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1. Microbes are potentially important catalysts of geochemical

reactions during GCS.
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- Abiotic control

Results demonstrating microbially-
enhanced dissolution of Si, Fe from Biotite
with concomitant acidification

Barker, W.W. et al. (1998) Experimental observations of the effects of bacteria on
aluminosilicate weathering American Mineralogist, Volume 83, pages 1551 — 1563.
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2. Supercritical CO, is a powerful sterilizing agent

Proc, Nail, Acad, Sci. USA
Vol. 96, pp. 10344-10348, August 1999

Medical Sciences

Bacterial inactivation by using near- and supercritical
carbon dioxide

ANGELA K. DiLLow®*, FARIBA DEHGHANIT, JEFFREY S. HRRACHES, NEIL R. FosTERT, AND ROBERT LANGERE
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. coli sterilization after 20-40 mins

“...a useful method for sterilization of
many types of materials and
pharmaceutical formulations
because of the mild, non-reactive
process conditions employed and
the ability of SCF CO, to inactivate a
wide variety of microorganisms.”



2. Supercritical CO, is a powerful sterilizing agent
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Viable cell counts (colony forming units/ml) for type strains incubated under 1 atm CO, and scCO, of B.
subtilis PY-79, B. mojavensis JF-2 and B. cereus ATCC 14579 and normalized to initial values. Mean fold
change in CFU cell counts of cultures grown for 6 hours (light gray) or 7 days (dark gray) under ambient
conditions, atmospheric, CO, of 1 atm and CO, of 120 atm. Error bars are 1 standard deviation.



Project overview:

Do microbes matter?

Geologic sequestration of CO,, if implemented at scales that could mitigate
climate change, will result in massive perturbations to the biologically-active
subsurface environment.

Questions

1. Will subsurface microbial communities remain active under the
high pCO, conditions associated with geological carbon
sequestration?

2. What are the biological mechanisms of high pCO, tolerance?
What is their significance for the fate and transport of injected CO,?

4. Can we engineer microbial systems to help improve reservoir seal
integrity?
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Presentation Outline

Project Benefits & Goals
Results/Technical Status

— Enrichment and isolation of CO, tolerant microorganisms from
sequestration sites.

— Microbial diversity in scCO, enrichments
— Physiological and Genomic Characterization of strain MIT0214
— Analysis of gene expression (transcriptomics) (in progress)

Accomplishments
Future Work
Appendix



Benefits to the Program

Program goals
— Design technologies that will support industries’ ability to predict
CO, storage capacity in geologic formations
— Develop technologies to demonstrate that 99 percent of injected
CO, remains in the injection zones.

Project benefits
— Microorganisms that tolerate sub- and super-critical CO, hold
potential as agents of biological transformations in the deep
subsurface after CO, injection.
— A fundamental understanding of microbial activity under

supercritical CO,, including potential for geochemical catalysis,
IS necessary for modeling the long term fate of injected CO.,,.



CO,-induced subsurface geochemical changes during Frio 2

Observation Well Pre-CO, |Post-CO,

pH 5.9-6.7 2103

methane 93% (Q) ND

CO, 0.03% (g) ~100%

alkalinity 100 mg/L 3000 mg/L

Fe; 30 mg/L 1100 mg/L

Cations Increase

(Mg, Ca)

Dissolved organic 1-5 mg/L Day 1: 5-6 mg/L

carbon Day 20: >500 mg/L
Month 6: 4.5-7.5 mg/L

(organic acids, toluene)

Hovorka et al. (2006) Measuring permanence of CO, storage in saline formations: the Frio
experiment. Environ. Geoscience 13(2);105-121



Enrichment of strains from Frio 2 formation
water filters

Filters courtesy of Tommy Phelps, ORNL

Incubation time = 14 days
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Initial enrichment

scCO, column at 120-136 atm
6 ml culture; 4 cm® headspace @t

DAPI
Scale bar 10um

Peet, et al, in prep



Enrichment

Enrichment and isolation of supercritical CO,-tolerant microbes

Serial passage 15% v/v
Incubation time = 16 days

scCO, columns at 120-136 atm

Initial enrichment  First passage

Invitrogen Live/Dead Stain
Scale bar 10 um

Peet, et al, in prep



Serial passages
Incubation time = 9 to 16 days and 60 days

scCO, columns at 120-136 atm

TNV

Initial enrichment

oth passage

Isolatlon of Bacifius MITDZ14

Muclelc acld
Amount of previous yleld Community
Passage Duratlan enrichment used as Inoculums | (ng/mlL) Analysis
Initial

enrichment” | 14 days 15 % dilution of previous 700 +

1 16 days 15 % dilution of previous 1400 +

2 15 days 10 %% dilution of previous

3 15 days 10 % dilution of previous

4 60 days 10 % dilution of previous

5 15 days 10 % dilution of previous

& 12 days 10 %% dilution of previous

7 S days 10 % dilution of previous 2300 +

B 9 days 10 % dilution of previous

) S days 10 % dilution of previous 1770 +

By 7t passage spores appear in aggregates

Top: Heat-fixed; stained with malachite green
Bottom: TEM of spore




Characterization of Diversity

Alignment of 16S/18S rRNA

CONSERVED VARIABLE
AGETCCRATAGCGTATATT, G
GCRGCGETAATTCCAGCT T A AAA
AGECGCEGTAATTCCAGCT T TEEC AA
GABGGTIECAAGCGTTAAT T
GAAGAJBCAAGCGTTATC T

Methanococcus vannielii
...GTGCCAGCAGCCGCGGTAATACCGACGGCCCGAGTGGTAGCCACTCTTATTGGGCCTAAAGCG...
Thermococcus celer

...GTGGCAGCCGCCGCGGTAATACCGGCGGCCCGAGTGGTGGCCGC%\%@% G
Sulfolobus sulfotaricus ..GTGTCAGCCGCCGCGGTAATACCAGCTCC G

AAGCCG Archaea

Eucarya

CTGGGCCTAAAGCG...



Microbial Diversity in Enric
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Bacillus cereus
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Examine MIT0214 tolerance to CO, in relation to closely related strains
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Examine MIT0214 growth under CO, (work in progress)

MIT0214 Ambient/
CO, growth - 2 day

1.00E+08 I

1.00E+07

CFUs/mL

1.00E+06

1.00E+05
T=0 LB LB 1 atm
Ambient CO2

Physiological Characterization

CFUs/mL

MIT0214 growth as a function of
variable CO, pressure — 1 week
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CFUs / mL

OD600

MIT0214 Growth and sporulation vs headspace
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Physiological Characterization

MITO0214 isolated from Frio Enrichment Culture.
Spores tolerate supercritical CO,

Growth occurs under 100% CO, at ambient and elevated
pressures (up to 10 atm confirmed).

pH tolerance to 5.5

Observation of Bacillus-like lipid profiles in Frio site
(Tommy Phelps and Susan Pfiffner pers. Comm.)

What adaptations allow the strain to grow under CO,?

21



Genome Sequencing

lllumina “next-generation” sequencing technology
MIT MicroBioCenter — core facility

lllumina GAIll machine

100 bp paired end reads

Assembled into contigs 50kb to 250kb using CLC
Genomics Workbench.

Annotated using MG-RAST

22



Genome annotation

Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts

@ Cofactors, Vitamins, Prosthetic Groups, Pigments (201}
B Cell Wall and Capsule (200)

B Virulence, Disease and Defense (114)

@ Potassium metabelism (16)

B Photosynthesis (0}

Miscellaneous (252)

B Phages, Prophages, Transposable elements, Plasmids (15)
Membrane Transport (82)

| [Iron acquisition and metabolism (43)
RMNA Metabolism (154}

B Nucleosides and Nucleotides (128)
Protein Metabolism (240}

B Cell Division and Cell Cycle {43)

Motility and Chemotaxis (74)

B Regulation and Cell signaling (115}
Secondary Metabolism (0)

DNA Metabolism (134}

[l Fatty Acids, Lipids, and Isopreneids (122)
B Nitrogen Metabolism (24)

B Dormancy and Sporulation (140}
Respiration (107}

Stress Response (134)

Metabolism of Aromatic Compounds (19)
Amino Acids and Derivatives (501)

Sulfur Metabolism (36}

Phosphorus Metabolism (71)
Carbohydrates (437)

HEHEDHBHBB®

Highlights — genes for aerobic and anaerobic respiration; catabolism of
proteins, sugars and aromatic compounds; antibiotic resistance.
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Comparative genomic analysis of MIT0214

Genomic Characterization

B cerens B cereus
B.cereus |B. cereus  |B. anthracis o o
ATCC ATCC
+ ; o
MITOZ14 [Q] Ames 14579 10987
OC content (%0) 34 9% 3I5.5% 35.4% 3I533% 355%
2 2
No. of plasmids (size) |[TBD (33kb &  |(95kb & I (15kb) (1 (208kb)
239kh) 182kb)
Genome size (Mb) 362Mb 551 Mb (323 MD 343iMb |5343 Mb
ST R LTI 5640 5646 5667 5561 5924
Sequences
Genes shared with 5032 50001 5086 5034
MITOZ 14 (89.2%) (BR.7%) (90.2%) [(89.3%)
Average Nucleotide - - - -
[dentity with MIT0214 bl AR gl et
This Oil field
study (China)

24



Comparison of the percent of total SEED subsystems of both MIT0214 and B. cereus Q1 reveals
enrichment of three subsystem that show more than 2 standard deviations from the mean of 6 surface
strains. These may represent important functions for adaptation to the subsurface

F-I% e olaies [:IFI’UE 4 gl SEED Level 1 Subsystems
(Std. Dev.) ' '

nsso3m  [sa9  oan |Cofectors Viemios, roshee
4.52(0.43) 5.86 5.68 Cell Wall and Capsule

0.972 (0.09) 047 048 FPotassium metubolism

Q67T (0.45) 71.38 B33 Miscellaneous

599011 451 3.66 RNA Metabolism

334014 393 3B Siress Response

0397 (0.04T)  [056  [051 E{;III?ESITHIT: of Aromtic

Genomic Characterization

ATCC

$2 IS

[

1

ATCC
10987

cell wall and capsule,
stress response and
metabolism of aromatic
compounds.
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A CRISPRs (33% GC)

CRISPR-associated protein2C CT11..,
CRISPR-associated protein2C CT11

CRISPR-associated protein Cas2 CRISPR-associaved protein2C TM1&..
/ hypothetical protein,

CRISPR-assoclated helicase Cas 3

B Choline binding proteins (30.1% GC)

hypothetical protein Methyl-accepting chemotaxis prot.. hypothetical protein
hypothetical protein hypothetical protein Methyl-accepting che motaxis prok... hypothetical protein Alkaline phosphatase like protein,

Choline binding protein A Methyltransferase Chaoline binding protein & Methyl-accepting chemataxis prot metallo-heta-lactamase

hypothe tical protein

rothetical exported protein hypothetical protein integrase/recombinaselC Phage lysin2C glycosyl family 25 ihypot hetical protein
Pahaaccharide d tyl hypathetical protein Fypothetical proteln, Clutamate decarboxylase hypothetical proteln, iChaling binding protein A
- — — 2 4 18,000 T -
- 5
| |

B S S —

hypothetical protein

c Hypothetical proteins near plasmid-related genes (29.3% GC)

hypothetical integrase2C catalyt.
hypet hetical protein enterctoxin possible noen-hemalyt. .. Exoribonuclease R | |
Capsule synthesis positive regul...  hypothetical protein, Enterotesin B .E.ns & synthesis positive regu
12,000

P w00 L

hypothetical protein
RNA-binding pratein Hfg
hypothetical protein

hypothetical proteiny Transcriptional regulator2C ArsR..
hypothetical protein fhypothetical protein Probable disulfide formation pro.y hypothetical protein,
hypothetical proteiny hypothetical protein hypothetical protein pXO1-135, thermonuclease family protein2C ..

Capsule synthesis positive regu hypothetical protein response regulatar aspartate pho, response regulator aspartate pho... XO1-140; DNA topoisomerase Il 2C

Genes unique to MIT0214 are indicated in red while yellow indicates the gene is shared with
another closely related Bacillus strain.

A) Contig 28 annotates as CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)
genes, indicating MIT0214 may have been challenged with phage recently in its history.

B) Contig 49 reveals several unique Choline binding proteins, a protein involved in cell adhesion and
hydrophobicity of the cell surface*. GC content is 5% lower than the genome average suggesting
acquisition of these genes via HGT.

C) Contig 284 contains unique hypothetical proteins and a pXO1 protein, possibly indicating novel
gene content transferred through plasmid vectors to MIT0214.

26
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Accomplishments to Date

— High pressure cultivation system constructed

— Enrichment and Isolation of scCO,-tolerant bacteria from
3 sites.

— Established bioinformatics pipeline for comparative
genomics analysis

— Sequencing and analysis of MIT0214 genome
— Sequencing of MITOT1 genome (in progress)

— Funded training of 4 undergraduates (including 2 women
and 3 URM) and 1 full-time PhD student.

— Launched AGU session: Microbiology of Geologic
Carbon Seqguestration

27



Work in Progress

Cultivation of scCO, tolerant organisms
— WestCARB core (started 4/4); 1599 m depth
— Otway Basin Australia
— McElImo Dome formation waters

Analysis of gene expression under N, and CO, to
Identify genes up-regulated under CO, that mediate
acclimation to high pCO..




Wil microbial processes
Influence storage of CO,?

Geologic sequestration of CO,, if implemented at scales that could mitigate
climate change, will result in massive perturbations to the biologically-active
subsurface environment.

Questions

1. Will subsurface microbial communities remain active under the
high pCO, conditions associated with geological carbon
sequestration?

EVIDENCE THAT MICROBES CAN SURVIVE (GROW!) UNDER scCO,
CONDITIONS



Wil microbial processes
Influence storage of CO,?

Geologic sequestration of CO,, if implemented at scales that could mitigate
climate change, will result in massive perturbations to the biologically-active
subsurface environment.

Questions

1. Will subsurface microbial communities remain active under the
high pCO, conditions associated with geological carbon
sequestration?

2. What are the biological mechanisms of high pCO, tolerance?

Future insights via “~“OMIC’s”



Do microbes matter?
--Yes! Near and Far field

Geologic sequestration of CO,, if implemented at scales that could mitigate
climate change, will result in massive perturbations to the biologically-active
subsurface environment.

Questions

1. Will subsurface microbial communities remain active under the
high pCO, conditions associated with geological carbon
sequestration?

2. What are the biological mechanisms of high pCO, tolerance?
What is their significance for the fate and transport of injected CO,?

4. Can we engineer microbial systems to help improve reservoir seal
integrity?

&



Appendix

— These slides will not be discussed during the
presentation, but are mandatory
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Gantt Chart

Task/SubTask Project Year 1 Lij-::.-[ Year 2 | Project Yeur 3
09 [{2010) (2011} (2012)

Q4]Q1 Q2 Q3 040l Q2 Q3 Q4]01 Q2 Q3 o4

Tusk 2: Charavierization of microbial diversity in vonsortinm MITD212

Task 2.1 | Descnbe 16 rtEMA gene diversity = |x (A
Task 2.2 | Microscopy of scC0z-bioreactor biomass. = |x (A
Task 2.3 | Isolation and identification of pure cultures. - X |x [x |C

Tusk 3: Charavierize the growith reguirements @nd optima of the supercritival CO2-tolerant consorium a:nd
isolated siTains

Task 3.1 I{_;l'l.lill1lj|}' growth under different environments I- I:ﬁ T (x (= |::; x [x |E I

Tusk 3: Investigate the mechanisms of supercritical CO2 tolerance in isolated strains and the consortinm

MITOZ12 through senome-engabled and metagenomiv studies

Task 5.1 | Prepare total nucleic acids and sequence the ind- |x x B x |x x x X X (X [x H
Task 5.2 | Comparative genomic analysis of scCOz-atmod - |-  |x x x x T (X (X H
Task 5.3 | Transcriptome profiling of the MIT0212 isolatd - . D x x x |x x x G,

MNote: Task 4 (Seeding samdstone cores) was dropped from the grant due to time/personnel constraints and
budgeted time wis re-allocated o bisinformatic analyvsis of mivrobial genomes
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