecane 1.9
Octadecane 2.0
Pentadecane® 25.8
Tetradecane 1.9
Tricosane 3.1
Tridecane 14
Unidentified 123

The residual concentrations of the alkanes were analyzed
using a GC (Agilent 7820A) equipped with a split/splitless
injector, FID detector, and HP-5 column (30 m x 0.32 mm
and i.d. 0.25 um thickness). Carrier gas was nitrogen with
flow rate of 25 mL min™'. The oven program was set initially
at 80 °C for 2 min, followed by increasing to 210 °C at 10 °C
rise per minute. Crude oil and oil containing actual sludge
were also used as sole carbon source (1% w/v) and growth
was measured by corresponding CFU count. Unweighted pair
group method with arithmetic mean (UPGMA) analysis was
performed to identify the correlation among the strains based
on their metabolic and physiological properties. Percentage
identity matrix was used to draw the resemblance dendro-
gram. Multivariate Statistical Package (MVSP, version 3.1)
was used for UPGMA analysis and to generate the
dendrogram.

Enzyme assay
Assay of alkane hydroxylase

Alkane hydroxylase enzyme was estimated spectrophotomet-
rically following the method as described by Mishra and
Singh (2012). Bacterial isolates were grown in 50 mL MSM
with 250 ppm hexadecane. The culture was centrifuged at
10,000 rpm (5 min at 4 °C). Resuspension of the cell pellet
was done in 2 mL Tris-HCI buffer (20 mM, pH 7.4) contain-
ing 0.15% CHAPS buffer (pH 7.4) and disrupted by sonica-
tion at 20 kHz for 1 min five times with an interval of 30 s. The
disrupted cell suspension was centrifuged at 10,000 rpm
(30 min at 4 °C). Alkane hydroxylase activity of the cell free
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supernatant was assayed. The reaction mixture contained
20 mM Tris-HCI, 0.15% CHAPS buffer (pH 7.4), 0.1 mM
NADH and 0.1 mM alkane (mixture of 1% alkane and 80%
DMSO), and 100 ul crude extract in 1 mL volume. Enzyme
activity was measured by a decrease in NADH absorbance
with time at 2, 5, and 10 min as compared to 0 min by spec-
trophotometric analysis at 340 nm (Maeng et al. 1996; Mishra
and Singh 2012). One unit of enzyme activity is the amount of
enzyme required to generate 1 pmol of product per minute.
Bradford method was used to determine the protein concen-
tration present in the cellular crude extract (Bradford 1976).
Bovine serum albumin was used as standard.

Catechol 2,3-dioxygenase and catechol 1,2-dioxygenase
assay

Qualitative assay for catechol 2,3-dioxygenase and catechol
1,2-dioxygenase was performed on naphthalene grown cells
(100 ppm) for 24 to 48 h by following the protocol of
Margesin et al. (2003). Naphthalene grown cells were precip-
itated by centrifugation and dissolved in 100 pl of phosphate
buffered saline (PBS). Liquid culture of 50 pl was added to a
solution of 150 pl, which contained 90 mM of catechol dis-
solved in 50 mM Tris-acetate buffer (pH 7.5). Development of
green-brownish color at room temperature (25 °C) within a
period of 2 h in the dark indicated the presence of catechol 2,3-
dioxygenase. Presence of catechol 1,2-dioxygenase was esti-
mated with the remaining 50 pl of culture supernatant which
was added with 150 ul of solution containing phenol red
(0.004%), EDTA (1 mM), and catechol (10 mM).
Ammonium hydroxide was added to maintain the pH at 7.5.
Presence of catechol 1,2-dioxygenase resulted in change of
color from red to yellow-orange when kept in dark for
10 min at 25 °C.

Nucleotide sequence and strain submission

The raw reads of 16S rRNA gene of metagenome was depos-
ited in NCBI under BioProject ID: PRINA498582 and se-
quencing data was submitted bearing ID: SRR8235268. The
sequences of 16S rRNA genes of bacterial isolates obtained
from this study have been deposited in the NCBI bearing
accession numbers KM054633-KM054684.

Results and discussion

Physicochemical analysis and enumeration of
microorganisms

Physicochemical parameters of the sludge were analyzed for

assessing the environmental conditions available to the resi-
dent microbial community which has been illustrated in

@ Springer

Table 1. The pH and temperature of the oily sludge were
favorable for the survival and activity of most of the microor-
ganisms. The moisture content and salinity were very low at
1.6% and 14 ppm, respectively. High conductivity (249.6 pS
cm ') was due to the abundance of cations and anions in the
sludge sample, which is also supported by the presence of
metal ions including heavy metals like Pb, Cd, Ni, Co, Zn,
and As (Das and Kazy 2014). Although the ORP value was on
the higher side, presence of nitrate and sulfate suggested the
available electron accepting regimes, especially when oxygen
concentration becomes limiting (Das and Kazy 2014; Roy
et al. 2018b). The GC-MS results ascertained the abundance
of cyclohexane, dodecane, pentadecane, hexadecane, naph-
thalene, and their derivatives in the petroleum sludge sample
(Table 2). The abundance of C12—C20 compounds indicated a
poor level of ongoing biodegradation within the sludge (Roy
etal. 2018b). Lack of suitable condition, presence of inhibitors
like heavy metals, as observed within DJ3 sample could lead
to non-appreciable amount of biodegradation. Aerobically
cultivable bacterial counts were nearly similar on R2A and
MS Media whereas anaerobic CFU count on anaerobic agar
was of one order less (Table 1). Heterotrophic bacterial counts
were in the range as observed in numerous petroleum sludge
samples where various physicochemical parameters play a
driving force in shaping the overall bacterial community
(Das and Kazy 2014; Sarkar et al. 2016; Roy et al. 2018b).

Microbial community composition in the sludge
Culture-independent analysis

Microbial community composition within the petroleum
sludge was successfully explored by amplicon sequencing of
16S rRNA gene derived from the metagenome. Total se-
quence reads (sequence similarity > 97%) was obtained while
sequencing the V4 region of the 16S rRNA gene of the sludge
metagenome. Shannon diversity index of 6.36 was within the
range of various other values previously reported from
petroleum-associated samples (Supplementary data,
Table 1). Higher Simpson’s index of 0.93 could explain the
efficacy of the sequencing results (Kostka et al. 2011; Silva
et al. 2013; Gao et al. 2015).

The majority of the most abundant bacterial OTUs were
affiliated to Proteobacteria (almost 54%) at the phylum level
(Fig. 1) which further indicated the abundance of
Proteobacterial classes like ~-Proteobacteria (36.9%) follow-
ed by d-Proteobacteria (9.2%), a-Proteobacteria (5.9%), and
(B-Proteobacteria (2.1%) (Supplementary data, Fig. S2).
Among the other phyla, Candidate division KB1 (5.5%),
Bacteroidetes (4.7%), Actinobacteria (2.4%), Firmicutes
(2.3%), Synergistetes (1.2%), Spirochaetae (1.2%), and
Chloroflexi (1.1%) were also detected as major groups. High
abundance of such phyla have been observed in various
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hydrocarbon-impacted samples (Silva et al. 2013; Tan et al.
2015; Yuan et al. 2017; Galazka et al. 2018; Liu et al. 2019;
Wang et al. 2019). Archaeal phylum Euryarchaeota repre-
sented 21% of the total reads mainly dominated by
hydrogenotrophic and acetoclastic methanogens, which could
play important roles in anaerobic alkane metabolism
(Mbadinga et al. 2012). Planctomycetes, Verrucomicrobia,
Elusimicrobia, Acidobacteria, candidate divisions ODI,
TA06, TM7, and OP3 were also detected in low numbers
and were thus considered as minor groups in this sample
(Supplementary data, Fig. S1). Bacteroidia (4.1%),
Clostridia (1.5%), Synergistia (1.3%), Spirochaetes (1.2%),
Bacilli (0.9%), and Anaerolineae (0.5%) were the other major
bacterial classes. Methanobacteria (13.1%) and
Methanomicrobia (8%) were the major archaeal classes pres-
ent in the sludge sample (Supplementary data, Fig. S2).
Elusimicrobia, Thermoplasmata, Acidobacteria,
Cyanobacteri, and unclassified Verrucomicrobia were other
important classes identified in relatively lower abundance (<
0.1%) (Supplementary data, Fig. S3a and Fig. S3b).

Taxonomic distribution at the family level indicated the
predominance of Pseudomonadaceae (20.2%) and
Xanthomonadaceae (16.1%), both belonging to the class ~-
Proteobacteria (Fig. 2). Apart from that,
Porphyromonadaceae (3.9%), Erythrobacteraceae (2.1%),
Caulobacteraceae (1.6%), Rhodobacteraceae (1.4%),
Synergistaceae (1.3%), Bacillaceae (0.8%), Rhodocyclaceae
(0.7%), Anaerolineaceae (0.5%), Syntrophaceae (0.5%),
Methanobacteriaceae (13.1%), and Methanosaetaceae
(5.6%) were other major bacterial and archaeal families ob-
served in the test sample. Some of the minor (0.1% > abun-
dance > 0.01%) and rare (< 0.01%) families identified in this
sample were Ruminococcaceae, Sphingobacteriaceae,
Syntrophobacteraceae, Sphingomonadaceae,
Syntrophorhabdaceae, Methanomicrobiaceae, and
Enterobacteriaceae.

® Proteobacteria B Euryarchaeota m Candidate div. KB1
Bacteroidetes Actinobacteria m Firmicutes
Synergistetes Spirochaetae u Chloroflexi

® Candidate div. JS1 ® Caldiserica m Candidate div. OP8

Uncls. bacteria Thermotogae Candidate div. OP9

Deferribacteres u Lentisphaerae Nitrospirae

More than 300 genera have been identified to be present in
DIJ3 petroleum sludge sample. Pseudomonas (20.1%) was the
most abundant genus followed by Pseudoxanthomonas
(15.8%), Brevundimonas (1.6%), Paludibacter (1.5%),
Bacillus (0.8%), Thermovirga (0.4%), Anaerobaculum
(0.3%), Janthinobacterium (0.3%), Coprothermobacter
(0.3%), Proteiniphilum (0.2%), and Thermotoga (0.1%)
(Fig. 3). However, Smithella, Thauera, Sedimentibacter,
Azoarcus, Rhizobium, Syntrophus, Burkholderia,
Stenotrophomonas, and Paenibacillus were also detected as
minor (0.1% > abundance > 0.01%) and rare (< 0.01%) genera
due to their lesser abundance. Archaeal members like
Methanobacterium (9.1%), Methanosaeta (5.6%), and
Methanothermobacter (3.6%) were abundant in the sludge
sample followed by lower abundances of Methanolinea,
Methanoculleus, Methanosarcina, Methanospirillum,
Methanomethylovorans, and Methanolobus.

Isolation of culturable bacteria and their
identification based on partial sequence of the
bacterial 16S rRNA gene

Fifty-two bacterial isolates were obtained from the crude oil-
contaminated sludge of Duliajan oil field. Phylogenetic affil-
iation of 52 strains was determined through 16S rRNA partial
gene sequence analysis (Table 3; Fig. 4). Among the aerobi-
cally isolated 43 strains and anaerobically isolated 9 strains,
two phyla were most dominant, Proteobacteria and
Firmicutes. Among Proteobacteria, Gammaproteobacteria
was dominant. Alphaproteobacteria and Betaproteobacteria
were present only in low numbers. The dominant genera in
Gammaproteobacteria were Pseudomonas (15/43) followed
by Stenotrophomonas (3/43) and a single strain of
Franconibacter. Rhizobium was the only genus that represent-
ed Alphaproteobacteria in this sample (2/43) and
Burkholderia represented Betaproteobacteria (1/43). The
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Fig. 2 Relative abundance of
major bacterial and archaeal
families with cumulative
abundance > 0.1% in DJ3 sample;
Uncls., unclassified; div.,
division; Uncult., uncultured;
Unident., unidentified; bact.,
bacterium

phylum Firmicutes were represented by Bacillus (20/43) and
Paenibacillus (1/43). Clostridium (5/9) and Serratia (2/9)
were the two main genera identified through anaerobic

Fig. 3 Relative abundance of
major bacterial and archaeal
genera with cumulative
abundance > 0.1% in DJ3 sample;
Uncls., unclassified; div.,
division; Uncult., uncultured;
Unident., unidentified; bact.,
bacterium
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Table 3 Phylogenetic affiliations of the bacterial strains isolated from DJ3 sample
Strain ~ Acc. no. Closest phylogenetic affiliation (Acc. no.) Identity  Putative group  Isolation source of affiliated strains
ID (%)
DJ1 KMO054633  Bacillus sp. LS3 (KF206352) 100 Firmicutes Hot springs of Sikkim and Meghalaya in India
DJ2 KMO054634 Pseudomonas cedrina strain Kb41 (JF460773) 97 ~-Proteobacteria Endophytic bacteria of tobacco
DJ3 KMO054635 Pseudomonas fluorescens strain Incheon 2 100 ~-Proteobacteria Soil of tidal flat
(KF548533)
DJ4 KMO054636 Pseudomonas extremaustralis 100 ~-Proteobacteria Superparamo soil samples in Colombian
USBA-GBX-515 (MF085527) (Andes)
DJ5 KMO054637 Bacillus sp. LS3 (KF206352) 100 Firmicutes Hot springs of Sikkim and Meghalaya in India
DJ7 KMO054638 Pseudomonas sp. GT7 (KM461116) 100 ~-Proteobacteria Circulating water in steel plant
DIJ8 KMO054639 Bacillus subtilis strain MS38 (KF311093) 99 Firmicutes Textile effluent
DI9 KMO054640 Bacillus altitudinis strain GIBI199 (KX965637) 100 Firmicutes Castor and coffee lignocellulosic residues
D1J0  KMO054641 Pseudomonas fluorescens strain Incheon 2 99 ~-Proteobacteria Soil of tidal flat
(KF548533)
DJ11  KMO054642 Pseudomonas fluorescens strain PGPR1 100 ~-Proteobacteria Root surface of mungbean plant
(HQ876462)
DJ12  KMO054643 Bacillus sp. BAS104i (KF442789) 100 Firmicutes Arsenic-contaminated groundwater
DJ13  KMO054644 Pseudomonas fluorescens strain LMG 5329 99 ~-Proteobacteria Cultivated mushroom
(JQ974027)
DJ14  KMO054645 Bacillus anthracis strain MKR-9 (KY798438) 100 Firmicutes Feather dumping soil
DJ15S  KMO054646 Bacillus thuringiensis strain GWMN 99 Firmicutes Soil
(EF113612)
DJ16  KMO054647 Pseudomonas fluorescens strain PGPR1 100 ~-Proteobacteria Root surface of mungbean plant
(HQ876462)
DJ17  KMO054648 Pseudomonas fluorescens strain Incheon 2 100 ~y-Proteobacteria Soil of tidal flat
(KF548533)
DJ18  KMO054649 Pseudomonas fluorescens strain Incheon 2 100 ~-Proteobacteria Soil of tidal flat
(KF548533)
DJ19  KMO054650 Pseudomonas fluorescens strain Incheon 2 100 ~-Proteobacteria Soil of tidal flat
J(KF548533)
DJ20  KMO054651 Bacillus stratosphericus strain PW3 100 Firmicutes Palm oil mill effluent
(KY797998)
DJ21  KMO054652 Pseudomonas fluorescens strain Cr2 100 ~-Proteobacteria Tannery effluent
(KX589061)
DJ22  KMO054653 Pseudomonas libanensis strain Cr3 100 ~-Proteobacteria Tannery effluent
(KX589062)
DJ23  KMO054654 Bacillus altitudinis strain BAB-1830 97 Firmicutes Mangrove root
(KF535147)
DJ24  KMO054655 Bacillus stratosphericus strain PW3 100 Firmicutes Palm oil mill effluent
(KY797998)
DJ25  KMO054656 Bacillus sp. S6(2013b) (KF626470) 100 Firmicutes Rhizospheric soil sample
DJ26  KMO054657 Bacillus safensis strain BS-15 (MF359735) 93 Firmicutes Rhizosphere soil
DJ27  KMO054658 Bacillus safensis strain BS-15 (MF359735) 100 Firmicutes Rhizosphere soil
DJ28  KMO054659 Pseudomonas sp. S10116 (KF956548) 100 ~-Proteobacteria Rhizosphere
DJ29  KMO054660 Stenotrophomonas maltophilia strain JIMUZJ-1 100 ~y-Proteobacteria Hardware factory waste water
KF286281)
DIJ30  KMO054661 Stenotrophomonas maltophilia strain S11916 100 ~-Proteobacteria Rhizosphere
(KF956658)
DIJ31  KMO054662 Pseudomonas stutzeri strain PST-01 99 ~-Proteobacteria Ocean water
(KC660136)
DJ32  KMO054663 Bacillus sp. D46 (KF479667) 99 Firmicutes Soil
DIJ33  KMO054664 Stenotrophomonas sp. WXGRA3 (KJ184877) 100 ~-Proteobacteria Sugarcane wild germplasm
DJ34  KMO054665 Franconibacter sp. strain DL503 (KX865161) 99 ~-Proteobacteria Daqu sample
DJ-E1  KMO054666 Paenibacillus sp. oral taxon E29 clone 11018 99 Firmicutes Oral cavity
(GU431166)
DJ-E2 KMO054667 Rhizobium sp. PRIM-18 (KJ210052) 100 a-proteobacteria Gall like growth on roots
DIJ-E3  KMO054668 Bacillus sp. BZ85 (HQ588864) 100 Firmicutes Heavy oil- and heavy

metals-contaminated soil
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Table 3 (continued)

Strain ~ Acc. no. Closest phylogenetic affiliation (Acc. no.) Identity ~ Putative group  Isolation source of affiliated strains
ID (%)
DIJ-E4 KMO054669 Bacillus sp. strain Ktm-8 (MF405119) 100 Firmicutes Oil-contaminated soil
DJ-E5 KMO054670 Bacillus subtilis strain HD-1 (KY581582) 100 Firmicutes Sludge from a sewage treatment plant
DIJ-E6  KMO054671 Bacillus sp. HSS-7021 (FN668400) 99 Firmicutes Lake sediment
DIJ-E7 KMO054672 Rhizobium sp. PRIM-18 (KJ210052) 100 a-proteobacteria Gall like growth on roots
DIJ-E8 KMO054673 Burkholderia xenovorans strain B2-5 100 [B-proteobacteria Oil port
(EF467847)
DJ-E9 KMO054674 Bacillus cereus strain N14 (MF355368) 100 Firmicutes Feathers dumping soil
DIJ-E10 KMO054675 Bacillus subtilis strain DD1 (KJ668821) 99 Firmicutes Effluent run off site
DJ-A1  KMO054676 Uncultured bacterium clone 22-12 (KC621947) 100 Mud in bioreactor
DIJ-A2  KMO054677 Clostridium sp. strain BN-49 (MF188193) 100 Firmicutes Industrial sludge
DJ-A3  KMO054678 Bacterium enrichment culture clone DPF06 99 Anoxic subsurface sediments of fresh water
(GQ377126) duck pond
DJ-A4 KMO054679 Clostridium saccharolyticum strain WM1 (NR_ 100 Firmicutes Sludge
102852
DJ-AS5S KMO054680 Clostridiul)n sp. MD7 (KT906197) 100 Firmicutes Microbial fuel cell
DJ-A6 KMO054681 Serratia proteamaculans strain B1 (AH015710) 100 ~-Proteobacteria Soil
DIJ-A7 KMO054682 Clostridium sp. H2 (LC194786) 100 Firmicutes Paddy field soil
DJ-A8 KMO054683 Clostridium sp. H2 (LC194786) 100 Firmicutes Paddy field soil
DIJ-A9 KMO054684 Serratia proteamaculans strain B1 (AH015710) 100 ~-Proteobacteria Soil

Presence of Bacillus was also identified in high numbers in
both the techniques. However, Clostridium and Serratia have
not been identified through culture-independent study.
Clostridium has been found as highly abundant group in me-
thanogenic toluene-degrading sample and benzene-degrading
microcosms and has been known to play vital role in methan-
ogenic hydrocarbon degradation (Fowler et al. 2012; Gieg
etal. 2014).

Proteobacteria

The proteobacterial group was mainly dominated by
Pseudomonas and Pseudoxanthomonas, both belonging to
Gammaproteobacteria. Pseudomonas spp. have been report-
ed earlier from soil contaminated with crude oil or hydrocar-
bons, water flooding reservoirs, and oil sands. The role of
Pseudomonas in eftectively remediating polycyclic hydrocar-
bons had long been investigated in contaminated soils, reser-
voirs, etc., especially in aerobic condition as well as anaero-
bically, where they can utilize nitrate as a potent source of
terminal electron acceptor (Gao et al. 2015; Isaac et al.
2015). Many strains of Pseudomonas showed the ability to
produce biosurfactant that could facilitate crude oil degrada-
tion (Chebbi et al. 2017). Zhang et al. (2011) reported
P. aeruginosa strain DQS8 capable of degrading n-tetrodecane,
n-docosane, n-triacontane, and n-tetrocontane. Various stud-
ies have successfully detected alkane hydroxylase gene from
different strains of Pseudomonas (van Beilen et al. 2001).
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Pseudoxanthomonas was the second most dominant genera
after Pseudomonas as found in this sample.
Pseudoxanthomonas strains have been previously reported
from oil-, gasoline-, and hydrocarbon-contaminated soils
and sediments. Sarkar et al. (2016) reported the increase in
abundance of Pseudoxanthomonas in nitrate-reducing envi-
ronment during the bioremediation of petroleum refinery
sludge. Thermomonas were found in good numbers in DJ3
sample, which have been reported to be slightly thermophilic
and aerobic but can carry out metabolism in nitrate-reducing
condition. Stenotrophomonas, which constituted nearly 5% of
the culturable community isolated from DJ3 sample, have also
been widely reported from oil-contaminated environment,
which could perform hydrocarbon degradation, particularly
of low and high molecular weight PAHs (Cerqueira et al.
2011). Franconibacter pulveris strain DJ34 was the first of
its kind reported from petroleum-contaminated environment
through culture-dependent study (Pal et al. 2017).
Gammaproteobacteria was followed by
Deltaproteobacteria (9.2%) in DJ3 sample as the second most
abundant class within the bacterial domain. Unclassified mem-
bers of the order Desulfuromonadales were most abundant
followed by uncultured Bdellovibrionales. Desulfuromonas, a
dominant member of Deltaproteobacteria in DJ3 sample, was
mostly reported as iron- or sulfur-reducing bacterium (An and
Picardal 2015). A "*C-toluene-based Stable Isotope Probing
(SIP) experiment showed the importance of Desulfiromonas
for toluene degradation in oil-polluted tidal flats (Sampaio et al.
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Fig. 4 Distribution of culturable
diversity (a); Phylogenetic tree
based on bacterial 16S rRNA
gene sequences was constructed
using the neighbor-joining
method incorporating Jukes-
Cantor distance corrections (b).
Sequence of Methanosarcina
barkeri CM1 was used as the out
group. Numbers at nodes
represent bootstrap values
obtained with 1000 replications.
Bar 0.05 indicates 5% nucleotide
substitution
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2017). Members of Syntrophaceae were also abundant in the
test sludge sample. In the presence of methanogenic condition,
this group has a direct role in activating crude oil alkane oxi-
dation to form acetate and hydrogen (Gray et al. 2011).
Syntrophaceae mainly composed of the genera Smithella and
Syntrophus, which have also been previously identified from
methanogenic environments containing hydrocarbons, imply-
ing their ability for syntrophic hydrocarbon metabolism. The
roles of Smithella and Syntrophus in methanogenic crude oil
degradation have been indicated in various studies (Gray et al.
2011; Berdugo-Clavijo and Gieg 2014; Yang et al. 2016). Short
chain fatty acids like acetate, propionate, butyrate, and benzoate
have been found as ubiquitous intermediates from organic com-
pound degradation in anoxic environments. Syntrophus were
also well known for the conversion of such intermediates into

AJ002476 Methanosarcina barkeri CM1

H,, CO,, and formate, which could further be consumed by
hydrogenotrophic methanogens for methane production
(Allen et al. 2007). Desulfovibrio, under the class of sulfate-
reducing bacteria (SRB), could reduce sulfate by using hydro-
gen, organic acids, or alcohols as electron donors (Heidelberg
et al. 2004). They have been previously isolated from anoxic
layers of hydrocarbon-polluted microbial mats and have been
enriched from production water of oil reservoirs, where they
could exist in syntrophic association with members of
hydrogenotrophic methanogens or Firmicutes (Abed et al.
2011; Berdugo-Clavijo and Gieg 2014).

Brevundimonas, a member of Caulobacteraceae, was the
most dominant among Alphaproteobacteria in the DJ3 sam-
ple. Members of this genus have been isolated from crude oil-
contaminated sludge and have been known as crude oil and
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hydrocarbon degraders (Mansur et al. 2014). More than 1%
OTUs in the test sludge sample showed strong lineage with
unclassified Rhodobacteraceae. Members of this family were
found to play key roles in biodegradation of crude oil in the
Deepwater Horizon oil spill-impacted beach sands of Gulf of
Mexico (Kostka et al. 2011). Nitrogen fixers were abundant in
the DJ3 sample, which included Rhizobium, Xanthobacter,
and Azospirillum. Many strains of Rhizobium, isolated from
petroleum-contaminated sludge samples, have been well
known as phenanthrene degraders (Wen et al. 2011).

Betaproteobacteria in the DJ3 sample was mainly domi-
nated by the members of Rhodocyclaceae tamily. Thauera
and Azoarcus, two important members of this group found
in this sample, have been known to degrade aromatic com-
pounds both aerobically and anaerobically, especially in
nitrate-reducing environment (Krieger et al. 1999; Shinoda
et al. 2004; Das and Kazy 2014). Janthinobacterium, a mem-
ber of Oxalobacteraceae, has been reported from heavily
petroleum-contaminated environments, which was capable
of metabolizing PAHs (Das and Kazy 2014). Burkholderia,
identified in both culture-dependent and independent study of
DJ3 sample, has been isolated from many petroleum-impacted
habitats which showed the ability to utilize diverse hydrocar-
bon compounds such as MAHs, PAHs, aliphatics, and even
nitro- and chloroaromatics (Sarkar et al. 2017; Yuan et al.
2017).

Bacteroidetes

This group has also been previously reported from crude pe-
troleum sludge, hydrocarbon-contaminated soils, contaminat-
ed wetlands, marine sediments, and petroleum reservoir and
was considered to be composed of organisms associated with
the degradation of many organic compounds, benzene, tolu-
ene, and other hydrocarbons in sulfate-reducing anaerobic en-
vironments (Kostka et al. 2011; Das and Kazy 2014; Wang
et al. 2019). Paludibacter and Proteiniphilum are strict anaer-
obic bacteria, which could be involved in soil carbon cycling
by fermenting plant polymers and dead microbial biomass
with the subsequent production of short chain fatty acids and
alcohols along with CO,, H,0O, and organic acids like acetates
and propionates (Miiller et al. 2009; Yang et al. 2016).
Sphingobacterium were known to produce biosufactants dur-
ing growth in organic materials. Their biodegradation ability,
especially for aromatic hydrocarbons, have also been deter-
mined (Noparat et al. 2014).

Firmicutes
The phylum Firmicutes included both aerobic and anaerobic
microorganisms in different petroleum-contaminated habitats,

which were known to utilize different hydrocarbons during
growth. Firmicutes have been successfully isolated or
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identified from arctic or permafrost regions affected by hydro-
carbon contamination, contaminated soil from oil reservoirs,
deep subsurface petroleum reservoirs, petroleum sludge, river,
coastal, and salt march sediments impacted by oil spills (Das
and Kazy 2014; Yang et al. 2016; Sierra-Garcia et al. 2017;
Yuan et al. 2017; Liu et al. 2019). Microbial community data
from a wide range of studies have demonstrated Firmicutes to
be present in the highest relative abundance, especially from
oil- and hydrocarbon-contaminated anoxic environments
(Head et al. 2014). Clostridia, the well-known Firmicutes
member, were found to play vital role in fermenting alkanes,
especially in high temperatures (Mbadinga et al. 2012; Head
et al. 2014). The genus Bacillus, with an abundance of 0.8%,
was the major genus found within DJ3 sample followed by
Coprothermobacter. Metabolically diverse members of
Bacillus were reported to be involved in degradation of crude
oil and its components including various PAHs viz. phenan-
threne, fluorene, pyrene, and acenaphthalene, as well as short
to long chain aliphatics along with concomitant production of
biosurfactant (Tao et al. 2017; Das and Kazy 2014; Yuan et al.
2017). Coprothermobacter, affiliated to the class Clostridia
and order Thermoanaerobacterales, has been reported as an-
aerobic, thermophilic, fermentative organism, capable of
degrading proteins or peptides, and mostly found in
syntrophic association with hydrogenotrophic methanogenic
archaea (Gagliano et al. 2015). Fusibacter has been found to
be associated with oil producing wells with the ability to de-
grade PAHs under anaerobic condition (Kappell et al. 2014).
Paenibacillus spp. have been well known for inhabiting
petroleum-contaminated soil, oil sludge, and marsh lands
(Das and Kazy 2014). Several recent studies also confirmed
the potential of Paenibacillus in utilizing various other PAHs,
crude oil, and alkanes along with their ability to produce
bioemulsifiers (Das and Kazy 2014; Reddy et al. 2017).

Spirochaetes, Chloroflexi, Verrucomicrobia,
and Planctomycetes

Members of Spirochaetes, Chloroflexi, Verrucomicrobia, and
Planctomycetes were also detected in high or low abundance
in hydrocarbon-impacted habitats. Spirochaetes, Chloroflexi,
and Bacteroidetes members have been frequently found in
methanogenic hydrocarbon-associated environments, where
they could perform an essential role in the transformation of
hydrocarbon degradation intermediates, mainly the fatty acids
to methanogenic substrates, thus contributing to the recycling
of waste products and maintaining a low redox potential with-
in the enrichment.

Members of Spirochaetaceae have previously been report-
ed from hexadecane-degrading methanogenic consortium ob-
tained from Shengli oilfields, crude oil-degrading methano-
genic enrichments, flooding water samples of petroleum res-
ervoirs, hydrocarbon-contaminated oily sludge, and soil (Das
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and Kazy 2014; Gao et al. 2015; Ma et al. 2017).
Thermotogaceae, Synergistaceae, and Chlorofexi along
with Spirochaetaceae have been considered to play key
roles either as secondary degraders during hexadecane deg-
radation or as scavengers of anabolic products (lipids and
proteins), probably derivative of detrital microbial biomass
(Ma et al. 2017). The most abundant Thermotogae member
found in DJ3 sample was Fervidobacterium, a fermentative
thermophilic bacterium often isolated from petroleum res-
ervoirs, which showed huge biotechnological applications
due to production of thermostable enzymes applied for con-
version of biomass to biofuel (Saxena et al. 2017). The most
abundant Nitrospirae member in the test DJ3 sample was
Thermodesulfovibrio, which were known as sulfate-
reducing microorganisms that could cooperate with other
bacteria or methanogens syntrophically in alkane-
degrading processes (Liang et al. 2016). Nitrospira reported
from hydrocarbon-contaminated aquifer, soil, and thermo-
philic methanogenic alkane-degrading consortium might
play a key role in the two-step nitrification process in soil
and in activated sludge (Daims et al. 2015; Liang et al.
2016).

Candidate phyla

The second most abundant candidate division in the test sam-
ple was JS1, the highest being KB1. KB1 has no such reports
to be identified from hydrocarbon-impacted environments but
has been known to possess osmoregulatory mechanisms
thereby adapting to high saline concentrations and diverse
metabolic routes to counteract to various nutritional condi-
tions (Nigro et al. 2016). JS1 has proposed to be a member
of candidate phylum Afribacteria along with OP9. JS1 and
OP9 have previously been observed from petroleum reser-
voirs and other related environments such as sediments asso-
ciated with methane hydrates and hydrocarbon seeps; hyper-
saline microbial mats, and geothermal environments (Nobu
et al. 2016). OP8 have been affiliated to the member of
Aminicenantes, which appeared to be the most abundant in
hydrocarbon-impacted environments, especially in anoxic
habitats with slightly high temperatures (Farag et al. 2014).

Euryarchaeota

Euryarchaeota have been observed as a dominant archaeal
group in heavily oil-contaminated environments, oil reser-
voirs, oil-contaminated soil, oil water mixture of petroleum
reservoirs, and petroleum-contaminated sludge (Liu et al.
2009; Das and Kazy 2014; Gao et al. 2015; Sierra-Garcia
et al. 2017). Methanogenesis has been considered as the most
dominant terminal process in such anaerobic environments,
for significant degradation and considerable mineralization
of hydrocarbons (Li et al. 2017).

Members of Euryarchaeota in DJ3 sample were mostly
characterized by sequences closely related to methanogens
of the order Methanobacteriales (Methanobacterium,
Methanothermobacter), Methanosarcinales (Methanosaeta,
Methanomethylovorans, Methanosarcina, Methanolobus),
and Methanomicrobiales (Methanolinea, Methanoculleus,
Methanospirillum). The most abundant archaeon in the test
sample was related to Methanobacterium, a hydrogenotrophic
methanogen utilizing hydrogen and formate as substrate for
methanogenesis (Gao et al. 2014). Methanothermobacter, an-
other hydrogenotrophic methanogen, abundant in DJ3 sam-
ple, has also been frequently recovered from high temperature
oil reservoirs that could metabolize hydrocarbon and carbon
dioxide into methane (Ren et al. 2011; Zhao et al. 2012; Chen
et al. 2019). H,, CO,, and formate are the final products of
short chain fatty acid fermentation carried out by fermentative
bacteria (e.g., Clostridium, Syntrophus, Acidiphilium, and
Anaerobaculum). Hydrogenotrophic methanogens living in
close association with such fermentative bacteria could con-
vert CO, and H, into CH,4 (Liu et al. 2016).

Methanosaeta and Methanosarcina, important members of
Methanosarcinales, have been known as acetoclastic
methanogens, which take part in the process of converting ace-
tate into methane and CO, (Li et al. 2017). Methanosaeta mem-
bers have been detected from various hydrocarbon-impacted
environments in high abundance and observed to be capable
of performing anaerobic mineralization of long chain alkanes
in consortium with Anaerolineae or other Anaerolineaceae
members (Liang et al. 2015; Toth and Gieg 2018). Presence of
both Methanosaeta and Anaerolineae in DJ3 sample might sug-
gest the possibility of natural attenuation taking place in this
particular site. Moreover, Zhao et al. (2012) suggested the abun-
dance of methanogens might be closely related to bacterial com-
munity dominated by Clostridia, in which several species could
be involved in anaerobic crude oil degradation, thus producing
various low molecular weight organic acids (such as formic
acid, acetic acid, and methyl amine) for the utilization by
hydrogenotrophic, acetoclastic, or methylotrophic methanogens
to produce CH4. Biodegradation of hydrocarbons through
methanogenesis is important in many environments, especially
contaminated groundwater, sediments, and oil reservoirs, where
electron acceptors such as oxygen, nitrate, sulfate, and iron (III)
are lacking (Head et al. 2014; Tan et al. 2015). Methanogenic
hydrocarbon metabolism involves a metabolic cooperation of
syntrophic fermentative bacteria that catalyzes the initial attack
on the hydrocarbon substrates thereby forming methanogenic
substrates (such as hydrogen, acetate, propionate, and formate),
which might be used by the methanogens to produce CH, (Gray
et al. 2010). The initial anaerobic oxidation of substrates is ther-
modynamically unfavorable under standard condition. The
methanogens thus play a key role in making this process favor-
able by keeping those intermediates in low concentrations (Gieg
et al. 2014).
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Analysis of metabolic potential of sludge microbial
community using PICRUSt tool

PICRUSt analysis predicted the putative metabolic inventory of
native microbial community in the DJ3 petroleum sludge sam-
ple (Fig. 5). Broad classes of metabolic pathway genes within
the sample were classified into metabolism (49.7%); genetic
information processing (17.1%); environmental information
processing (13.1%); cellular processes (4.8%), and unclassified
group (15.2%). A comprehensive analysis of metabolic catego-
ry showed highest allocation of genes related to amino acid
metabolism (10.6%) followed by carbohydrate metabolism
(9.6%) and energy metabolism (6.3%). Genes related to xeno-
biotic biodegradation and metabolism also accounted a signif-
icant proportion (3.4%). Allocation of various genes related to
metabolism, survival of microorganisms, and genes involved
directly or indirectly in hydrocarbon degradation have been
listed in Supplementary data, Table 2.

The most abundant within the xenobiotic biodegradation
and metabolism was the genes involved in benzoate metabo-
lism (0.51%) followed by aminobenzoate metabolism (0.34%).
Significant proportion of genes was also related to degradation
of monoaromatics, polyaromatics, and chlorinated hydrocar-
bons. Cytochrome P450 family of genes involved in the aerobic
degradation of aliphatic hydrocarbons and cyclo-alkanes have
been detected in this sample. These genes have previously been
reported from members of Acinetobacter, Alcanivorax,
Caulobacter, and Mycobacterium from various oil-polluted en-
vironments (Omrani et al. 2018; Neethu et al. 2019). These
groups of genes are quite evident in degradation of low to high

Genetic Information Processing, 17.1

Unclassified, 15.2 Metabolism, 49.7

Cellular Processes, 4.8

Environmental Information Processing, 13.1

Nucleotide Metabolism, 3.5

Glycan Biosynthesis and Metabolism, 2.0

Lipid Metabolism, 3.6

Metabolism of Cofactors and
Vitamins, 4.2

Metabolism of Other Amino
Acids, 1.7

Metabolism of Terpenoids/and
Polyketides, 1.9

molecular weight PAHs (Crampon et al. 2018). Other notewor-
thy observations included the abundance of naphthalene
(0.25%) and polycyclic aromatic hydrocarbon (0.11%)
degrading genes. This was evident since this particular sample
consisted of high amounts of alkanes and aromatics like naph-
thalene. PICRUS also predicted a large number of genes able
to carry out BTEX degradation (0.4%), chloroalkane (0.24%),
chlorocyclohexane, and chlorobenzene (0.1%) degradation.
The abundance of genes related to xenobiotic degradation es-
pecially from samples contaminated with petroleum that harbor
a large number of hydrocarbonoclastic organisms was also ev-
ident from various previous studies (Wang et al. 2016;
Mukherjee et al. 2017; Roy et al. 2018a). Such observation
was in agreement with the study of Roy et al. (2018a), where
a similar percentage of xenobiotic-degrading gene abundance
was demonstrated in the petroleum sludge samples showing
maximum TPH degradation. Reconstruction of the metabolic
pathways using the KEGG database showed the presence of
naphthalene 1,2-dioxygenase and 1,2-dihydroxynaphthalene
dioxygenase responsible to carry out naphthalene degradation
especially by Pseudomonas spp. which was also abundant in
this particular sample. Gentisate is a key intermediary metabo-
lite in the degradation of polycyclic or monocyclic aromatic
hydrocarbons and cresols. Members of Pseudomonas and
Sphingomonas have been detected with gentisate 1,2-
dioxygenase gene (Yeo et al. 2007). Yergeau et al. (2012)
showed the rise in gentisate 1,2-dioxygenase gene especially
in members of Betaproteobacteria and Acidobacteria during
the degradation of diesel-contaminated soil, whereas
homogentisate 1,2-dioxygenase increased in all

Energy Metabolism, 6.3

Enzyme Families, 1.9

Carbohydrate Metabolism,
9.6

TR

Biosynthesis of Other
Secondary Metabolites, 0.9

Amino Acid Metabolism,
10.6

Xenobiotics Biodegradation and
Metabolism, 3.4

Fig. 5 PICRUSt analysis showing majorly predicted genetic distribution (%) in DJ3 metagenome
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Proteobacterial members. Catechol and protocatechuates could
be detected as intermediate products of aerobic aromatic
hydrocarbon degradation. Genes encoding for catechol
2,3-dioxygenase and catechol 1,2-dioxygenase have also
been detected in large numbers in the test sample and their
roles in biodegradation have been illustrated in various
studies. The study also predicted the presence of benzene
1,2-dioxygenase, ethylbenzene dioxygenase, 2,3-
dihydroxyethylbenzene, and 1,2-dioxygenase for the degra-
dation of monoaromatic hydrocarbons. Genes encoding for
benzylsuccinate synthase (bssA) have also been detected by
previous investigators, which highlighted the probability of
monoaromatic hydrocarbon degradation in anaerobic condition
(Callaghan et al. 2010; Tan et al. 2015). Presence of alkane-1-
monooxygenes further suggested the abundance of alkane-
degrading microbial population in this alkane rich test sample.
Alkanesulfonate monooxygenase ensured the degradation of
sulfur containing alkane compounds (Pal et al. 2017). Even
the detected cytochrome P450 hydroxylase could also contrib-
ute toward alkane degradation. More than 1% of the total gene
counts have been assigned for methane metabolism (~1.5%) in
the test DJ3 sample. This could properly match with the fact
that the DJ3 sample has a high percentage of Euryarchaeota,
thus performing the process of methanogenesis as well as
methylotrophy. Methanobacterium, Methanosaeta, and
Methanothermobacter were known to carry out the process of
methanogenesis, whereas members of Verrucomicrobia,
Paracoccus, Methylobacterium, Methylophilus,
Methylophaga, Methanomethylovorans, and Methanolobus,
as observed in this sample, could carry out the process of
methanotrophy and methylotrophy (Chistoserdova et al. 2009;
Li et al. 2017). These two processes have been found to be
important in hydrocarbon mineralization. PICRUSt analysis
has been used to illustrate high abundance of genes involved
in methanogenesis and methylotrophy in oil-contaminated en-
vironments (Mukherjee et al. 2017; Roy et al. 2018a). A high
abundance of methane monooxygenase gene as observed from
the KEGG analysis also supported the fact that methane thus
produced by the methanogens could be used up by the aerobic
methanotrophic bacteria as this particular gene has been report-
ed to be present in all acrobic methanotrophic bacteria with
minor exception and this could help in explaining the methane
flux dynamics in such contaminated environments, where the
deep anoxic layer is connected with the upper oxic layer
through the association of the methanogens and the aerobic
methanotrophs (Zhou et al. 2015).

Metabolic characterization of bacterial isolates

Characterization of the aerobic isolates was further per-
formed based on their metabolic ability of utilizing vari-
ous hydrocarbons as sole carbon source during growth,
ability of producing biosurfactants, and tolerate various

environmental stress conditions (Supplementary data,
Fig. S4). Almost all the strains could grow optimally at
ambient temperature range of 25-35 °C, but their growth
declined at temperature below 15 °C and above 40 °C.
Similar observation was recorded for pH variation. pH
range of 5-7 was the most suitable for bacterial growth.
However, their growth declined below pH 5 and above
pH 9. Good growth was observed for most of the strains
above 5% NaCl condition suggesting the ability of the
strains to resist high salinity. Production of biosurfactant
by microorganisms enhances their ability to reduce oil
viscocity by facilitating emulsification and thereby in-
creasing biodegradation of hydrocarbon compounds
(Pacwa-Plociniczak et al. 2014). Based on the E24 value
(emulsification index after 24 h), it was observed that
almost 90% of the strains could produce biosurfactants.
Bacterial resistance to Pb, Ni, and Cd was also tested at
1 mM concentration of each heavy metal. Although al-
most all the strains could grow in presence of Pb and
Ni, Cd proved to be toxic to the cells as only 30% isolates
were able to tolerate it.

Growth in presence of BTEX (200 ppm) showed that
almost 80% of the strains could utilize these compounds.
Majority of the strains (95%) could also utilize and degrade
pentadecane, while near about 80% of the strains could do
the same with hexadecane. However, the proportion of
alkane degradation varied for different strains (Fig. 6).
Strains DJ25, DJ30, DJ31, DJ32, and DJ34 effectively de-
graded both the alkanes. The isolates preferred
pentadecane over hexadecane as sole carbon source prob-
ably due to the shorter chain length of the former. Similar
results have also been previously demonstrated wherein
greater cell yield was obtained when pentadecane was used
as carbon source rather than hexadecane (Wang et al.
2006). Almost all the strains could utilize petroleum sludge
(1%, w/v) as carbon source and crude oil (1%, v/v) was
utilized by 80% of the population. Growth of the microor-
ganisms could be supported due to the complex nature of
lighter to heavier fractions of petroleum hydrocarbons. It
has been observed that the lighter fractions of petroleum
hydrocarbons have been utilized by microorganisms in
faster rates as compared to the medium to heavier fractions.
The enzyme assay suggested the expression of alkane hy-
droxylase enzyme by many strains while growing in pres-
ence of alkane (pentadecane and hexadecane). The strains
that showed the highest growth in and degradation of al-
kanes also showed higher activity level for this particular
enzyme. The highest activity (~0.54 pumol/min/mg) was
shown by whole cell lysate of DJ34 strain followed by
DJ8, DJ11, DJ15, DJ16, DJ19, DJ20, DJ30, DJ32, and
DJ-E10 strains (Supplementary data, Table 3). Similar
kind of alkane hydroxylases enzyme activity was observed
in Pseudomonas putida GPol during the hydroxylation of
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Fig. 6 Percent degradation of n-pentadecane and n-hexadecane by aerobically isolated strains

n-octane (Alonso and Roujeinikova 2012). The result of
the enzyme assay was also comparable to the study of
Maeng et al. (1996) which showed that the specific activity
of whole cell lysate was approximately 0.09-0.1
pmol/min/mg. Most of the strains were positive for cate-
chol 2,3-dioxygenase production except DJ11, DJ17, and
DJ-E2 (Supplementary data, Table 3). However, catechol
1,2-dioxygenase was poorly activated and only few strains
listed in the table have shown a moderately positive result.
This might be due to higher concentration of aromatic
compound that has been used for bacterial growth as it
could inhibit the expression of catechol 1,2-dioxygenase
(Hupert-Kocurek et al. 2012).

UPGMA (Unweighted Pair Group Method with
Arithmetic mean)-based statistical analysis was carried
out to investigate relationship among the bacterial isolates
with respect to their different metabolic activities like hy-
drocarbon degradation, tolerance to various environmental
stress conditions and heavy metals, growth under oxic/
anoxic conditions by utilizing multiple electron acceptors,
and biosurfactant production (Fig. 7). The non-taxonomic
clustering based on the above-mentioned properties repre-
sented small clades of Bacillus spp. and Pseudomonas
spp., which could be due to their versatile metabolic abil-
ities in hydrocarbon-associated environments. However,

@ Springer

an interesting observation was the cladding of enriched
strains suggesting the strains to be metabolically similar
considering the above-mentioned parameters. The strain
DJ34 exhibited the best result for diverse petroleum hydro-
carbon utilization and growth in presence of different elec-
tron acceptors. The strain also showed heavy metal resis-
tance, biosurfactant production, and could tolerate various
physicochemical conditions prevailing in oil-contaminated
habitats.

Conclusion

Culture-independent analysis of the petroleum sludge mi-
crobial community obtained through NGS-based sequenc-
ing technique revealed the presence of diverse group of
microorganisms capable of hydrocarbon degradation in
both aerobic and anaerobic conditions. Nitrate-reducing,
sulfate-reducing, metal-reducing, fermentative, syntrophic,
methanogenic, N,-fixing, CO,-fixing, and biosurfactant-
producing microorganisms have also been detected in
abundance which could assist the process of hydrocarbon
degradation. PICRUSt analysis predicted putative genetic
collection within the sludge microbiome and its potential
for various hydrocarbon and xenobiotic compound
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Fig. 7 UPGMA analysis of physiological and metabolic properties of bacterial isolates retrieved from DJ3 sample. Green cells, positive to different
factors; red cells, no response to different factors; AA, anaerobic agar; TEA, terminal electron acceptor; T80, tween 80

degradation, lipid, nitrogen, sulfur, and methane metabo-
lism. Cultivable bacterial community has also supported
the culture-independent method as Pseudomonas strains
proved to be dominant in both the methods of determining
the microbial community. Most of the cultivable isolates
indicated their ability to degrade petroleum hydrocarbons
and thereby sustain the harsh environmental conditions
prevailing in those contaminated habitats. The overall
community composition could indicate an associated inter-
action and possible metabolic interplay between the micro-
organisms which could potentially be employed for in situ
oily sludge bioremediation.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-021-13744-6.
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