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Abstract

Leakage from CO, storage areas is likely to affect the microbial communities in the overlaying sediments.
We have conducted a baseline characterization of the microbial communities present in the surface
sediments overlaying the Johansen formation, a potential site for CO, storage, using metagenomics. We
detected six abundant potentially CO, fixing strains (e.g. Nitrosopumilus maritimus SCM1) as well as key
genes for CO, fixation pathways (e.g. the reductive tricarboxylic acid cycle and the Wood Ljungdahl
pathway). Assuming this fraction of the community would increase in case of CO, leakage; this
information could be used as part of a surveillance project.
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1. Introduction

After the industrial revolution there has been a major increase in the atmospheric concentration of CO,
and other green house gases [1]. A promising way to mitigate this development is CO, capture and storage
(CCS), storing of CO, deep under the earth’s surface [1]. During the lifetime of a geological CO, storage
site diffuse migration or leakage of CO, from the reservoir to the overburden and sub seafloor may occur.
As CCS increase in importance, sensitive and varied methods for leakage monitoring also increase in
significance. Further, it is important to characterize expected alternations of the environment in case of a
potential leakage.

Prokaryotic community structure and metabolic activity is tightly linked to geochemical parameters in
the environment (e.g. carbon sources and red-ox conditions). Changes in prokaryotic sediment
communities might therefore be among the first detectable warnings if a CO, leakage should occur. A
recent study of soil microbial communities using 454 amplicon-sequencing and GeoChip analyses
demonstrated dramatic changes in community structure and metabolic potential (e.g. significantly
increased abundance in genes involved in CO, fixation) related to elevated CO, concentrations [2]. Both
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quantitative and qualitative changes in the microbial community after CO, injection into subsurface saline
aquifers in Ketzin, Germany, have also been observed by FISH and fingerprinting techniques [3].

Over the last decades several studies on microbial communities in marine sediments, especially related
to hotspots like methane seeps (e.g. the Coal Oil Point seepage area [4] and the Hikon Mosby mud
volcano [5, 6], hydrothermal vents (e.g. Rainbow, Lost City and Ashadze [7] and whale falls [8], have
been conducted. Still, little is known of communities associated with increased CO, levels. It is however
known that several prokaryotes have the ability to assimilate CO, (inorganic carbon) into organic carbon.
Currently there are six known pathways of CO, fixation [9]. Three of these are anaerobic or oxygen
sensitive: the Wood Ljungdahl (WL) pathway, the reductive tricarboxylic acid (rTCA) cycle and the
dicarboxylate/ 4-hydroxybutyrate (DC/ 4-HB) pathway. The other three are aerobic: the Calvin-Benson-
Bassham (CBB) cycle, the 3-hydroxypropionate (3-HP) bicycle and the 3-hydroxypropionate/ 4-
hydroxybutyrate (3-HP/4-HB) cycle. Baseline characterization of prokaryotic communities in sediments
overlaying potential storage sites, as well as knowledge of their change in case of leakage is therefore of
major importance.

It is assumed that less than 1% of existing prokaryotes has been cultivated in pure culture. Culture
independent methods are therefore preferable. In this study we have used metagenomics to conduct a
baseline characterization of the microbial communities present in the surface sediments overlaying the
Johansen formation, a potential site for CO, storage in the North Sea. The goal of the study was to
identify organisms and genes known to be involved in CO, fixation.

2. Methods

A flowchart of the methods used in this study can be seen in Fig. 1. The sediment samples were taken
from the northern part of the North Sea from the area overlaying the Troll oil and gas field and a potential
CO, storage site- the Johansen formation. The seafloor in this area is characterized by a high density of
pockmarks and all our samples, except 1T, were taken from the bottom of pockmarks. The area has
previously been investigated in relation to prokaryotic hydrocarbon degradation [10]. Details on the
sampling locations are listed in Table 1.

The samples were collected using a combination of a 0.5 m ROV-operated shallow core device and a
ROV manipulator. The ends of the core liners were sealed and kept at 4-10°C during transport.

Sediment
sample

DNA- extraction
454- sequencing
Quality- filtering

Metagenome

BlastX
against
nchiPnr

MG-
RAST

Metabolic
annotation

Fig. 1 Flowchart of the metagenomic analysis
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Table 1 Sampling site locations

Sample  Latitude - longitude =~ Water depth (m)  Sediment depth ~ Sediment type

(N-E) (cm bsf)
1T 60.631117 -3.787293 305 5-20 Silty clay
2T 60.63132 - 3.789782 315 5-20 Silty clay
4T 60.631441 - 3.790041 315 5-20 Silty clay
6T 60.630721 - 3.78115 311 5-20 Silty clay
7T 60.629635 - 3.782211 311 5-15 Silty clay

2.1. DNA extraction and 454 sequencing

Total genomic DNA was extracted with a FastDNA®SPIN for Soil Kit (MP Biomedicals) and cleaned
using Wizard DNA Clean-Up (Promega) according to the manufacturer’s instructions. The DNA quality
was assessed by agarose gel electrophoresis and by optical density using a NanoDrop instrument
(NanoDrop Products, Thermo Scientific).

4-20 pg DNA was used for sequencing. Sample preparation and sequencing of the extracted DNA were
performed at the High Throughput Sequencing Centre at CEES, University of Oslo
(http://www.sequencing.uio.no/) according to standard GS FLX Titanium protocols.

2.2. Quality filtering

The complete datasets were analyzed with Prinseq to determine the sequence quality scores [11]. For
each sample we performed quality filtering to remove low quality reads (reads containing> 10 ambiguous
bp, or homopolymers of> 10 bp) using mothur  [12]. The remaining reads were checked for exact
duplicates using an UiO in-house script. Artificial replicates were removed using cdhit-454 with standard
settings except minimal identity was set to 98% [13].

2.3. Taxonomic annotation and rarefaction analysis

The metagenomic reads were taxonomically classified by BlastX against the NCBI non-redundant
Protein Database (ncbiP-nr) [14]. The computation was performed at the freely available Bioportal
computer service (http://www.bioportal.uio.no/) [14]. Maximum expectation-value was set to 107,
maximum 25 alignments were reported per hit.

The BlastX output files were analyzed according to the NCBI-taxonomy in MEGAN, version 4 [15,
16] using default LCA-parameters (Min Score: 35, Top Percent: 10.0 and Min Support: 5). All taxa were
enabled. Rarefaction analysis was performed for Archaea and Bacteria at the most detailed level of the
NCBI taxonomy.

2.4. Metabolic annotation

Reads assigned to prokaryotic taxonomic groups in MEGAN were extracted and assigned to KEGG
Orthology  (KO)-numbers on KAAS (KEGG  Automatic  Annotation  Server) [17]
(http://www.genome.ad.jp/tools/kaas/) using default parameters for SBH (single-directional best hit).
Forty reference genomes were manually selected based on the most abundant prokaryotic strains
identified in the MEGAN-analysis.

4217



4218

Othilde Elise Havelsrud et al. / Energy Procedia 37 (2013) 4215 — 4233

KO numbers were assigned to the following taxonomic groups:
Total Archaea
Nitrosopumilus maritimus SCM1 (The most abundant archaeal strain.)
Total Bacteria
Proteobacteria (The most abundant bacterial phylum)
“unclassified and environmental bacteria” (Made up of reads not assigned further than to
Bacteria in addition to environmental samples (Bacteria) and unclassified bacteria). This group
includes several BAC (bacterial artificial chromosomes) and fosmid based genomic sequences as
well as some candidate divisions.
e other bacterial phyla” (All bacterial nodes at the “phylum level” except Proteobacteria,
unclassified bacteria and environmental samples).

The metagenomic reads were also assigned to SEED subsystems on the MG-RAST server (version 2.0)
[18] (http://metagenomics.anl.gov/v2/). Maximum expectation- value was set to 10”, minimum alignment
length was set to 100 bp.

2.5. Effective Genome Size (EGS)

The effective genome size (EGS) for each metagenome was estimated according to the method
developed by Raes et al. [19], using the constants a = 18.26, b = 3650 and ¢ = 0.733. A protein reference
database containing the 35 single copy COGs in question were downloaded from STRING (9.0)
(http://string-db.org/) [19]. BlastX was conducted at the the freely available Bioportal computer service
(http://www.bioportal.uio.no/) [14].

Sampling probability of a random universal single copy gene (1000 bases) and expected number of
reads detected was calculated according to Beszteri et al. [20].
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3. Results and Discussion

Five sediment metagenomes were sequenced to get an overview of the organisms and genes involved
in CO, fixation. After replicate removal and quality filtering the metagenomes consisted of 607 557 to
1 227 131 reads, with an average read length of 336 to 361 (Table 2).

Unless other ways specified, all percentages in the following text are given as percent of total reads in
each of the filtered metagenomes.

Table 2 Overview of the five metagenomes after replicate removal and quality filtering

Metagenome Reads Mean length (bp) Mean GC (%) EGS (Mbp)

1T 850 039 349 539 5.1
2T 663 131 361 49.9 4.7
4T 1227131 346 50.6 5.0
6T 607 557 343 49.3 4.6
7T 898 796 336 49.8 5.0

3.1. Taxonomic annotation

Most of the reads were assigned to Bacteria (from 41 to 50%). The highest representation of Archaea,
Eukaryota and Viruses were 3.5%, 1.75% and 0.17% respectively. Up to 43% of the reads had no hits
against the ncbiP-nr.

Approximately 1000 prokaryotic (archaeal and bacterial) taxa (strains) were detected in each metagenome
at the most resolved level in MEGAN. Rarefaction curves supported that the most abundant strains were
accounted for, although our metagenomes did not capture the total prokaryotic richness in the sediments

(Fig. 2).
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Fig. 2 Rarefaction curves for archaeal and bacterial strains

4219



4220

Othilde Elise Havelsrud et al. / Energy Procedia 37 (2013) 4215 — 4233

We focused our attention on the most abundant bacterial and archaeal strains in the sediments (more than
0.01% of all reads, when all metagenomes were put together) (Fig. 3). Among the 27 most abundant taxa
identified in the MEGAN analysis, six are known to contribute to carbon fixation (Fig. 3). Candidatus
Nitrospira defluvii uses the rTCA pathway, while the deltaproteobacterial taxa (D. autotrophicum HRM2,
D. alkenivorans AK-01, and uncultured Desulfobacterium) and Candidatus Kuenina stuttgartiensis
utilizes the WL- pathway [9, 21-25]. Finally the archaeon N. maritimus likely makes use of a variant of
the 3HP/4HB- pathway [26]. The abundance of these taxa, as well as other microbial groups able to use
CO, as a carbon source, may increase as a response to elevated CO, concentrations.

3.2. Metabolic annotation

The metagenomic reads were annotated to metabolic functions in order to further assess the
communities’ potential for CO, fixation (Fig. 1). Most attention was given to the CO, fixation pathways
assumed to be utilized by the most abundant taxa (Fig. 3).

3.2.1. The Wood Ljungdahl pathway

Mapping reads to KEGG maps showed that the complete WL pathway was identified among the
extracted proteobacterial reads (A.l.), supporting the taxonomic finding of the three abundant
deltaproteobacterial taxa (D. autotrophicum HRM2, D. alkenivorans AK-01, and uncultured
Desulfobacterium) assumed to use this pathway (Fig. 3).

Lentisphacra arancosa HTCC2155
uncultured bacterium
alpha proteobacterium BAL199

Candidatus Koribacter versatilis Ellin345

TJT W6T W4T w2T m]IT rTCA

Wil

Gemmata obscuriglobus UQM 2246 = 3HP/4HE
Rhodopirellula baltica SH 1

marine gamma proteobacterium HTCC2148
Plesiocystis pacifica SIR-1

bacterium Ellin514

Hyphomicrobinm denitrificans ATCC 51888
Gemmatimonas aurantiaca T-27
Blastopirellula marina DSM 3645
Ktedonobacter racemifer DSM 44963
Pirellula staleyvi DSM 6068

Candidatus Nitrospira defluvii
Desulfococeus oleovorans Hxd3
Desulfobacterium autotrophicum HRM2

Sorangium cellulosum "So ce 56'
Haliangium ochraccum DSM 14365
Desulfatibacillum alkenivorans AK-01
Syntrophobacter fumaroxidans MPOB
Planctomyees maris DSM 8797
Candidatus Kuenenia stuttgartiensis
Candidatus Solibacter usitatus Ellin6076

uncultured Desulfobacterium sp

Nitrosopumilus maritimus SCM1
delta proteobacterium NaphS2
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Percent of total reads in each sample

Fig. 3 Most abundant strains. Taxa potentially involved in CO, fixation and their pathways are indicated (rTCA: the reductive
tricarboxylic acid cycle, WL: the Wood Ljungdahl pathway, 3HP/4HB: 3-hydroxypropionate/ 4-hydroxybutyrate cycle).
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The complete WL pathway was also identified among the reads extracted from “other bacterial phyla”
(including the abundant potential CO, fixing Candidatus Kuenina stuttgartiensis) and “unclassified and
environmental bacteria”. In fact most reads assigned to the key enzyme, carbon monoxide dehydrogenase/
acetyl-CoA synthase (EC: 1.2.7.4, 1.2.99.2 and 2.3.1.169), were extracted from “unclassified and
environmental bacteria” suggesting that this pathway is important among members of this group.

Reads assigned to euryarchaecotal methanogenic orders like Methanosacinales and
Methanomicrobiales, known to use the WL-pathway, were identified in the MEGAN analysis. Still, four
enzymes of the WL pathway remained undetected among the total archaeal reads using KEGG-maps. The
absence of acetate kinase (EC 2.7.2.1), phosphate acetyltransferase (EC 2.3.1.8) and formate
dehydrogenase (EC 1.2.1.43) is probably related to major differences in enzymes involved in this pathway
for archaea and bacteria. The KEGG-map is based on the bacterial pathway, while intermediates like
formate and methyltetrahydrofolate (and related enzymes) are replaced by formyl-methanofuran and
tetrahydropterins in archaea [9]. Only the key enzyme, CO dehydrogenase/ acetyl-CoA synthase (EC:
1.2.7.4,1.2.99.2 and 2.3.1.169), is believed to share a common origin in both archaea and bacteria [9, 27].
This enzyme was however also absent among the archaeal reads. The beta subunit of this key enzyme was
not detected at all in our metagenomes. This could be due to the high taxonomic richness of prokaryotes
in the Troll sediments, which combined with Effective Genome Sizes (EGS) of 4.6- 5.1 leads to low
coverage of most genomes represented in the metagenomes (Fig. 2, Table 2). If a random example gene of
1000 bp was present in one copy in all organisms, between 181 and 199 hits to this gene could be
expected in each metagenome [19, 20]. Genes present only in a small sub population might however be
missed by chance.

Reads assigned to the SEED subsystem associated with the WL pathway were also detected in the MG-
RAST analysis (A.2.).

3.2.2. The reductive tricarboxylic acid cycle

All enzymes needed for the rTCA pathway were identified after mapping the reads assigned to “other
bacterial phyla”, which includes the abundant strain Candidatus Nitrospira defluvii, to KEGG maps
(A.3.). This group also contained reads assigned to other taxa known to use the rTCA pathway (e. g. taxa
within Chlorobi and Aquificae) [9].

The rTCA pathway was further complete for “unclassified and environmental bacteria”, indicating the
presence of organisms capable of rTTCA among these groups as well.

Although the proteobacterial taxa identified in the MEGAN analysis included taxa reported to have an
operating rTCA pathway (like Magnetococcus sp. MC-1 and Candidatus Endoriftia Persephone) the
citrate cleavage enzyme (EC 2.3.3.8) could not be identified among reads assigned to this phylum. The
postulated use of an alternative enzyme with the same function in some proteobacterial taxa (like
Magnetococcus sp. MC-1 and Candidatus Endoriftia Persephone) could be a contributing factor to the
absence of this enzyme [9].

This pathway is considered to be strictly bacterial and the complete pathway was not identified among
the archaeal reads [9].

3.2.3. The 3-hydroxypropionate/ 4-hydroxybutyrate cycle

This pathway is expected to be used by archaea only [9]. Taxa expected to use this pathway were
detected in the MEGAN analysis (Sulfolobales, Cenarchaeum symbiosum and N. maritimus) [9]. Still,
enzymes for only some of the pathway steps were detected among our archaeal reads (A.4.). In this case it
is important to keep in mind that a complete 3HP/4HB pathway has been identified in Metalloaphaera
sedula only. Further, although the abundant taxon N. maritimus likely uses the same reaction sequences as
M. sedula, not all reactions are catalyzed by identical enzymes [26]. The identification of 4-
hydroxybutyryl-CoA dehydratase/vinylacetyl-CoA-Delta-isomerase, a characteristic key gene of the
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3HP/4HB cycle, among the reads assigned to N. maritimus does however support genetic potential for
CO, fixation [9].

3.2.4. Other CO, fixation pathways

Only low abundant taxa known to use the DC/ 4-HB pathway (e.g. Desulfurococcales and
Thermoproteales) and the 3-HP pathway (Chloroflexaceae) were detected in the MEGAN analysis.
Further, the complete pathways were not identified by KEGG mapping (A.5. and A.6.). These pathways
are therefore likely not of major importance in the sediments at the present time.

None of the most abundant taxa in the sediments are known to use the CBB cycle and not all enzymes
in the KEGG pathway could be identified (A.7.). Still, annotation to level III SEED subsystems on MG-
RAST indicated that the CBB cycle and its related CO, uptake system and carboxysomes (organelle-like
proteinaceous polyhedral micro-compartments thought to facilitate carbon fixation via the CBB-cycle)
was important in CO, fixation in the Troll sediments (A.2.). This inconsistency could be due to
differences in the respective databases, as well as differences in the classification of enzymes sorting
under each pathway/subsystem (e.g. the carboxysome genes are not included in the KEGG-map).

Mapping of reads to KEGG pathway maps indicates that WL and rTCA are the most used pathways for
CO, fixation in the sediments at the present time. Further, the high abundance of reads assigned to N.
maritimus in combination with the detection of 4-hydroxybutyryl-CoA dehydratase/vinylacetyl-CoA-
Delta-isomerase indicates that a version of the 3HP/4HB cycle may also be operational. In addition SEED
subsystems related to CBB were indicated to be important in the MG-RAST analysis. It is therefore likely
to assume an increased abundance of organisms using these pathways, as well as genes needed for the
pathways, should a leakage of CO, from the potential storage reservoir occur.

Sediments with their stratified and often steep chemical gradients constitute a complex and diverse
habitat for the prokaryotes. Although we detected differences in the relative abundance of enzymes and
autotrophic taxa between the samples we did not identify any patterns suggesting that certain pathways
were more or less abundant in one sample compared to the others.

4. Summary and outlook

In sediment surveys with the aim to detect CO, levels beyond baseline one may search for changes in
community profiles toward increased representation of autotrophic prokaryotes (e.g. N. maritimus SCM1,
uncultured Desulfobacterium sp, Candidatus Kuenenia stuttgartiensis, Desulfatibacillum alkanivorans
AK-01, Desulfobacterium autotrophicum HRM2, Candidatus Nitrospira defluvii). Both key genes in CO,
fixation pathways (e.g. citric cleavage enzyme (trTCA), carbon monoxide dehydrogenase/acetyl-CoA
synthase (WL)) and marker genes for the strains performing them (e.g. 16S rDNA) could be monitored.

Our study shows that metagenomic analyses represent a novel approach for monitoring of CO, induced
changes in marine sediments. The high throughput next generation sequencing platforms, like the
Roche/454 technology [28], renders an unprecedented sequencing coverage of environmental
metagenomes possible. Metagenomics may therefore provide an early warning for leakage incidents.
Metagenomics may further enable us to identify good marker genes for use in e.g. Q-PCR assays. Our
work was carried out on marine sediments, but the same methods could also be applied in other
environments, like surveillance of land-based CCS facilities.
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