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International Ocean Drilling Program
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Why study subsurface
micropvevﬁ?

atos down
A How do they survive?

A Did deep biochemistry
pl ay a centr
origins and life in
elsewhere?

A How can we apply these
Insights to technological
problems?




Additional Questions

A How deeply does life extend into the Earth?
A What fuels the deep biosphere

A How does the interplay between biology and
geology shape the subsurface?

A What can we learn from subsurface genes
and genomes?

ADid |ife on the earthos
underground?

Als there | ife as we don



Subsurface microbiology 1986-

present
A Drilling and tracer technologies

A Extended known biosphere to
~5 km

2% A Revealed biomass &
niodiversity

A Isolates in culture collections

A Linked microbial activity with
geological interfaces

A Slow rates of subsurface
1 microbial activity

PV
- A Indications of autotrophic
~—g Jﬁ ecosystems
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Terminal electron-accepting processes along a flow-path. From Smith and Harris, 20(
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FIGURE 4.22 Ranges of rates of in situ CO, production for vari-
ous surface and subsurface environments, as estimated by ground-
water chemical analyses and geochemical modeling. (Adapted from

Kieft and Phelps, 1997.)




Sampllng the deep biosphere

r | A Drilling/coring

: [ from the
surface

A Sampling in
deep mines




Drilling/coring: minimizing and
guantifying contamination:

A Tracers

I Solute:
A LiBr
A Rhodamine dye
A Perfluorocarbons

I Particulate

A 1-um carboxylated
polycarbonate beads
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Processing subsurface samples in an anaerobic glovel




Sampling in deep mines

A Rocks from freshly
mined surfaces

I Filtered to concentrate
cells

A including massive
filtering (~10,000 liters)

I In situ enrichment
devices
A Cores -- especially
useful for sampling rock
maitrix, fractures

A Biofilms
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Chinese Continental Scientific Drilling Project
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Drilling Site
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The formation and
exhumation of ultra-high
P pressure metamorphic roc
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The formation and
exhumation of UHPM
rocks
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Biomass determined by PLFA
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No. of Taxa

Microbial diversity varies with depth

NN NN NN NN

] HE B B B e
430m 633 m 844 m 1033 m 2417 m 5099 m

Depth (m)



o Microbial biodiversity diminishes with depth
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Thialkalivibrio thiocyanodenitrificans (AY360060)

Thioalcalovibrio denitrificans (AF126545) gproteobacteria
CCSD_DF730_B8 (AY820712)

tCCSD_DF2030_AG37_isoIate3 (AY820246)

Clostridium bifermentans (AF320283)

— CCSD_DF2030_AG37_isolatel (AY820245) 4
_LCCSD DF2030_TE37_isolate2 (AY820249) Firmicutes
| = Clostridium felsineum (X77851)

— CCSD_DF2030_AG68_isolate2(AY820251)

— CCSD_DF2030_AG68_isolate1(AY820250)
L cCSD_DF2030_AG68_isolate3(AY820253)

CCSD_DF2030_CL68_isolate2 (AY820247)
- CCSD_DF2030_B9(AY820716)

" Uncultured bacterium Eub No. 6 (AF395426)

_ Chrysiogenetes
—— CCSD_DF2030_TE37_isolatel AY820248

— Chrysiogenes arsenatis (X81319)

Rock/drilling fluids
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4

8

|

5

- CCSD DF2450 M1 68 I1solatel
CCSD_DF2450 M1I_68 jsolate2

Thermoanaerobacter ethanolicus L09164
CCSD_DF2450 B1

£ CSD_DF2450 M1 68 isolate3
CCSD_DF2450 M1 68 isolate4

- CCSD DF2450 M1 68 isolate5

=
ao

(0]
o)

hermoanaerobacter ethanolicus AF542519
CCSD_DF2450 M1 68 isolate6
— Thermoanaerobacter ethanolicus AF542520

AJ,(;]\Thermoanaerobacter ethanolicus AF542517
T
0

— Caldicellulosiruptor lactoaceticus X82842

10

10

0~ CCSD_DF2450 B4

100~ CCSD_DF2700_B24 Firmicute

Anaerobranca gottschalkii AF203703
CCSD_DF2290 B22

CCSD_DF2290 FWAGO isolatel
Soehngenia saccharolytica AY353956

—

CCSD_DF2290 B16
Fusibacter sp. SA1 AF491333

Deep drilling fluids



CCSD_DF529_A13 (AY820190
CCSD_DF529_A14 (AY820191
CCSD_DF529_A10 (AY820189
CCSD_DF529_A9 (AY820188)

CCSD_DF529_A17 (AY820192)

Sulfolobus solfataricus (X03235)

CCSD_DF2030_A13 (AY820214)

Desulfurococcus mobilis (M36474) \

[F CCSD_DF2030_A19 (AY820212

CCSD_RK1930_A18 (AY820236)
CCSD_RK1930_A22 (AY820235)
CCSD_RK529_Al4 (AY820219)
L. CCSD_RK2026_A22 (AY820238)
CCSD_RK2026_A18 (AY820242)
CCSD_RK529_Al1 (AY820217)
CCSD_RK529_A12 (AY820218)
CCSD_RK1930_A5 (AY820237)
CCSD_RK730_A8 (AY820225)
CCSD_RK730_A15 (AY820227)
CCSD_RK730_A10 (AY820226)
CCSD_RK2026_A21 (AY820243)

Uncultured crenarchaeote TRC23-31 (AF227643]

CCSD_DF2030_A10 (AY820210)
CCSD_DF2030_A9 (AY820216)
CCSD_DF2030_A18 (AY820209)
CCSD_RK730_Al (AY820224)
CCSD_RK1930_A25 (AY820232)
CCSD_RK1930_A26 (AY820234)
CCSD_RK2026_A12 (AY820239)
CCSD_DF2030_A16 (AY820211)
CCSD_RK1930_A15 (AY820233)
CCSD_DF2030_A12 (AY820213)
CCSD_RK?2026_A17 (AY820240)
CCSD_RK529_A19 (AY820221)
CCSD_RK2026_A23 (AY820241)
CCSD_DF2030_A22 (AY820215) }
CCSD_SOIL_A10 (AY820187)

CCSD_RK529_A24 (AY820223)

Uncultured archaeon clone Nap013 (AY650014)
CCSD_RK529_A16 (AY820220)

-

CCSD_SOIL_AL (AY820186)
CSD_DF730_A7 (AY820194)
Lcso DF1080_A13 (AY820204)

CCSD_DF1080_A7 (AY820200)
CCSD_DF1080_A22 (AY820202)
CCSD_DF1080_A8 (AY820203)

CCSD_DF1080_A23 (AY820207)
L CCSD_DF1080_A18 (AY820206)
_{_cso DF730_A4 (AY820193)
CCSD_DF1080_A11(AY820205)
— CCSD_DF1080_A15 (AY820201)

CCSD_RK1080_A17 (AY820228)
CCSD_RK529_A20 (AY820222)
E CCSD_RK1930_A9 (AY820231

CCSD_DF730_A16 (AY820196
CCSD_RK1080_A1 (AY820229)
CCCSD DF730_A25 (AY820197)
CCSD_DF730_A15 (AY820195)
CCSD_RK2026_A20 (AY820244
Unidentified archaeon LMA229 (U87519)
I-CCSD DF1080_A1 (AY820198
CCSD_DF1080_A4 (AY820199

Uncultured archaeon 19b-5 (AJ294854
Cenarchaeum symbiosum (U51469)
— CCSD_DF1080_A24 (AY820208
Uncultured archaeon SAGMA-C(AB050207)
Uncultured archaeon SAGMA-10 (AB050240)
Uncultured crenarchaeote 621-35 (AY345168)

- 0.01 substitutions/site

Uncultured Front Range soil crenarchaeote FRAL (RY016470)

Unidentified archaeon pMC1A11(AB0197p4)
Uncultured crenarchaeote AM-20A710293223127)
|E )

Aquifex pyrophilus (M83548)

Thermophilic Crenarchaeota

Soil Crenarchaeota Group

Hot spring Crenarchaeota

Marine Crenarchaeota Group |

Rock/drilling fluid

Crenarchaeote



554 CCSD_DF3350_A24
CCSD_DF3200_A19
Uncultured archaeon AB182704
CCSD_DF2700_A9
Uncultured Front Range soil crenarchaeote AY016470
CCSD_DF2290_A:
5 CCSD_DF2700_A14
CCSD_DF2450_Al14
10d | CCSD_DF2290"A12
CCSD_DF3200, A12
93 CCSD_DF2950_A
Uncultured arcﬁaeon AF418938
CCSD_DF2290 A2
Unlgenfped arcﬂaeon 287?1
o0 || UAERUTE] Breharamdor "RE2 35127
67l Uncultured archaeon AY592231
CCSD_DF3200_A6
CCSD_DF3350"A21
gd CCSD_DF3350 A8
CCSD_ DF3350' A5
CCSD_DF2950_A2
CCSD_DF2450_A7
Uncultured crenarchaeote AY345168
Uncultured archaeon AB094531
Uncultured archaeon AF357890
100} Uncultured archaeon AF119128
Uncultured crenarchaeote AY436513
Uncultured crenarchaeote AY436514
CCSD_DF2450 A4
CCSD_DF2700_A8
Unculfured archaeoAB094518

72|

77 CCSD_DF2950_A20
Uncultured archaeon AY769057
CCSD_DF3350_A10
CCSD_DF2950_A11
| CCSD_DF3350_All
[ CCSD DF3350 A9

CCSD DF3350_A10
— 100 ccsD_DF2700_A24
Methanobacterium thermoautotrophlcum AB020530
Uncultured archaeon AJ294895
Uncultured archaeon AY592524
uncultured archaeon AJ310856
CCSD_DF2950

3({'_CCSD 'DF3350 119

Uncultured archaeon AB094529
Uncultured archaeon AF134389
Uncultured euryarchaeote AY133886

Uncultured archaeon AB183851

Uncultured archaeon AJ310857
Uncultured euryarchaeote AY133891
CCSD_DF2950_ A6

Uncultured arc'hagon 1AY457656

65

62

CCSD_DF2700_A13
CCSD_DF2290 A5
CCSD_DF3200_A7
63 || CcCSD_DF3350_A7
CCSD DF3200 A5
CCSD_DF3200_A24
CCSD_DF2950_A9
CCSD_DF2450 A6
CCSD_DF2700_A15
CCSD_DF2950_A1
Uncultured archaeon AJ579730
CCSD F2450 A2
CSD_DF3200_A18
CCSD "DF2950 "A4
CCSD_DF2450_Al1
CCSD_DF2290_A3
CCSD_DF2950_Al4
88 CCSD DF2950 "Al5

Aquifex pyrophilus M83548
01

Soil Crenarchaeota group lll

Marine Crenarchaeota group Il

Marine Crenarchaeota group |

Eurycharchaeota group Il

Eurycharchaeota group |

Deep drilling fluids



Summary of bacterial sequences

A Most clone sequences in rocks were related
to nitrate and irofreducing bacteria
previously found in saline, and alkaline
habitat.

A Some bacteria in drilling fluids were most
similar to thermophilic metal reducers:
Thermoanaerobacter
ethanolicus, Caldicellulosiruptor
lactoaceticusandAlkaliphilus auruminator



Summary of archaeal sequences

A All archaeal sequences in rocks were relatec
to uncultured Crenarchaeotal sequences.

A Some archaeal sequences in drilling fluids
were related thermophilic archaea, some
were similar to uncultured Eurycharchaeotal

seguences from methane enriched
environment.



The formation and
exhumation of ultra-high
P pressure metamorphic roc
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The formation and
exhumation of UHPM
rocks




| I I t d | t .
Corynebactenum casel (AF26T152)
Corynebactenum argenforatense (AF537589)
CCSD_DF2950_B22 (DQ128255) Aetinobacteria
CCSD_DF2850_B18 (DQ128254)

~ CCSD_DF2450_M1_BB_jsolated (DOQ128178)

- CCSD_DF2450 M1_68 isolateZ (DO125183)

Thermeanaerobacter ethanolicus (L0S164)

CCSD_DF2450_B1{DQ128245)

rCCSD DF2450 MBS isolated (DQ128182)

COS0_DF2450_ M1_68_isclated (DO128181)
CCSD_DF2450_ M1_S8_isclate5 (DO128179)

Themmoanaerobacter ethanolicus (AF54251T)

Thermoanaerobacter ethanolicus (AF542519)

— CCSD_DF2450_ M1_68_isclatet (DQ128B177)

Thermoanaerchacter ethanolicus (AFS42520)

Calgicelilosinptor lactoaceticus (X82842)
10 CCSD_DF2450_B4 (DO128247)
CCSD_DF2700_B24 (DO128251)

Anaembranca goftschalki (AF203703)
CCS0_DF2290_B22 (DO128245) L
CCSD_DF2280_ FWA_B0_isolate1{D0I128180) Firmicutes

Spehngenia saccharolytica (AY353056)
COS0_DF2280_B16 (DO128244)
Fusibacter sp. SA1 (AF491333)
Clostridium felsineum [(XTTB51)
COSD_DF2a50_B4 (DO126252)
Alicaliphilus transvaalensis (ABO3TETT)
CoSD_DF2700_B1S (DG128250)
Clostidium sp. 984 (AY5544186)

—mE CCSD_DF2T00_B13 (DQ128249)
Amphibaciivs sp. YIM-kknyé (AY121432)

Bacilus pseudafirmus (AF406730)
8 Unidentified Haillaer soda |lake bacterum F1 (AF275700)
|_' CCSD_DF2350_B& (DO128253) J
T L plkalibactenium alivapoviiicus (AF143512)

10 Delftia acidovorans (ABO20188)
Curabacter lanceolatus (AB021380)
Janthinobacternum sp. HHET (AJB46272)
CCSD_DF2290_B14 (DQ128243)
Beiaproteobacterium HMD444 (AB015328)
CCED_DF3200_B9 (DO128257)
101 stanetraphomenas maltophiia (AY040357)
Thialkaliwbrio thiocyanooenitnficans (AY380080)
CCSD_DF3200_B17v (DQ128258)
Halomonas nifrfopilis (AJ30S564)
Pseudomonas sp. TUT1023 (AB098591)
Pseudomaonas sp. NZ0BO (AY014813) Gammaproteobacteria
Pseudomeonas cf pseudoaicaligenes (AF181570)
CCSD_DF2700_B7 (DO128248)
Gammapmteabacterum HTBOA2 (ABO10842)
CCSD_DF2850_B23 (DQ128256)
Uncultured bacterium (AY093457)

Aquifex pyrophius (Ma3548)

Betaproteobacteria




Function test for deep subsurface Isolates

Isolate M1 68 isolatel
Electron donor: Lactate
Electron acceptor: Fe(lll) in
Nontronite, and Chlorite structu
With electron shuttle: AQDS
Temperature : 68 C



