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Molecular Approach

Extract total community DNA
Amplify genes of interest
Library construction

DNA sequence analysis
Community genomics

SSU rRNA
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This high-pressure water-
bearing fracture was intersected during ex-
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soon as it was safe to do so (4 days after the
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Alkaline, sulfidic, 5 1o 60°C, 4 1o 33 milllon-year-old meteoric waler emanating
qunrlzil&vhi\(lﬁ fractures >33 km Imlmlh Ilu: surface supported a microbial
es afliliated with L spp. and an archaeal species
sppe The geochemical homogeneity over the 650-m Ienglh of the borehole, the I
absence of these microorganisms in mine service water support an indigene
community, The coexistence of these two microorganisms is consistent with a lim
and SO, in the presence of high pH, high concentrations of H, and CH,,
unlmmphbc methanogenesis, Sulfide isotopic mmpudllnm were highly enriche
L reduction under Ivyllmhgl-, An ferobial couple and
iry have been d recently for hydroth I carbonate vents of the Los
Rl(lgr iD. S, Kelly rl al., Science 307:1428- 1434, 2005), suggesting that these feat
subsurfice habitats (continental amd marine) bearing this geochemical signature,
microbial communities described here are notably different from microbial coosy
I subsurface envi
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Ao mb o some estimates (25, 76), the
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Environmental Genomics
Reveals a Single-Species Ecosystem

Deep Within Earth
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DNA from low-biodiversity fracture water collected at 2.8-kilometer depth in a South African
gnld mme was semn(ed and assemb!ed into a single, complete genome. This bacterium,

pa’

>99.9% of the microorganisms inhabiting the

flmd phase of this particular fracture. Its genome indicates a matile, sporulating, sull.lle -reducing,

chemoautatrophic |lmmph|le hat (an fix Ib m nitrogen and carbon by using

shared with archaea. Ci

genome of this onganism appearad 0 possess
all of the metabolic cap necessary for
an independent life-style. This gene complement
was consistent with the previous geochemical
and thermodynamic analyses at the ambient
~60°C temperature and pH of 9.3, which ndi-
cuted mcsobvtically genemted chamscal species as
providing the enenzy ad mutrients 1o the system
(L with fomate and Hy as possessing the
wreatest potentil among candidite electron
donors, and sulfse (S0,7) neduction as the
dominant dectron-aceepling process (/7).

DNA was extractod from ~5600 liers of fil-
) protocol that has
been demomstrated o be effective on 3 broad
ranpe of bocterial and archaeal species, inchsd-
ing recalcitant organisms (18). A single, com-
plete, 2.35-megabase pair (Mbp) genome was

e

is capable of an independent I.rle -style

well suited to long-term isolation from the photosphere deep within Earth's crust and offers an
example of a natural ecosystem that appears to have its biological component entirely encoded

within a single genome.

more complete pacture of life on, and
even in. Earth has recemly bevome:

Such microonzanismes are of parmcular interest
bocause they permit |nl.|:J|! imtor o mode of life

ble by ing and "
DNA from an environmental sample, a process
called envinmmentil genomics or metagenomics
(=K1 This approach allows us o identify mem-
bers of microbial communitics and to chamcter-
ize the abilities of the dominant members even
when isolation of those organisms las proven

B
terrestrinl crust contains 9, of groundwater, of geological H, productic
which about 1!: # lics below 75 km in depth (6). Since reports limited in photosynthe
i i h interval continue H, 5.‘. 54, i

h]c space, and ]’K‘]illi‘-hi\‘l: temperal
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ntiation of in
eral stuc
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ture wa blishes
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wsual in that they rou
below Tand surface (ke
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ihle. However, with a few exceptions (5, 7
assembling complete or even near-complete ge-
nonees for a substintial postion of the member
species is usually hampenad by the complexity of
natural microbial communities.

In addition to elevated temperatures and a
lack of conditions within Earth's crust at
depths =1 km are fundamentally different from
those of the surface mnd deep oocan environ-
meents, Severe nuirient Bmitation s believed 1o
i i es runging from 1005
nd as i result sub-

tor 1000 of years (911},
surfice microonganisns might be expected 10
reduce their reproductive burden and exhibit the

sreamlined genomes of spec
st of 3
wadting for the remm of favorsble conditsons,
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Jependent of the photosply

One bacterium belonging 1o Ilh_ Firmicutes
phylum (Fig. 1A}, \\hld! we ]kmn mame Cin-
elitintnes £
in smuall subunit (SSU or 168) n‘mwnul RNA
(RNA) gene clone libranes (1-14) from plmost
all fracture fuids sampled o date from depths
wcater than 1.5 km acrss the Winvaterstmd basin
foovering 150 km by 300 km newr Johanneshurg,
South Affica). This bacterium was shown in a
previows geochemical and 165 fRNA gene stud
1 1w domi the indigenous microon
misms found i 3 fracture zone at 2.8 km below
land surface at level 104 of the Mponeng mine
(MP I, Although Lin ef al. (11} discovered
that this fracture zone contained the least-diverse
natural free-living microbial commamity reported
at that time, exceeding the ~80% dominance by
the methanopenic archacon [UASS of a com-
paratively shallow subsurfice comnumity in ldabo
{45}, we were nonetheless suprised when the cur-
rent enviroamental genomics study revealed only
one gpecies was petually present tin the frace
wre fuid. Funhermore, we found that the

bled with  combi of shotgun Sanger
sequencing and 454 pyrosequencing (16). Sim-
tlar to other studics that obtamed near-complete
genomes from I sam-

ples (5, 17 heterogeneity in the population of
the dominant species as measured with single-
nucleotide polymorphisms (SNF) was guite low,
showing only 32 positions with a SNP observed
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fracture intersection). and three subsequent
samiples were obtained over o Sd-day interval
(Table 1) to monitor drilling contamination
and possible changes of community structure
: d geochemisiry as the fracture was de=
k atered and before being sealed by the
mine’s cementation team.
me Fracture water samples yielded a uniform
W community structure dominated by a single
AY  phylotype (MP104-0916-bl ) that constinted
haracteristics of fracture water and mining water. NA,
lich is 1 M for O, and 0.5 fig mi™* for archaeal DNA;
2m 315) 4 (58) 5
MO4ESSK MPLO4EESN  MPLO4EASK  MPLOAEGSNC-
91902  C-092702 €-110%902 SW-091602
chure Fracture Fracture Mining
at water water water
E (550 8.21.2 (s4)  2.31.7 198) NA
.3 93 9.2 NA
=350 -340 -263 NA
52 52 52 20
NA 71 8.9 14
NA 225 5.7 59
WA 7.9 B4Y 0.42
NA 7 218 38
NA 200 1860 171
1390 NA 1060 NA
2600 2090 3715 NA
11800 9320 16600 NA
=d.l =dl. <d.l 285
=B84 =688 695 NA
1.7 -328 -33.2 NA
-367 =366 -390 NA
£102 158:+719 NA NA
34106 169+ 8.4 NA NA
| +38 210+ 60 NA NA
i+ 3.8 238:46 NA NA
6]+ 8 W+15 30+15 3:15x 0%
dL ~5 x 107 =5 % 107 206 + 100
NA NA 3+03x NA
1wt

o sample 1, 27,6 mid or sample 3 and 505 mb for sample 4. The
cormecied for diffusive lom (), Diffusive cormection was nat applied to
b ponitiee 0, content fof sample 1 may be derted from incomplete
By the extremely high wates pressure and flow rate. WThe carbon
| Mhe uncestainges for anuesus mnmmlwr are +10% and
275 ks are 10.5% for G and

www.sciencemag.org  SCIENCE  VOL 314 20 OCTOBER 2006

479




ARTNERSHIP WITH J

HOME u.s. WORLD BLOGS BUSINESS & TECH HEALTH & SCIENCE ENTERTAINMENT

The TIME 100

MAIN ARTISTS & LEADERS & HEROES & SCIENTISTS BUILDERS &
ENTERTAINERS REVOLUTIONARIc PIONEERS & THINKERS TITANS
SCIENTISTS & THINKERS searen

70 of 100 4 Previous | Nextb |
Tullis Onstott

By Carolyn Sayre The People

Who Shape

ARTICLE TOOLS

Wondering — Our World

whether = Email Here's our list of
& Sphere the 100 men and
? AddThis women whose
IRSS

power, talent or
moral example is
transforming the
world

extraterrestrial life exists? Tullis
Onstott, 53, has found it—sort
of. The fact that the living things

he's discovered make their

MORE STORIES
The Power Givers
The Alt TIME 100

Tullis Onstott

homes nearly two miles below the earth's surface may
Who's at the top of your list?

TIME 100 Poll Results
The TIME 100 Podcast

©On the Red Carpet at the TIME
Onstott, a professor of geosciences at Princeton University, is 100 Party

disqualify them from the extra part of extraterrestrial. But dig
them up and fly them off, and there's no limit to the cosmic

places they might survive. That's the beauty of the work

doing. Until we collect living aliens, he's showing us they're
probably there to be found. Scientists once despaired of

discovering even simple otherworldly organisms because they
assumed that all life should be like earthly life—built around
warmth, light and liquid water. In recent years, however,
biology has shown itself to be tougher than that. Investigators
have discovered organisms—simple ones—frozen in polar ice

and thriving in scalding ocean vents.

Experts have investigated less thoroughly the regions deep
within the earth—places where living things could establish a
safe redoubt. Uncover such critters on Earth, and you would
prove that they might exist elsewhere too. Last year Onstott
and his team published such a find. After years of dust and
dirt, piggybacking off gold miners in South Africa, they
identified self-sustaining bacteria living in rock deep below the
surface that draw their energy from chemicals produced by the

radioactive splitting of water, essentially feasting on hydrogen

and sulfur compounds. So when we do finally uncover the first

alien life-form, you may get the sense that you've seen it before.

Next: Svante Pdédbo >»
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MP104E46X fracture




Greg Wanger and Gordon Southam




MP104E46X Summary

Depth 2.8 kmbls
Temp >60 - 52°C
pPH 9.3

H, 1.9-3.7 mM
CH, 8.6 - 16.6 mM
SO, 0.5-1.9 mM
Cell density 3.3 x 104 mL-1
Volume filtered 5,600 L

Lin, L.H., P.L. Wang, D. Rumble, et al. 2006. Long-term sustainability of a high-energy, low-
diversity crustal biome. Science 314:479-482.



Population assessments of MP104E46X

(A) SSU rRNA clone library (361 clones)

B Desulforudis audaxviator 99+ (93.9%)

B Desulforudis 98+ (1.4%)

[ Desulforudis 97+ (1.1%)

O Desulforudis-like 92+ (0.8%)

B o-Proteabacterium type #1, Sphingomonas-like #1 (1.4%)
B -Proteobacterium type #1, Aquabacterium-like #1 (1.1%)
[ p-Protecbacterium type #2, Burkholderia-group #1 (0.3%)

96.4%

(B) Sanger metagenomic sequence (28,503 reads)

\ W Desulforudis audaxviator (99.821%)
4 O Desulforudis-like (0.056%)
B Other organisms, including contamination (0.123%)

99.8%

(C) 454 metagenomic sequence (478,807 reads)

H Desulforudis audaxviator (99.917%)
O Desulforudis-like (0.044%)
W Other organisms, including contamination (0.039%)

Chivian, D., E.J. Alm, E.L. Brodie, Science, 2008.



Desulforudis audaxviator

Based on its rod-like morphology, its apparent use of the dissimilatory
sulfate reduction pathway for energy production, and because of the
journey this "audax viator" (bold traveler) undertook to live in the
extreme depths of the Earth, we have named this organism "Candidatus
Desulforudis audaxviator".

Chivian, D., E.J. Alm, E.L. Brodie, Science, 2008.
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Some Features of Genome

Feature Value
Genome size (bp) 2,349,476
%G+C 60.9
Predicted genes (ORFs) 2157
Percent of genome protein coding 86.8
Transposons 83

Transposon gene groups 30




Physiological Features

Feature Notes
Endospores Yes
Flagella Yes
Sulfate reduction SRB, Na*/SO,? symporter
Carbon fixation

TCA - Reverse TCA Incomplete

CODH - Wood Ljungdahl - 2 types, one archaeal
N fixation Nitrogenase, archaeal
“hyperthermophile” genes ~50
Archaeal genes 85

Catalase, peroxidase, SOR No




Radiation-driven Ecosystems?

Radiolysis splits water
(H,and H,0,, O, O

Oxidants react with sulfide, FeS,
..Richard Hoover, NABA Marshall X (40* +HS- -> SO42- + H)

g

Uranium X-ray map

Estimated rates

H, production ~1lnMyt
SO,%reduction  0.22-1.45nMy! SO,% (~11,000 ppm)
Cell turnover 45 - 300 yrs

1) Lin, L.-H., J. A. Hall, J. Lippmann, et al. 2005. Radiolytic H, in the continental crust: Nuclear power for deep
subsurface microbial communities. Geochem. Geophys. Geosys. 6:Q07003, doi:10.1029/2004GC000907.

2) Lin, L.H., P.L. Wang, D. Rumble, et al. 2006. Long-term sustainability of a high-energy, low-diversity crustal
biome. Science 314:479-482.



MaOZ + dipeptide
antimicrobial s"''fs, &'l o Transport Mg:. branched and
peptide = NH, = 2 Zn chain  other
efflux . Al

ik i "
pnlysaccmurfh ug sugars calion gpinn

lipoprot, export

Sec-indep
protein N.fz‘mgen Fixation P— o5 e
Nitrogenase Gln 24 : i Radi
/i adical Stress
i M SeEes O  na re CabrE S - 0
ADP. ~N2 . i
Endospore +A xS Signal
Cofactor Biosynthesis Synthesis of sugars Transductfon

Flagellum Cobalamin (B12), Ubiquinone, Riboflavin, Carbon Fixation
Pantothenate and CoA, Biotin, NAD, THF
drogenases formate Gluconeogenesis | [\ Pentose ;gi;s;:v!;ayrs
Glycolysis

Sulfate Reduction Formalel W-F. e
" sof  ARSOl SO WS 3 e L escon ATP Synthesis
) Sy S CooH™ °Q Ace
a*sg TP'- ' /‘ I\ synthase o
PP, e i€ 2
. 2R - H 5 : Y f . NAHC 0, "y !
q I Y ormate €, e i FFATP synihase

:co

H,S
e iH Release of
Radiolysis of %, ammonium

2 bicarbonate . \ - .
Helo Xt T Ca* \
Oxidation and .__.(1303 \
dissolution of pyrite H.O ; ;
Py 2 Radfoagt.-ve decay ~Z‘ St
of uranium

mineral

Fe?* Dissolution
Fe(OH)a [ H* of calcite - NHS 'E
, H,S H*
Precipitation Po
of iron oxide, «”, ..
reductive \P o )
dissolution, g0 D
and release of o
phosphate

Radiolysis of water molecules

Chivian, D., E.J. Alm, E.L. Brodie, Science, 2008.



Methane release:
Northern summer

Methane Concentration

1] 5 10 15 20 25 30
parts per billion

NASA's Infrared Telescope Facility (IRTF) atop Mauna Kea




Part Il: NTS/Death Valley Flow System
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Windows into the Death Valley Flow System

Devils Hole
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Aquatic chemistry 2008 NTS hot well survey (from M. Zavarin)?2

Cond.
Test Well pH T(°C) ms/icm DIC Cl- NO, SO, Na" Ca*
GASCON U-4t PS#3a 85 203 558 736 <04 044 753 109
CHANCELLOR U-19 PS#1A 8.9 95-65 862 110 269 211 634 96.0 1.1
NASH UE-2ce 6.8 34.2 736 308 140 5.7 18.1 38 71.8
Tunnel Vent U12N.10 94 227 1110 178 35.5 1.9 2886 221 14

Apata are preliminary



Preliminary radiological data from NTS hot wells

Samp|e 3H 14C 99TC 129| 239,240Pu
Test Well Date (pCi/lL) (pCi/lL) (pCi/lL) (pCilL) (pCi/L)
GASCON U-4t PS#3a 03/19/08  3.0E3 nd 3.49E-3 2.52E-4 ip
CHANCELLOR Ul9ad PS#1A 05/01/08 1.3E7 40E2 254E1 1.32E-2 2.7E1
NASH UE-2ce 07/02/08 2.7E5 8.0E1 2.28E-3 1.06E-2 <0.04
U12N Tunnel U12N.10 08/20/08 6.26E6 ip ip 9.89E-1 ip

ip = analysis in progress

Mavrik Zavarin, LLNL



Abundance of major NTS microbial types.

Physiotype GASCON NASH U12N
Nitrate

reducers 102 104 nd
Sulfate

reducers nd 102 102
Iron reducers nd nd 103
Fermentative 102 nd 101
Methanogens -- -- 102

nd = none detected



Hot Well Bacteria on Filter

(DOE-cleared photo, J.C. Bruckner)



NTS Diversity

Chloroflexi

Firmicutes [

A U12N
[ NASH

@® GASCON

Actinobacteria

Acidobacteria

S = Spirochaetes

©11919eq0310.d

F = Fusobacteria




Nearest described microorganisms to clones (>97% based on BLAST pairwise alignment)

. N Location —
Phylum Species Similarity (# clones) Isolate description
a-proteobacteria Phenylobacterium 98% GASCON (1) Thermophile,
lituiforme subsurface aquifer
a-proteobacteria Phenylobacterium 98% NASH (7) Alkaline, sgbsurface
falsum aquifer
b-proteobacteria Aquabacterium sp. 99% Isolated from Indian
GPTSA100-18 NASH (1) warm springs
b-proteobacteria Azospira oryzae strain 98% NASH (7) Selenate/selenite
N1 reducer
b-proteobacteria Ralstonia sp. 22 99% NASH (3) Arsenite oxidizer
: Delftia acidovorans Degrader of
- 0
b-proteobacteria str. SPH1 99% U12N (1) orgainics

Neutrophilic Fe(ll)
oxidizer

: Siderooxidans ora
b-proteobacteria ghiorsii str. LD-1 95% GASCON (3)

d-proteobacteria Desulfovibrio sp. zt31 97% GASCON (7) Sulfate reducer

Dissimilatory Fe(lll)

d-proteobacteria Pelobacter venetianus 959%?2 U12N (1) reducer

Microaerophilic
sulfur oxidizer

Thiovirga

0
sulfuroxydans 99% UL2N (3)

g-proteobacteria

o Desulforudis .
0
Firmicutes audaxviator MP10AC 98% U12N (1) Deep biosphere,




@ Alphaproteobacteria
B Betaproteobacteria
O Deltaproteobacteria
O Gammaproteobacteria
B Fusobacteria

GASCON U12N.10 NASH B Firmicutes

B Actinobacteria

OAcidobacteria

B Spirochaetes

® Nitrospirae

O Chloroflexi

@ Chlorobi

B Bacteroidetes

Distribution of NTS clones by phyla. Total numbers of clones per site: Nash (73), GASCON (68),
U12N (86).



WW%II sémpllng at NTS

e
4 Ly

(DOE-cleared photd,_j.C. Bruckner)



Thermodesulfovibrio yellowstonii
Clostridium thermocellum JN4

Moorella thermoacetica
‘ —— Pelotomaculum sp MGP

—— Desulfotomaculum kuznetsovii 17

Unc SK21 [Skanderborg, Denmark]
Unc MP104-0916-b10 )
Desulforudis audaxviator ,
| >[SA gold mines]
Unc SGNX0098
Unc D8A 1
-Unc TTMF21
W U12N.10V 03D [Nevada Test Site]

Unc CVCloAm3Ph1l [alkaline ground water, Portugal]

(V U12N.10B 04B }[Nevada Test Site]

~/

V¥ U12N.10V 09D
Unc CAMV300B90Q2 [Gulf of Cadiz, Spain/Portugal]

0.05

Representative of 47 sequences
with ~100% identity to D.
audaxviator only Unc SK21 not
from SA mines

Representative of 7 sequences
with ~98% identity to D.
audaxviator

Representative of sequences with
~91% identity to D. audaxviator

Note: 836,814 SSU rRNAs in RDP Release 10



Conclusions

sEarth has an isolated microbial ecosystem deep
underground

*Deep biosphere appears to be fueled by
radiochemsitry and completely independent of solar
Inputs

Million-to-one discovery of Desulforudis audaxviator
In deep radioactive habitats on two continents
suggests role for radiation in sustaining microbial
populations at the NTS
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Future Directions



Kidd Creek Mine

Timmins, Ontario




Kidd Creek Mine
7850 Borehole
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Schematic view of DUSEL facilities. Actual implementation will depend on site.
Source: DUSEL S7 Study
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