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Abstract Present study attempts in revealing taxonomic
and functional diversity of microorganism from petro-
leum muck using metagenomics approach. Using Ion
Torrent Personal Genome Machine, total of 249 Mb raw
data were obtained which was analysed using MG-RAST
platform. The taxonomic analysis revealed predominance
of Proteobacteria with Gammaproteobacteria as major
class and Pseudomonas stutzeri as most abundant organ-
ism. Several enzymes involved in aliphatic and aromatic
hydrocarbon degradation through both aerobic and anaero-
bic routes and proteins related to stress response were also
present. Comparison of our metagenome with the existing
metagenomes from oil-contaminated sites and wastewater
treatment plant indicated uniqueness of this metagenome
taxonomically and functionally. Based on these results a
hypothetical community model showing survival and syn-
trophy of microorganisms in hydrocarbon-rich environment
is proposed. Validation of the metagenome data was done
in three tiers by validating major OTUs by isolating oil-
degrading microbes, confirmation of key genes responsi-
ble for hydrocarbon degradation by Sanger sequencing and
studying functional dynamics for degradation of the hydro-
carbons by the muck meta-community using GC-MS.
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Introduction

Petroleum popularly known as “Black Gold” has brought
revolution in the history of mankind. According to the data
obtained from Centre for Climate and Energy Solutions,
petroleum contributes about 32.8 % of global energy use.
Petroleum products are major drivers of transportation,
energy, power, agriculture and industries. However, sub-
stantial quantity of petrol and other petroleum products
enter into the environment as a result of accidental release.
Annually, marine environment receives around 2—-10 mil-
lion tons of crude petroleum oil (Tyagi et al. 2011) which
is highly toxic to animals, plants and microbes, thus creat-
ing a need of efficient remediation strategies (Lee and Vu
2010).

Remediation strategies which included sorption, volatili-
zation and abiotic transformations are now being replaced
with microbial remediation (Peixoto et al. 2011). However,
one of the major constraints of microbial remediation is
that our understanding of phylogenetic diversity of oil res-
ervoir microbial community is very limited (Vartoukian
et al. 2010) probably due to the limitation of the culturing
techniques and inadequate understanding about microbial
syntrophy (MclInerney et al. 2009) for such special man-
made environments.

Several molecular techniques have been developed to
study organisms that are difficult to grow in the laboratory
(Hugenholtz et al. 1998; MacNaughton et al. 1999; Kirk
et al. 2004; Su et al. 2012). Metagenomics has emerged as
a powerful method to study the diversity of both cultured
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and uncultured microbes (Satyanarayana et al. 2005; Kimes
et al. 2013). It has been successfully employed to study the
diversity and functional characteristics of oil spill affected
mangrove area in Brazil (Andreote et al. 2012) and deep-
sea sediments from Gulf of Mexico (Kimes et al. 2013).
However, no attempt has been made to study the micro-
bial population of petroleum pipelines. Such site assumes
greater importance as compared to oil-contaminated sites
because the indigenous population of this site will contain
a population rich in microorganisms that are able to survive
in that environment and in the process are resistant or able
to degrade hydrocarbons, whereas the latter site will con-
tain indigenous population of that site with increased popu-
lation of microbes able to degrade/resist hydrocarbons.

Therefore, there is a need to study the metagenome
of petroleum pipelines. In view of the above, it may be
hypothesized that this metagenome would be different from
that of other crude oil-contaminated sites in terms of taxo-
nomic and functional diversity. Further on the basis of the
unique environment mainly due to the presence of complex
hydrocarbons, it was also hypothesized that microbial pop-
ulation engaged in aliphatic and aromatic hydrocarbon deg-
radation may be present which once known can be cultured
and used for evolving better remediation strategies.

This study provides first ever description of next gen-
eration sequencing (NGS)-based taxonomic and functional
diversity of microbes from petroleum muck sample col-
lected from petroleum pipeline. A comparative assessment
of this metagenome with publically available metagenome
of oil-contaminated and wastewater treatment plant is also
provided. Validation of the metagenomics data obtained
was done in three tier confirmatory tests using microbial
isolation, gene sequencing and GC-MS. Based on the
results obtained, hypothetical mechanistic model is also
proposed for survival and syntrophy of microbes in hydro-
carbon dominating environment.

Results and discussion
Metagenomic analysis

Metagenomic data of muck sample were analysed using
MG-RAST platform using both assembled and unassem-
bled data sets. In unassembled data set, total of 249 Mb data
were obtained. Data set contained 2,228,423 sequences
with an average length of 111 bps. After quality checking,
47,538 sequences (2.1 %) contained ribosomal RNA genes,
118,423 sequences (5.3 %) contained predicted proteins
with known functions and 881,744 sequences (39.6 %)
contained predicted proteins with unknown function. A
total of 233,529 sequences (10.5 %) did not match with the
databases of known rRNA genes or proteins.
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Assembly of the sequences was done using MetaVel-
vet 1.13 from which 68,446 assembled sequences were
submitted to MG-RAST for analysis. Around 4 % (2,926)
sequences failed to pass the QC in pipeline hence omit-
ted for further analysis. Analysis of the assembled con-
tigs revealed 495 sequences (0.7 %) as ribosomal RNA
genes and 46,824 sequences (68.4 %) contained predicted
proteins with known functions. Around 19 % sequences
contain proteins with unknown function, while 7.3 %
sequences have no rRNA genes or predicted proteins.
Further analysis of sequences with unknown functions
and phylogeny may open newer avenues in understand-
ing hidden diversity present in such hydrocarbon-rich
environment.

Taxonomic analysis

Taxonomic analysis of both assembled and unassembled
data resulted in similar taxonomic pattern. The data were
compared with M5nr database using a maximum e value
of le™ with minimum identity and alignment length
(basepairs for RNA databases) 60 % and 15 respectively.
A holistic view of the petroleum muck diversity is shown
in Fig. 1 in the form of a phylogenetic tree. The domain
Bacteria (88.90 %) predominated, followed by Eukaryota
(0.06 %) and Archaea (0.03 %). In the domain Bacteria,
99.09 % belonged to phylum Proteobacteria, 0.70 % Act-
inobacteria, 0.11 % Firmicutes and 0.75 % other phyla
(Fig. 2a). Apart from predominance in the sample, phylum
Proteobacteria is most phylogenetically (Silva et al. 2012)
and metabolically diverse group (Spain et al. 2009), and
members of this phylum are found to have major role in
processes like hydrocarbon degradation (Barragin et al.
2008) and iron oxidation (Hedrich et al. 2011) and hence
studied further.

Within  phylum  Proteobacteria, class  Gam-
maproteobacteria  (51.31 %) was most abundant
(Fig. 2b) followed by Alphaproteobacteria (41.99 %),
Betaproteobacteria (6.45 %), unclassified (0.13 %), Del-
taproteobacteria (0.11 %) and Epsilonproteobacteria
(0.01 %). Similar observation of predominance of Gam-
maproteobacteria in oil-contaminated sites was reported by
Hernandez-Raquet et al. (2006).

It is worth mentioning that the muck metagenome
showed the presence of several xenobiotic and other com-
plex hydrocarbon degraders. Among them Geobacillus
thermoleovorans, G. stearothermophilus, G. anatolicus
and Bacillus aeolius possess capacity for degradation of
C,—C5, even carbon alkanes (Meintanis et al. 20006); Pseu-
domonas, Pedobacter, Micrococcus, Alcanivorax have
been previously reported to possess oil biodegradation
capacities (Raghavan and Vivekanandan 1999; Margesin
et al. 2003; Khan and Singh 2011; Kostka et al. 2011);
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Fig.1 Taxonomic affiliation of metagenomic reads of the IOC sample using MG-RAST. Bars indicate the relative abundance of the different

genera in the metagenome

Corynebacterium sp. and Brevibacterium erythrogenes
have been shown to degrade variety of compounds (Huang
et al. 2008) including pristane (2,6,10,14-tetramethyl pen-
tadecane) (Desai and Vyas 2006). Other hydrocarbon
degraders included Acidovorax sp. JS42, Brevundimonas
sp. BAL3, Erythrobacter, E. litoralis, Parvibaculum lava-
mentivorans and Sinorhizobium meliloti (Schleheck et al.
2011; Kryachko et al. 2012; Liu and Liu 2013).

In this metagenome, various methylotrophs such as
Methylobacterium, Rhodopseudomonas, Xanthobacter,
Methylococcus, Methylovorax and Methylophaga were
observed. Methylotrophic bacteria have been reported to
degrade different xenobiotic compounds such as MTBE
(methyl tert butyl ether), dichloromethane, dichloroethane,
dichlorobenzene, 1,2,4-trichlorobenzene, chlorotoluene

(Janssen et al. 1985; Little et al. 1988; Van den Wijngaard
et al. 1992; Dolfing et al. 1993; Piveteau et al. 2001; Chis-
toserdova et al. 2009) and are widely used in wastewater
treatment plants. They also play an important role in car-
bon, nitrogen and sulphur cycle (Lidstrom 2006). Further,
genera involved in sulphate reduction (Desulfotalea, Des-
ulfotomaculum, Desulfococcus, Desulfurivibrio and Desul-
fobacterium), iron oxidation (Gallionella, Leptospirillum
and Sulfolobus) and iron reduction (Geobacter, Desulfuro-
monas, Pelobacter and Shewanella) were also observed.
Among the different genera obtained, Pseudomonas
stutzeri emerged as the most abundant species with maxi-
mum number of hits (22,309). Data obtained are supported
by recruitment plot in which sequences of this metagenome
were compared with reference genome of Pseudomonas
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stutzeri A1501 (Fig. 3). Recruitment plot showed genome
coverage of 86.19 % with 19,104 sequences. Contig infor-
mation for 3,541 unique sequences within metagenome for
organism Pseudomonas stutzeri A1501 with a maximum
e value of 0.001 is given in supplementary table S1. This
abundance is explained on the basis of its reported potential
to metabolize benzoate, cresol, naphthalene, xylene, tolu-
ene and phenol (Lalucat et al. 2006). The same species was
also successfully isolated from the muck sample (NCBI
Accession No. (KF939064, KF939066 and KF939075).

Sequences affiliated to domain Archaea were only
0.03 % with major phyla Euryarchaeota (43.75 %), Thau-
marchaeota (18.75 %) and Crenarchaeota (6.25 %). These
data are supported by the reports that the presence of oil
negatively affects abundance of Archaea (Roling et al.
2004). Even this minor level cannot be neglected as these
Archaea may have developed a unique adaptive mecha-
nism to resist oil toxicity. However, further studies on
these Archaea will be needed to ascertain the above said
proposition.

Functional analysis

Functional annotation of the raw as well as assembled
sequences was done by MG-RAST platform using SEED
and COG database. The data were compared to these sys-
tems using maximum e value of le™>, a minimum identity
of 60 % and a minimum alignment length of 15 measured in
amino acid for protein. Major functional categories obtained
were related to metabolism of proteins, carbohydrates,
RNA, DNA, amino acids, its derivatives, stress response
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and aromatic compounds. Sulphur, phosphorus and iron
metabolism were also obtained. In case of iron metabolism,
both iron oxidizers and reducers were obtained suggesting
that microbial community within this environment might be
involved in transition of iron from Fe(Il) to Fe(IIl) and vice
versa. It has been reported that some iron-reducing strains
have ability to oxidize benzene, toluene, ethylbenzene, phe-
nol, p-cresol and o-xylene (Kappler and Straub 2005).

Aliphatic hydrocarbon degradation

Several enzymes related to methane metabolism like meth-
ane monooxygenase (1.14.13.25), methanol dehydroge-
nase (EC 1.1.1.244), formaldehyde dehydrogenase (EC
1.2.1.46), formate dehydrogenase (EC 1.2.1.2), methenyl
tetrahydromethanopterin cyclohydrolase (EC 3.5.4.27),
glycine hydroxymethyl transferase (EC 2.1.2.1) and S-for-
myl glutathione hydrolase (EC 3.1.2.12) were present in
the metagenome. Similar results were obtained with con-
tig level analysis. The former two enzymes, with broad
substrate specificities, are responsible for co-oxidation of
C,—Cy alkanes to their corresponding 1- and 2-alcohols
(Anthony 1982). Rubredoxin-bearing alkane 1-monooxy-
genase and cytochrome P-450 monooxygenase found in
this metagenome are reported to be involved in degradation
of higher chain alkanes (Rojo 2009; Nie et al. 2011).

Aromatic hydrocarbon degradation

Although aromatic hydrocarbons were not detected by GC—
MS, SEED subsystem annotation revealed the presence of
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Fig. 3 Recruitment plot of muck metagenome with reference
genome of Pseudomonas stutzeri A1501 with scale of abundance
log 2. The blue circle represents the bacterial contigs for the genome
of interest, while the two black rings map genes on the forward and
reverse strands. The inner graph consists of two stacked bar plots

several enzymes involved in both aerobic and anaerobic
degradation of aromatic hydrocarbons such as benzoate,
toluene, ethylbenzene. Figure 4 shows three categories of
aromatic hydrocarbon degradation obtained in this metage-
nome. Several enzymes of the aerobic metabolism such as
benzoate dioxygenase (EC 1.14.12.10), biphenyl dioxyge-
nase (EC 1.14.12.18), toluene dioxygenase (EC 1.14.12.
11), phenol hydroxylase (EC 1.14.13.7), catechol 1,2-diox-
ygenase (EC 1.13.11.1) and homogentisate 1,2-dioxy-
genase (EC 1.13.11.5) were present. Enzymes related
to anaerobic metabolism included acetyl-CoA acetyl
transferase, benzoyl CoA reductase and benzylsuccinate
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representing the number of matches to genes on the forward and
reverse strands. The bars are colour coded according to the e value of
the matches with red (<1e=3°), orange (17 to 1e729), yellow (1e720

to 1le19), green (1e™'% to 1e™) and blue (1e™ to le3) (color figure
online)

synthase. Apart from this, contig analysis also showed the
presence of several other enzymes in this metagenome like
muconate cycloisomerase (EC 5.5.1.1), muconolactone
delta-isomerase (EC 5.3.3.4), 3-oxoadipate enol-lactonase
(EC 3.1.1.24), aryl alcohol dehydrogenase (EC 1.1.1.90),
benzyldehyde dehydrogenase (EC 1.2.1.28) 3-oxo-3 hex-
enedioate decarboxylase (EC 4.1.1.77) indicating the pres-
ence of near-complete pathway for aromatic hydrocarbon
degradation. The KEGG pathway depicting the hydro-
carbon degradation is shown in supplementary figure S1.
Occurrence of aerobic degradation of aromatic compounds
is supported by the presence of genera Pseudomonas,
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Fig. 5 Percentage distribu-
tion of different types of stress
responses present in muck
sample

Acid stress
Heat shock

Osmotic stress
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Burkholderia and Ralstonia (Shinoda et al. 2004) and that
of anaerobic by the presence of Desulfatibacillum and Geo-
bacter (Kimes et al. 2013) from this metagenome.

Stress response
Majority of proteins found were related to oxidative stress
and detoxification followed by osmotic stress, heat shock

and acid stress (Fig. 5). Proteins involved in oxidative
stress were catalase, peroxidase, superoxide dismutase,
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glutathione and glutaredoxins which are known to be
upregulated during metabolism of toxic compound and
polycyclic aromatic hydrocarbons (Seo et al. 2009). Fur-
ther, among the detoxification strategies proteins related to
formaldehyde detoxification were most common (55.56 %)
followed by Nudix proteins (32.48 %).

The presence of formaldehyde at this site could be cor-
related with the metabolism of microorganisms such as
methylotrophs, which produces formaldehyde as an inter-
mediate during metabolism of methylamine, methanol,
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etc. Its toxicity is mainly due to formation of cross-links
with proteins and nucleic acids (Gonzalez et al. 2006), and
hence, detoxification is necessary. Further, members of
Nudix proteins act as “housecleaning” enzymes to destroy
potentially deleterious compounds such as damaged nucle-
otides, metabolizing intermediates or signalling molecules
(Makarova et al. 2001; Ooga et al. 2009). The presence of
many complex aromatic and aliphatic hydrocarbons and
scarcity of water has created a stressful environment for the
species living in the pipeline; hence, the presence of these
stress proteins is well explained.

Comparative metagenomics

To test our hypothesis that a petroleum pipeline metagen-
ome may be different from that of oil-contaminated sites, this
metagenome was compared with six other publically availa-
ble metagenomes. Principle component analyses (PCA) using
MG-RAST Mb5nr database for taxonomy and subsystem for
functional classification revealed that muck metagenome did
not cluster with any of the publically available oil-contami-
nated metagenomes indicating its uniqueness (Fig. 6a, b). The
scatter plots shown in Fig. 7a—d explain the uniqueness of
muck metagenome. Predominance of Gammaproteobacteria
and Alphaproteobacteria in oil-contaminated as well as muck
samples suggests that they may act as indicator of oil con-
tamination (Popp et al. 2006; Alonso-Gutiérrez et al. 2009;
Nouira et al. 2012). The difference between oil-contaminated

sites and muck sample was prominent at order level. Within
Gammaproteobacteria, Pseudomonadales was more abun-
dant in muck as compared to deep-sea sediment group which
contained higher number of reads for Alteromonadales.
Even in Pseudomonadaceae, difference in the species was
observed with P. stutzeri and P. mendocina being more com-
mon in muck, whereas deep-sea sediment contained mainly
P, aeruginosa, P. fluorescens and P. syringae.

Functionally, sequences affiliated to aromatic hydrocar-
bon degradation, stress responses and membrane transport
were more abundant in muck metagenome as compared to
other two metagenomic groups (Fig. 7c, d) which is well
explained in terms of higher content of hydrocarbons in
muck sample.

Validation of metagenomic data

In the fast developing era of genomics, techniques of
metagenome analysis has emerged as potential tool for pre-
diction of total taxonomic and functional diversity, study-
ing community modelling and predicting ecological indica-
tors but at the same time it completely relies on the analysis
revealed by bioinformatic tools. Hence, establishing link
between in silico and in vitro laboratory data is essential
and may conclude about the validity of the metagenomic
data. In this paper, attempt has been made to validate the
metagenome data in three tier system. The approach for
taxonomic validation involved, isolation of oil-degrading
microbes while the approach to attest the function revealed
in metagenome data involved PCR amplification and
Sanger sequencing of certain representative genes responsi-
ble for hydrocarbon degradation. Apart from this, hydrocar-
bon-degrading potential of the microbial community pre-
sent in the muck sample was also studied using GC-MS.

Microbial isolation

In view of the taxonomy revealed by the metagenomic
data, microbial isolation was attempted. In silico analysis
clearly revealed Pseudomonas stutzeri as the most abun-
dant organism. Therefore, an attempt was made to isolate
this organism from muck along with other hydrocarbon
degraders. It was possible to successfully isolate three
strain of Pseudomonas stutzeri strain BAB-3460, strain
BAB-3462 and strain BAB-3471. Apart from this, other
known hydrocarbon degraders such as Diaphorobacter sp.
BAB-3478, Burkholderia sp. BAB-3479, Pseudomonas sp.
BAB-3481, Micrococcus sp. BAB-2954, Bacterium close
to Lysinibacillus BAB-2943, Pseudomonas pseudoalca-
ligenes strain BAB-3067, Pseudomonas aeruginosa strain
BAB-3476 and Bacillus pichinotyi strain BAB-3066 were
also isolated. Accession numbers of these cultures are
KF939064, KF939066, KF939075, KF939082, KF939083,
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KF939085, KF889300, KF889318, KF960966, KF939080
and KF960965. Phylogeny of these cultures is provided in
supplementary figure S2. All these organisms are proven
hydrocarbon degraders (Piveteau et al. 2001; Ghazali et al.
2004; Lalucat et al. 2006; Khan and Singh 2011; Jin et al.
2011). Successful isolation of these organisms from muck
sample provide attestation of major OTUs from metagen-
ome, and since these are known hydrocarbon degraders, the
presence of hydrocarbon degradation pathways as revealed
in analysis of metagenome is also verified.

PCR amplification and sequencing of selected genes

The ability of organism to degrade hydrocarbon gives clear
evidence for the presence of genes responsible for degrada-
tion in that organism. The enzymes used in this study, ben-
zoate dioxygenase (BD), toluene 1,2-dioxygenase (T12D),
catechol 1,2-dioxygenase (C12D), are known to play a role
in aromatic hydrocarbon degradation, whereas methanol
dehydrogenase (MDH) has been reported to be involved in
aliphatic hydrocarbon degradation.
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It was possible to amplify these genes from the pure
isolate of Pseudomonas stutzeri as well as from metagen-
ome. The genes encoding all the enzymes used in this study
gave amplification with expected size (BD: 331 bp; T12D:
356 bp; C12D: 213 bp and MDH: 358 bp). The amplified
PCR products of Pseudomonas stutzeri were sequenced
and submitted to GenBank accession numbers KJ778618,
KJ778619, KJ778620. The sequences reconfirmed the pres-
ence of key genes encoding hydrocarbon-degrading path-
way enzyme in metagenome.

GC-MS analysis
Hydrocarbon analysis of the muck sample

GC-MS analysis of petroleum muck sample revealed
the presence of several higher chain alkanes as shown in
Table 1. However, except for phenol 2 chloro short chain
alkanes and aromatic hydrocarbons were not obtained.
This might be due to volatile nature of short chain alkanes
(Cs—C,6) and aromatics (Cg—C,;) and easy degradation
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Table 1 List of hydrocarbons present in muck sample determined by
GC-MS

Sr. no Analyte Formula
1 Tetradecane C4Hsq
2 Hexadecane C,¢Has
3 Heptadecane Ci7H;s
4 Heptadecane 2,6-dimethyl CioHyg
5 Nonadecane CoHyg
6 Pentadecane 2,6,10-trimethyl CgHsg
7 Eicosane CyoHy,

8 Heptadecane 2,6,10,14-tetramethyl Cy Hyy
9 Tricosane Cy3Hyg
10 Heptacosane Cy;Hsg
11 Phenol-2-chloro C¢H50Cl
12 Octacosane CygHsg
13 Dotriacontane C3,Hgg
14 Pentatriacontane CssHy,
15 Hexatraicontane CyHyy
16 Tetratetracontane CyHyy

of short and intermediate chain length alkanes (C,;,—C,,)
(Kostka et al. 2011). Moreover, only major peaks obtained
were analysed by GC-MS.

This muck was then used to assess the hydrocar-
bon-degrading potential of the microbial community

present in it. For this, GC-MS analysis was performed
for control (media + crude oil) and experimental sample
(media + crude oil 4+ muck) after 30 days incubation. The
control sample showed the presence of (C;—C,,) linear as
well as certain branched alkanes. In the experimental sam-
ple, a significant reduction in the hydrocarbon concen-
tration was observed. Most significant degradation was
observed in case of undecane (C,,), where 84.63 % alkane
was removed (Fig. 9). Apart from this, 67 to 84 % reduc-
tion was observed in short- and middle-chain (C¢—C,;) ali-
phatic compounds. Higher chain alkane such as docosane
(C,,) showed 51.09 % degradation (Fig. 9). Around 55 %
degradation was observed in branched chain alkanes like
dodecane, 2-methyl- and dodecane, 2,6,11-trimethyl. This
result attests the presence of hydrocarbon degradation path-
way as observed in the metagenomic analysis.

Hypothetical model

Based on the metagenomic data, a hypothetical model is
proposed to depict community dynamics, survival and
syntrophy of microorganisms in petroleum muck (Fig. 8).
The central cell in the model depicts the in general mecha-
nism of hydrocarbon uptake and utilization by cells capa-
ble of hydrocarbon degradation. In this mechanism, bio-
surfactants internalize the hydrocarbon, and this entire
complex enters the cell by a process similar to pinocytosis
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Fig. 8 Hypothetical model to show microbial survival in hydrocar-
bon-rich environment. Yellow circles, green pentagons and red penta-
gons represent quorum sensing molecules, biosurfactants and hydro-

carbon molecules, respectively. Up arrows indicate upregulation of
genes (color figure online)
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(Cameotra and Singh 2009). This is supported by the data
generated during functional annotation of the metagenome
showing the presence of quorum sensing molecules includ-
ing autoinducers such as acyl-homoserine lactone (AHL)
and Pseudomonas quinolone signal (PQS) which regulate
biosurfactant production (Dusane et al. 2010). After uptake,
hydrocarbons are degraded by various catabolic pathways
and finally enter into central metabolism for energy gen-
eration and biomass formation. The model also depicts a
synergistic community dynamics between some hydrocar-
bon degraders with additional phenomenon such as methy-
lotrophy, methanogenesis, denitrification, sulphur and iron
reduction and oxidation. It is known that methanogens uses
CO, and H, to produce methane which in turn is used by
methylotrophs generating formate as an intermediate. Dur-
ing oxidation of formate to CO,, electrons generated are
transferred to nitrate reductase of its own cell or of other
denitrifiers (Ingeldew and Poole 1984). Methane so gen-
erated is not only used by methylotrophs but by sulphate
reducers as well, and reduced form of sulphur is oxidized
by sulphur-oxidizing bacteria. Iron reducers degrade hydro-
carbons and at the same time reduce Fe(III) to Fe(II) which
in turn is utilized by iron oxidizers. The balance between
iron oxidizers and iron reducers is important as imbalance
may lead to corrosion of the pipeline. Sulphur-oxidizing
and iron-oxidizing bacteria are chemolithoautotrophs uti-
lizing CO, as a carbon source (Fig. 9).

Since the microbial diversity of the muck metagen-
ome contains microbes such as diazotrophs which can-
not utilize hydrocarbon as carbon source (Moreno et al.
1986), it is further proposed that intermediate products
formed during hydrocarbon degradation may be used by
them. These diazotrophs in turn provides fixed nitrogen
to hydrocarbon degraders thereby depicting syntrophy.
This finds support from the work of Onwurah and Nwuke
(2004) who reported growth of diazotroph, Azotobacter
vinlandii, in the presence of oil by utilizing by-prod-
ucts of petroleum hydrocarbon compounds formed by
Pseudomonas.
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The model further depicts that the organism are living
in stress conditions and hence shows expression of various
stress response proteins. One of the responses worth men-
tioning here is that quorum sensing also regulates biofilm
formation which is supposed to be a protection mecha-
nism against stressful conditions (Kang and Park 2010).
Thus, the model typically depicts a community dynam-
ics prevailing in the petroleum pipeline and association of
various microflora found in the metagenome in the form of
syntrophy.

Conclusions

Thus, taxonomic and functional metagenomic analy-
sis revealed the presence of both aliphatic and aromatic
hydrocarbon degraders as well as enzymes associated with
hydrocarbon degradation. Through a hypothetical model of
community dynamics, an effort is made to depict microbial
syntrophy prevailing in the petroleum pipeline. Further suc-
cessful metagenome validation using microbial isolation,
gene amplification and sequencing and hydrocarbon deg-
radation using GC-MS suggest that the muck community
may fulfil the need for efficient removal of huge amount of
hydrocarbons which enters in the environment due to acci-
dental oil spillage.

Experimental procedures
Sampling

Petroleum muck sample was kindly provided by Indian Oil
Corporation (IOC), Kandla, as a part of pigging (mainte-
nance exercise) for pipeline which was ideal for 6 years.
Immediately after pigging, the muck was collected in
sterile container and preserved at 4 °C till transported and
further processed for metagenome analysis. The sample
collection was as per NACE guidelines (NACE Standard
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TMO0194-2004); GPS co-ordinates of this sample are
23°01’53.12"N and 70°12'54.61"E.

Metagenomic DNA isolation and sequencing

Metagenomic DNA extraction was carried out using the
Power Soil DNA Isolation kit (Mo BioLaboratories Inc.,
Carlsbad, CA, USA). DNA was isolated from 0.25 g of muck
samples using bead beating method following the manufac-
turer’s protocol. Qubit® 2.0 Fluorometer (Invitrogen, USA)
was used to obtain an accurate quantitation of DNA.

Whole-genome sequencing of the metagenomic DNA
was done with a high-throughput Ion Torrent Personal
Genome Machine with Ion Torrent Server (Torrent suite
version 3.2). Library was prepared using Ion Express Plus
Fragment library kit. Metagenomic DNA was sheared into
blunt-ended fragments by enzymatic lysis using lon Shear
Plus Reagents. The fragmented DNA was ligated to ion-
compatible adapters, followed by nick repair to complete
the linkage between adapters and DNA inserts. Sequencing
was performed using Ion Express Template 300 chemistry
on 318 chip, quality filtered and then exported in FastQ for-
mat. Raw reads obtained by Ion Torrent are submitted to
SRA with accession SRX314771.

Assembly and annotation

Sequencing data set in FastQ format was uploaded to the
Metagenome Rapid Annotation using Subsystem Technol-
ogy (MG-RAST) server (http://metagenomics.nmpdr.org
/) (Meyer et al. 2008) under submission ID 4517794.3. In
MG-RAST, sequences were subjected to quality control
(QC), which includes dereplication (removing artificial rep-
licate sequences produced by sequencing artefacts), ambig-
uous base filtering (removing sequences with >5 ambigu-
ous base pairs) and length filtering (removing sequences
with a length of >2 standard deviation from mean). Arti-
ficial duplicate reads (ADRs) are analysed using dupli-
cate read inferred sequencing error estimation (DRISEE).
Near-exact matches to the genomes of fly, mouse, cow and
human were also filtered by MG-RAST. After filtering of
the data, gene calling is done using FragGeneScan to pre-
dict coding regions. Clusters of proteins are build using
uclust in QIIME followed by BLAT analysis. The annota-
tion mapping is done against MS5nr which provides non-
redundant integration of many data sets such as Genbank,
SEED, IMG, UniProt, KEGG and eggNOGs.

In order to check contig level analysis, assembly was
done with MetaVelvet 1.13 assembler (Namiki et al. 2012)
using max k-mer length as 51. Expected coverage was kept
as auto and the expected distance between two paired reads
was kept 150 in velvetg. The assemblies were uploaded to
MG-RAST with submission ID 4556373.3.

Enrichment and isolation of microorganisms

Microorganisms capable of degrading hydrocarbons were
enriched in sterile mineral salt medium (MSM) (Teli et al.
2013) supplemented with hydrocarbons as sole carbon
source (1 % petrol, diesel, crude oil or engine oil). Approx-
imately 0.1 g of muck sample was inoculated in 10 ml ster-
ile medium and allowed to incubate at 37 °C for 5 days.
Cells were subcultured twice in fresh sterile medium fol-
lowed by its isolation on sterile MSM agar plates. Pure cul-
tures were streaked and maintained on nutrient agar plates.

Molecular identification of bacterial isolates

Genomic DNA of bacterial isolates was extracted as
described by Sambrook and Russel (2001) and was
PCR amplified using 16S rDNA universal primers 8f
(5’-AGAGTTTGATCCTGGCTCAG-3') and 1492r
(5’-ACGGCTACCTTGTTACGACTT-3’). All reactions
were carried out in 20 ul volumes with2x ReadyMix™Taq
PCR mix (Sigma-Aldrich). PCR was performed in Applied
BiosystemVeriti® Thermal Cycler with following reac-
tion conditions: 5 min denaturation at 94 °C, followed
by 35 cycles of 30 s denaturation at 94 °C, 2 min anneal-
ing at 55 °C, 1.5 min extension at 72 °C and final exten-
sion of 5 min at 72 °C. PCR products were purified using
affymatrix USB ExoSap-IT PCR product cleanup kit and
cycle sequencing was done using BigDye® Terminator
v3.1 Cycle Sequencing Kit followed by purification with
BigDyeXTerminator® Purification Kit in order to remove
unincorporated dye terminators and free salts from post-
sequencing reactions. Products were analysed using ABI
PRISM 3500 XL genetic analyser. The obtained sequences
of each isolate were compared with sequences of known
bacteria in GenBank database.

Partial amplification of genes involved in hydrocarbon
degradation

Four different enzymes were used to confirm the presence
of genes involved in hydrocarbon degradation, viz. benzo-
ate 1,2 dioxygenase, catechol 1,2 dioxygenase, toluene 1,2
dioxygenase and methanol dehydrogenase. Primers were
designed based upon gene sequences of Pseudomonas
stutzeri DSM 10701 in GenBank. Primer details are listed
in Table 2. PCR conditions used were stage 1, 94 °C
(1 min), stage 2, 94 °C (30 s), 60 °C (2 min), 72 °C (50 s)
(35 cycles), stage 3, 72 °C (5 min), 4 °C (c0).

GC-MS analysis of muck sample

In order to check the presence of hydrocarbons in muck
sample, equal volume of n-hexane was used to extract

@ Springer


http://metagenomics.nmpdr.org/
http://metagenomics.nmpdr.org/

542

Arch Microbiol (2014) 196:531-544

Table 2 Oligonucleotides used in this study

Primer Intended target Primer sequence Expected product Annealing
size (bp) temperature (°C)
B12DF Benzoate dioxygenase 5’-AAGGGCGGTGGTTTCTATTC-3’ 328 60
BI2DR alpha subunit 5'-CGTTGAAGAAGTCCTCGTACTG-3/ 60
T12DF Toluene 1,2 dioxygenase 5’-CTATCTCGACGACAAGGAATGG-3’ 354 60
T12DR beta subunit 5'-CGCACATCCAAGGTGTAGAA-3/ 60
C12DF Catechol 1,2 dioxygenase 5’-CCAGGGCAACTACTCCTATTTC-3’ 208 60
C12DR 5'-CGCGGAGATGAAGAAGTGAA-3' 60
MDHF Methanol dehydrogenase 5-CCACCAGCATGAGGAAGAA-3’ 358 60
MDHR beta propeller domain 5'-CGCAGCATCGAGGAATTTG-3/ 60

hydrocarbons. The n-hexane-soluble fraction was ana-
lysed by gas chromatography—mass spectrophotometry
(GC-MS) (Autosystem XL GC+). Column used was PE-
SMS column (30 m x 0.250 mm x 0.250 um) with helium
as carrier gas. Injection volume was 1 pl with temperature
maintained at 250 °C. Oven temperature was programmed
to rise from 80 to 280 °C at 10 °C min~! increment and
held at 280 °C for 20 min. Initial holding time was 5 min
at 80 °C. Electron ionization temperature was 220 °C. The
MS had a mass range of 20-600 atomic mass unit.

GC-MS analysis to assess hydrocarbon degradation
potential of muck community

Hydrocarbon degradation study was conducted by inoculat-
ing 0.1 g muck sample in MSM containing 0.25 % crude
oil. Inoculated broth was maintained at 37 °C and 150 rpm
for 30 days. MSM containing 0.25 % crude oil was kept
as negative control. After 30 days of incubation period,
broth was centrifuged at 10,000 rpm for 2 min. Hydrocar-
bons were extracted from supernatant with equal volume
of n-hexane. n-hexane fraction was analysed using GC-
MS (Shimadzu QP2010 Ultra) fitted with a flame ioniza-
tion detector and Rtx-5 (Restek) column of dimension
30m x 0.25 mm x 0.25 ym. Parameters for GC-MS were
same except for mass range which was 40-700 amu. Per
cent hydrocarbon degradation was calculated by comparing
peak areas of sample with that of control.

Statistical analysis

For comparative metagenomics, STAMP (Statistical Anal-
yses of Metagenomic Profiles) software v2.0 (Parks and
Beiko 2010) was used in which data were uploaded from
MG-RAST. Seven metagenomes from different ecosys-
tems were divided into three groups. First group contained
muck metagenome. Second group contained metagenomes
of deep-sea sediments from Gulf of Mexico after 2010
deepwater horizon oil spill [GoM deep-sea sediment 023

@ Springer

(4465489.3), GoM deep-sea sediment 278 (4465490.3)
and GoM deep-sea sediment 315 (4465491.3)]. Third
group contained three metagenomes of wastewater treat-
ment plants in which metagenome Beer_CE_Day 44
(4480719.3) examined anaerobic digester sludge whereas
M8_META (4494854.3) and M9_META (4494855.3)
examined activated sludge. For principle component analy-
sis (PCA), ANOVA and Tukey—Kramer with p value filter
(>0.05) were used as statistical hypotheses test and as post
hoc test, respectively. High level of variance was explained
with 83.8 and 81.1 % (x axis) and 9.1 % and 14.6 % (y
axis) for taxonomic and functional plot, respectively. Two-
sided Welch’s test was used for scatter plot.
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