Microbial genomics for de-risking offshore
oil and gas exploration in Nova Scotia
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Outline

1. original observations and interest in hydrocarbon seeps
2. using cold-adapted seabed microbes for prospecting

3. using dormant thermophilic bacterial spores for prospecting
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Smeerenburgfjorden, Svalbard, 80° North
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Svalbard marine sediment incubated from -2 to +40°C

Bo Barker Jgrgensen, unpublished
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Thermophilic Bacteria in Arctic Sediments
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Thermophilic Bacteria in Arctic Sediments
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Desulfotomaculum endospores

genus Desulfotomaculum
 sulfate reducers
« endospore formers

» thermophiles

50,2 simple
4 organics
SRB
st C02

“sulfate reduction”

Flemming Mgnsted Christensen, M.Sc. thesis, 2009



Desulfotomaculum endospores
In Arctic marine sediment

Flemming Mgnsted Christensen, M.Sc. thesis, 2009

« 10° per gram of sediment
« annual influx 108 m-2

« where are they coming from?
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Thermospores... where are they coming from?

rRNA gene

phylogeny:
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Caloranaerobacter (2)

Caminicel
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seabed fluid flow ~ an unappreciated microbial dispersal vector?
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petroleum reservoir

Johnson et al. (2006) Geofluids 6: 251-271

Hydrocarbon seeps Hydrothermal circulation
« widespread in the ocean « worldwide network of ocean ridges
» fluid seepage from depth » lateral (axis) influence oninsitu T
* depthinfluencesinsitu T * thermospores have some rRNA

gene database hits to mid ocean

- thermospores have many ridge systems

rRNA gene database hits to
oil fields



seabed fluid flow ~ an unappreciated microbial dispersal vector?

rRNA gene
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Microbiology-based prospecting
for seabed hydrocarbon seeps
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Microbiology-based prospecting
for seabed hydrocarbon seeps
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Microbiology-based prospecting
for seabed hydrocarbon seeps
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Hypothesis: thermophilic spores [::] and cold-adapted
oll-degrading bacteria [as] have different distributions at seeps
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Prospecting advantage using dormant bacterial spores
compared to active bacteria, or hydrocarbons...?
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Prospecting advantage using dormant bacterial spores
compared to active bacteria, or hydrocarbons...?
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Multiple approaches to exploration risk assessment
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Outline

1. original observations and interest in hydrocarbon seeps
2. using cold-adapted seabed microbes for prospecting

3. using dormant thermophilic bacterial spores for prospecting
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Canada

*x

Scotian Slope, 2500 - 3500 m

Eastern Gulf of Mexico 1000 - 3000 m

Mexico!

Dominican

‘Republic
Puerto Rico

Guatemala



Nova Scotia Department of Energy’s Play Fairway Analysis

« $15M investment by NS - interdisciplinary geoscience mapping
« >$2B in exploration commitments (Shell, BP, Statoil)
« Front-end science to characterize the deep seabed - reduced risk




Fisheries and Oceans

B Canadian Coast Guard @
Ship: Hudson CALGARY

L

summer 2015 & 2016




Scotian Slope - Piston Coring

>60 sites sampled
« 1750 to 3450 m water depth
* 0to 10 mbsf sediment depth

Geochemical analyses (APT)
Organic carbon content

Gas wetness

Isotopes (613C, 6D)

Sulfate depth profiles (UofC)

[
46°0'0"N

44°0'0"N

Microbial analysis
» >400 samples
» bacterial community
composition

42°0'0°N




Depth (cm)

Distinct sulfate profiles for Sites M, J, E
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Depth (cm)

Surface and Subsurface samples for DNA
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Relative abundance (%)

subsurface (>20 cm) Atribacteria at 14 sites
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Relative abundance (%)

surface (<20 cm) Atribacteria at 15 sites
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Relative abundance (%)
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» 173 surface sediments (0-20 cm) stored at -20°C
« petroleum geochemistry analysis (TDI)

» bacterial 16S rRNA gene amplicon libraries (UCalgary)

Bernie Bernard
Jim Brooks

95°0 0"W

90°0'0"W 85°0'0"W 80°0'0"W

"y |R0°0'0"N
b

Anirban
Chakraborty



TSF (max. intensity units)

Oil and Gas parameters in 173 sediment cores
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Comparing 173 bacterial communities (NMDS)

(5971 reads per amplicon library)
OG = oil & gas positive (15)
2 A N = negative (40)
® O = oil positive (118)

pairwise Permanova
OGvs O p <0.001
OGvsN p <0.001
OvsN p >0.05

2d stress =0.18



Relative abundance (%)

Relative abundance (%)

Gulf of Mexico Atribacteria (amplicon sequence variants)
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What is the functional role of uncultivated
Atribacteria? — Metagenomics

Xiyang Dong

3 metagenomes
site 26 (O)

site 29 (OG)

site 44 (N)

58 draft genomes
from three samples

6 Atribacteria

preliminary evidence
reveals hydrocarbon
degradation genes in
5/6 Atribacteria




Outline

1. original observations and interest in hydrocarbon seeps

2. using cold-adapted seabed microbes for prospecting

3. using dormant thermophilic bacterial spores for prospecting

bottom water current

sedimentation

seep-associated Atribacteria in
both Nova Scotia and Gulf of
Mexico sediments may be gas
or oil associated, and may be
capable of hydrocarbon
biodegradation

ongoing detailed analysis of
genomic and oil geochemistry
datasets



And! using genomics for exploration automatically
provides an environmental baseline

INSIGHTS | PERSPECTIVES

MARINE SCIENCE

sciencemag.org SCIENCE

Deepwater Horizon, 5 years on

Baseline environmental data are crucial for understanding

the impacts of oil spills
By Samantha B, Joye

n 20 April 2010, an explosion on the
Deepwater Horizon drilling unit ini-
tiated an uncontrolled release of oil
and gas from the Macondo seafloor
well into the Gulf of Mexico that
lasted for 87 days. Documenting and
tracking the ecological, environmental, and

ejected hydrocarbons at a rapid rate, leading
to dispersion of oil into droplets and facili-
tating the formation of deep-water plumes
enriched in oil, dissolved gas, and gas hy-
drate at depths between 900 and 1200 m
(2, 6). Plumes were detected with sophisti-
cated chemical sensors lowered through or
introduced into the affected waters. Best es-
timates now suggest that all discharged gas

The Deepwat
resented an ur
discharge into 0]
historical becaus
cation of chemic
sea surfaceand d
discharging well
cal dispersants
biodegradation |
slicks into smalle
debated (10, 11).
the benefits of
creased dissoluti
reduction of oil
presumed facilit:
tion—offset the .
ronmental impai
uncertainties, ex]

7 AUGUST 2015 - VOL 349 ISSUE 6248

optimizing conditions for baseline data collection

2 Nova Scotia cores X triplicate sediment aliquots
X 3 DNA extraction protocoss X 3 PCR primer pairs

Deidra Stacey
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2. using cold-adapted seabed microbes for prospecting

3. using dormant thermophilic bacterial spores for prospecting
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Are spore-forming Firmicutes really prevalent in oil reservoirs?

rRNA gene
h | . ; Isolate HY4222, DQ286650
p y O g e n y - Clostridiisalibacter paucivorans' (olive mill waste), EF026082

r Hypersaline microbial mat clone MATCRH2C04, EU245110
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Hypersaline microbial mat clone MATCRP6G03, EU246311
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Thermohalobacter berrensisT (solar saltern), AF113543

Eubacterium thermomarinus (Pacific vent sample) L10086
4CrCaloranaerobacrer azorensisT (Atlantic vent chimney), AJ272422
L Gram positive thermophile ODP15902 (ridge flank crustal fluid) AY704384 h
r—¢7 Arctic sediment phylotype A (n=15/85)

Caloranaerobacter (2) ' @7 Arctic sediment phylotype B (n=10/85)
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—

Clostridium caminithermale™ (Atlantic vent chimney), AF458779
Clostridium halophilum"™ (hypersaline sediment), X77837
Black band diseased coral tissues clone BBD_216_02, DQ446118
Black band diseased coral tissues clone STX_02f, EF123532

North Sea Ekofisk oil reservoir clone EB35.5, EU573106

Arctic sediment phylotype C (n=4/85)
North Sea Troll oil reservoir clone TCB198x, DQ647124
North Sea Trall oil reservoir clone TCB15y, DQ647125

_|—_Caminr'cella sporogenes’ (Pacific vent chimney), AJ320233
Clostridiurm sp. Dex60-61 (East Pacific Rise) AJ431243

Subsurface water clone DR546BH1103001SAD1, DQ234643
Subsurface water clone DR938CH110701SACH48, DQ230966
Subsurface water clone EV818BHEB6102702SAFF2, DQ256296
Subsurface water clone DR546BH1103001SAD11, DQ234640

Desulfotomaculum b/~ Arctic sediment phylotype D (n=7/85)

Gas field formation fiuid clone Z3 Bac 67, EUB999019
Desulfotomaculum geothermicum™ (2.5 km deep groundwater), Y11567

Desulfotornaculum gibsoniae™, AJ294431
Desulfotomaculum thermosapovorans’, Z26315

Desulfotomaculum arcticum™ DQ148942 \/ I ' l
Desulfotomaculum kuznetsovii T, Y11569 W ar
CC Desuflfotomaculum thermocisternum”, U33455 .
Desuffotomaculum thermobenzoicum”, AJ294430 \/ anoxic

Desuliotomaculum putei T, AF053929

Desulfotomaculum halophilum®, U88€91 .
Desulfotomaculum acetoxidans™, Y11566 \/ fl u I d fl OW




Are spore-forming Firmicutes really prevalent in oil reservoirs?

20

|
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Bathyarchaeota
E uryarchaeota
Thaumarchaeota
WS A2
Actinobacteria
Afribacteria
Bacteroidetes
Chloroflexi
Cloacimonetes
Cyanobacteria  °
Deferribacteres
Firmicutes
|gnavibacteriae
Variniricrobia
Nitrospirae
Planctomycetes
Proteobacteria
Spircchaetae
Synergistetes
Tenericutes
Themodesulfobacteria
Themotogae
Unclassified

~75 studies with amplicon
libraries from oil reservoirs

only 12 from formation water
(no water injection)

therefore truly indigenous
communities analysed

Firmicutes indeed prevalent

next step: expand
the study to include
produced water
samples as well as
formation waters

e N

Daniel Gittins



111 surface sediments heated to 50° C

Qil-positive extracts .
Mone (m = 40) 3
One (m=3)

Twa (n = 24)

Threse (n = 44)

OTU richness
@ D0-5

Anirban
Chakraborty




/1 oil-positive and 40 oil-negative
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sulfate reduction rate

Thermophilic Bacteria in cold sediments

Svalbard

~0° C
- in-situ Hubert et al 2009 Science 325: 1541
c 18 sulfate-reducing bacteria
g 100
8 75 Corg S0,*
o 50 SRB
o
> Ej CO, H,S
0 10 20 30 40 5 60 70 80
incubation temperature (° C)
™ 300 DNA seqguencing to characterize
L 250 50° C th . . .
o,o e microbial community after
5 several days at 50° C
6 150
g 100
~ 50
.0 oo
0 20 40 60 80 100

1-30 thermospore
incubation time (hours at 50°C) OTUs per sediment



115 thermospores detected @ 50° C

Thermospore OTUs
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Site occupancy



Y 18214, Desulfonispora thiosulfatigenes (anaerobic sludge)
oruso (@) [N 11

JNB11722, Terrestrial mud volcano clone (active hydrocarbon seepage)
'DQ234652, Subsurface mine fracture water clone (3200 mbls; HT)
ABB69474, Hydrogenispora ethanolica (anaerobic sludge)
otutss 7
AY538171, Desulfitibacter alkalifolerans (heating plant bioreactor)

HQO16622, Terrestrial mud volcano clone (active hydrocarbon seepage)
oTus 7

otu2c @B [ ‘ |24
FJ469341. Oil production facility clone (North Slope; Alaska)
:FN3568265, Qil reservoir production water clone (Dan oil field; Denmark: HT)
AB539850, Oil reservoir produced fluid clone (Yabase oil field; Japan; HT)
'HMO4 19844, Ol reservoir produced fluid clone (Niboli oil field; Japan; HT)
r GU216701, Caldicoprobacfer algenensis (hot spring)
oTus2 (@) [ 16
LC123718, Deep sandstone gas reservoir clone (1500 mbis)
joruzo @y [ETs 2 '
_' AY4840840, Caldanaerocells colombiensis (hot spring)
DQ234642, Subsurface mine fracture water clone (3200 mbis; HT)
DQB843878, Geosporabacter subterraneus (deep aquifer; 800 mbis)
- CP000880, Candidatus Desulfforudis audaxviator MP104C (2800 mbls)
EU730897, Subsurface mine fracture water clone (2800 mbis; HT)

-otutso @ [15
FJ712600, Mud volcano clone
otuss2 8
KC430348, Desuffotomaculum sp. MP104 PS13 (2800 mbls; HT)
o @ 12
AB369052, Oil reservoir crude oil clone (Daging oil field, China; HT)

DQ234843, Subsurface mine fracture water clone (3200 mblis; HT)
KC215432, Coal formation water clone
~ Y 11575, Desulfotomaculum thermosapovorans
AYDB88974, Desulfofomaculum sp. Mechichi-2001
otussy [I_]5
oTuUi1 8

OTUB31 8

GU338481, Subsurface gas reservoir clone (800 mbis)

1 Y11567, Desulfofomaculum geothermicum (gas reservoir; 2500 mbis; HT)
EU898022, Onshore gas field formation fiuid clone (2700 mbis; HT)
10% . (mbis = Meters below fand surface; HT = High-terrperature) () Oilpositive () Oil-negative
Regions (bars)

Phylogeny (background panels)
Abyssal Plain (n=66)

Desulfonispora Caldicoprobacter
De Soto Valley (n=19) Hydrogenispora Caldanaerocella
|| Mississippi Canyon (n=12) Desulfitibacter

Candidatus Desulforudis
Desulfotomaculum

West Florida Shelf (n=14) Unclassified Clostridia
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Y 18214, Desulfonispora thiosulfatigenes (anaerobic sludge)
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JNB11722, Terrestrial mud volcano clone (acfive hydrocarbon seepage)
'DQ234652, Subsurface mine fracture water clone (3200 mbis; HT)

ABGB69474, Hydrogenispora ethanolica (anaerobic sludge)
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AY538171, Desulfitibacter alkalifolerans (heating plant bioreactor)

HQ816622, Terrestrial mud volcano clone (active hydrocarbon seepage)
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FJ469341. Oil production facility clone (North Slope; Alaska)

FN356265, Qil reservoir production water clone (Dan oil field; Denmark; HT)
AB539850, Oil reservoir produced fluid clone (Yabase oil field; Japan; HT)
HMO04 1844, Oil reservoir produced fluid clone (Niboli oil field; Japan; HT)
GU216701, Caldicoprobacfer algenensis (hot spring)
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' oT070
=, - AY484040, Caldanaerocells colombiensis (hot spring)
DQ234642, Subsurface mine fracture water clone (3200 mbis; HT)
DQB8423878, Geosporabacter subterraneus (deep aquifer; 800 mbis)
- CP000880, Candidatus Desulfforudis audaxviator MP104C (2800 mbls)
EU730897, Subsurface mine fracture water clone (2800 mbis; HT)
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FJ712800, Mud volcano clone
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KC438348, Desuffotomaculum sp. MP104 PS13 (2800 mbls; HT)
ova2 12
AB369052, Oil reservoir crude oil clone (Daqging oil field, China; HT)
~DQ234843, Subsurface mine fracture water clone (3200 mbis; HT)
KC215432, Coal formation water clone
~Y 11575, Desulfotomaculum thermosapovorans
AY089974, Desulfofomaculum sp. Mechichi-2001
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GU338481, Subsurface gas reservoir clone (800 mbis)
1 Y11567, Desulfofomaculum geothermicum (gas reservoir; 2500 mbis; HT)
EU898022, Onshore gas field formation fiuid clone (2700 mbis; HT)

10% , (mbis = Meters below fand surface; HT = High-temperature) () Oil-positive () Oit-negative

Regions (bars) Phylogeny (background panels)
Abyssal Plain (n=66) Desulfonispora Caldicoprobacter
De Soto Valley (n=19) Hydrogenispora Caldanaerocella
Mississippi Canyon (n=12) Desulfifibacter Candidatus Desulforudis
West Florida Shelf (n=14) Unclassified Clostridia Desulfotomaculum
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LC123718. Deep sandstone gas reservoir clonﬂ1500 mbis)

top 12 oil-associated
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« 280% detection in
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Y18214, Desulfonispora thiosulfatigenes (anaerobic sludge) . .
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'DQ234652, Subsurface mine fracture water clone (3200 mbis; HT)

oo e taross (sasros s thermospores in EGoM

AY538171, Desulfitibacter alkalifolerans (heating plant bioreactor)
HQo16622, Terrestnal mud volcano clone (active hydrocarbon seepage)

-FJ469341 Iudlonfauitydone(NosgAl-as:----l ° 280% deteCtion in
FN356265, Oil reservoir preduction water clone (Dan oil field; Denmark; HT) Oi I_positive Iocations

AB539850, Oil reservoir produced fluid clone (Yabase oil field; Japan; HT)
HMO04 1844, Oil reservoir produced fluid clone (Niboli oil field; Japan; HT)
GU218701, Caldicoprobacfer algenensis (hot spring)
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FJ469341, Oil production facility clone (North Slope; Alaska)
% FN356265, Oil reservoir production water clone (Dan oil field; Denmark; HT)
l ABb539950, Oil reservoir produced fluid clone (Yabase oil field; Japan; HT)
HMO041944, Oil reservoir produced fluid clone (Niiboli oil field; Japan; HT)
GU216701, Caldicoprobacter algeriensis (hot spring)
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LC123718, Deep sandstone gas reservoir clone (1500 mbls)

Regions (bars) Phylogeny (background panels)

De Soto Valley (n=19) Hydrogenispora Caldanaerocella
Mississippi Canyon (n=12) Desulfifibacter Candidatus Desulforudis

Abyssal Plain (n=66) Desulfonispora Caldicoprobacter
West Florida Shelf (n=14) Unclassified Clostridia Desulfotomaculum



Outline

1. original observations and interest in hydrocarbon seeps
2. using cold-adapted seabed microbes for prospecting

3. using dormant thermophilic bacterial spores for prospecting

<2 Conclusion: mutually

. exclusive strategies for
seep detection are showing
promising results
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other applications?

thermospores as messengers from the reservoir?
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