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Bacteria

Many short programs for solving the problem of
surviving in diverse environments

Environmentally transformative activities to
allow:
Extraction of energy from the environment

Production of complex chemicals and materials from
simple building building blocks

Transformation of soil and water
Self-organizing for producing superstructures

Relatively “easy” to engineer
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Based on.

Environmental genomics reveals
a single, slowly evolving, species
ecosystem deep within the Earth

Dylan Chivian, Eric J. Alm, Eoin L. Brodie, David E.
Culley, Thomas Gihring, Alla Lapidus, Li-Hung Lin,
Steve Lowry, Duane P. Moser, Paul Richardson,

Gordon Southam, Greg Wanger, Lisa M. Pratt, Adam
P. Arkin, Terry C. Hazen, Fred J. Brockman and T. C.

Onstott
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The TIME 100

A ARTISTEA  LEADERSA  MEROES A
FNTERTANERS REVOL PonFRRS
SCIENTISTS & THINKERS

70 of 100 A —p

Tullis Onstott

By Carcolyn Sayre

Woudering :

whether _-V*
@ : crane
© Ao

extratervestrsal life exssas? Tullss
Onstonn, 53, has found - son

of. The fact that the living things

he's discovered make their

homes nearly two miles below the carth’s surface may
disqualify them from the extra part of extraterrestrial. But dig
them wp and fly them off, and there’s no Nmit to the cosmic
places they might survive. That's the beauty of the work
Onstott, & professor of geosclenoces at Princeton University, is

doteg. Until we collect Bving alices, he's showing us they're
probably there to be found. Scientists once despaired of

discoveriog even simple otherworldly erganisms becanse they
assumsed that all lfe shoul be Like earthly life - built arcand
warmoth, Nght and liquid water. In recent years, however,
biology has shown itself 10 be sougher than that, Investigators
bave discovered erganisme - simple ones— frosen in polar ke

and theiving in scalding ecean vents,

Lxpests Bave svestigated Jess thoroughly the regions deep
within the easth—places where Iving things coudd establish a
sale redoubl. Uncover such crtters on Easth, and vou wosld
prove that they might exist elsewhere too. Last year Onstott
and his tearn publabed such a God. ARer years of dust and
&, papxyvbacking off gold maners in Scuth Afrca, they

deatified self 2 bacteria bviug i rock deep below the
surface that draw their energy (rous chetucals peoduced by the
radioactive splitting of waler, esseutaally feasting on hydrogen
and suller compoussds. So whett we do finally uncover the fiest
alien life-form, vou may get the setise that you've seen it before.
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Mining biological gold?

! ..r"

Anglogold Ashanti Mponeng
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Witwatersrand Deep Microbiology Project
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Gihring et al. 2006

EV818BHEB6102702, clone SAFF42
EV818BHEB6111502, clone SAGG26
DR546BH1103001, clone SAD10
E546BH1, clone group25, AF459069

DR938H3, clone SAF31
'E546BH1, clone group24, AF546985
DR546BH1103001, clone SAD85

BE325FW032701CTS, clone 3912128
EV818BHEB6102702, clone SAFF18
EV818BHEB6102702, clone SAFF11

EV818BHEB6111502, clone SAGG29
BE325FW032701CTS, clone 39145
DR938CH1110701, clone SACH50
EV818BHEB6102702, clone SAFF7

EV821FW101601, clone SAC57
EV818BHEB6111502, clone SAGG22
DR938H3, clone dr31
V818BHEB6102702, clone SAFF43
DR938H3, clone SAZ16
Thermoanaerobacter ethanolicus, L09164

EATO2UI0 [[oF: U o1+
4E65XC091602, clone MP1291

EV818BHEB6102702, clone SAFF33
DR938H3, clone SAY1
DR938H3, clone SAZ93
BE325FW032701CTS, clone 39122
W638SC1 clone 106, AF486685

Ocean crust fluid, clone 1026B117, AY181044
DR9IPC, clone SAVV7

New Mexico Aquifer, clone OSS-33, AY122603

Desulfotomaculum kuznetsovir, ¥11569
Desuilfotomaculum alkaliphilum, AF097024
Desulfotomaculum ruminis, Y11572
Sporotomaculum hydroxybenzoicum, Y14845

Clostridium thermolacticum, LOS176

_l_'_ Ferribacter thermoautotrophicus, AF282254
e tococcussniger. X55797

P
Bacillus inferm?s. U2038
Lactobacillus fermenturn, M58819

Mycoplasma capricolum, U26046

Desulfovibrio longus, X63623

Nitrospira marina, X82559

0.10

Thermodesulfobacterium hveragerdicum, X96725

Aquifex aeolicus, AJ309733

SASFIG-1

ISASFIG-2

SASFIG-3

|SA$FIG-4

SASFIG-5

Deinococcus radiodurans, Y11332
Planctomyces limnophilus, X62911

sanojuLIl4
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dsrB gene

SAFF48DSR (EV818BHEBS)
| SAY2DSR (DR938H3) The DLO

—  AY 116461 (Baker, CRB clone

SAFF8DSR (EV818BHEESG)
—~ SAFF3DSR (EV818BHEBSG)

L SAFF20DSR (EV818BHEB6

SAFF23DSR (EV818BHEES)

Desulfotomaculum thermosapovorans

Desulfobacter postgatei
Desulfotomaculum ruminis

Desulfotomaculum alkaliphilum

Desulfobulbus rhabdoformis

Desulfomicrobium orale

Desulfosarscina variablis

Desulfococcus multivorans

AY354103, deep-sea hydrothermal clone
Desulfovibrio intestinalis

Desulfovibrio desulfuricans

Desulfovibrio termitidis

0.10

Desulfovibrio fructosovorans

Gihring pers. comm. 2004
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Candldate species - Desulforud|s Audaxwator

< Courtesy of © Southam UWO 478 .

"In Sneffels Joculis craterem quem delibat Umbra Scartarzs Julu intra
calendas descende, Audax viator, et terrestre centrum attinges.”
("Descend, bold traveller, into the crater of the Jokul of Sneffels, which
the shadow of Scartaris touches before the kalends of July, and you will
attain the center of the earth.”)

-- Hidden message deciphered from an Icelandic saga that prompts
Professor Lidenbrock to undertake his travels in Jules Verne’s “Journey to
the Center of the Earth”

Monday, January 17, 2011 11



(b) SSU rRNA clone library (361 clones)

B Desulforudis audaxviator 99+ (93.9%)

B Desulforudis 98+ (1.4%)

B Desulforudis 97+ (1.1%)

B Desulforudis-like 92+ (0.8%)

B o-Proteobacterium type #1, Sphingomonas-like #1 (1.4%)
B B-Proteobacterium type #1, Aquabactenum-like #1 (1.1%)
B B-Proteobacterium type #2, Burkholderia-group #1 (0.3%)

96.4%

(c) Sanger metagenomic sequence (29180 microbial reads)

M Desulforudis audaxviator (29136 reads = 99.849%)

0 Likely Desulforudis audaxviator (17 reads = 0.058%)

M Other Bacteria and Archaea, including likely microbial
contamination (27 reads = 0.093%)

99.9%

(d) 454 metagenomic sequence (500130 microbial reads)

B Desulforudis audaxviator (499699 reads = 99.914%)

0 Likely Desulforudis audaxviator (250 reads = 0.050%)

M Other Bacteria and Archaea, including likely microbial
contamination (181 reads = 0.036%)

99.9%

Monday, January 17, 2011
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100

G. kaustophiius
B. sublils
B. halodurans
L. innocua

S. aureus

82

100

L plantarum

2 C. hyvdrogenoformans
100 M. thermoacetica

100

20% AA identity

S thermophilum

D. audaxviator

C perfringens

T. tengcongensis

mol

M. mycoides

P furiosus

M. genifalium

Monday, January 17, 2011
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i 7 P acsC  cooC ocsE frhD metF

* region drawn at 1/2 scale | Bl NF3

No recent extremophde HGT P
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s S e
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NF: Nitrogen Fixation
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II5

HGT:extremophile top hit
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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

Monday, January 17, 2011
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[ N » DEGRADATION

i
I
: L-AA 4
. |_INACTIVECELLS |~
I I
I I
Cell | I
Turnover : " L-AA :
, EXTANT CELLS .
I I
| ! D-AA
: : INACTIVE CELLS
|_ ____________ [
Rate [.-Amino Acid
(yr'') Source  Sink
Cell Turnover &
Racemization' 1.25x 107 © )
Degradation’ ~1x 107 ®)

'in vivo racemization rate (Masters et al., 1977)

2 . . I h >
rates of degradation estimated ~ 10~ yr ., approximately 100 times slower than
racemization, and can be assumed insignificant. Recycling may significantly
affect the fate of the amino acids from inactivated bacteria and is an unknown.

| L-AA]

M + (kk,u' ’ |D'AAI) - (kRM' : I L-AA Im ) L (li}{; | L-AA ln\)
CF

blu
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Assuming a steady-state model of growth and
decay the turn over times can be derived.

Equivalent Cell Count (cells/gram) Turnover Times (years)
107 10° 104 10° 600 800 1000 1200
B KL441

B KL739

' DR938

" IMP104

Bl DR41P

The data suggest that turnover times must decrease with
Increasing depth and temperature probably due to the
harsher environment. This also means that the average
age of D. Audaxviator in MP104 is ~580 years.

Monday, January 17, 2011 20



Single Nucleotide Polymorphism’s

Category

Phred>15
+duplicates

Phred>25
+skip first
50

Phred>25

Phred>20
+skip first 50

Phred>20

Intergenic

25

Pseudogenes

RNA

Synonymous in protein-coding genes

Non-synonymous in protein-coding genes

Total SNPs

32

182

208

622

669

Average rate of SNPs

0.0014%

0.0077%

0.0089%

0.026%

0.028%

Average depth of coverage

Monday, January 17, 2011
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8.033 X

8.106 X

8.800 X
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Single Nucleotide Polymorphism’s

« 2x10" cells => 38 generations

« mutations per base pair = 1.4x10-> which is 60 times lower
than previously reported environmental metagenomes and
many of the SNP’s are concentrated in a single ORFAN
gene

« mutations per base pair per generation for E. Coli =
5x10-%-10 and 50 to 100 generations required for fitter

individual to change community composition (Chao & Cox,
1998)

 at this mutation rate 24 to 27 generations would be
required to produce observed SNP'’s.

* if turn over times per cell are 103 years, then lag times for
sweeps of a higher fithess mutant would be ~50 to 100 kyr.

 subsurface residence time for this fracture wateris >3 to0 5
myr.
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Self-sufficient life below the planet surface

Sulfate brine solutions can remain stable in martian conditions
and effectively lower the freezing point of water.

Sulfates have been shown to be widespread on the surface of
Mars and sulfate-brine solutions have been correlated with recent
water activity.

Subsurface would be the likely first target for environmental
deployment of microbes to protect from UV damage.

However, martian subsurface much cooler than our South African
Gold Mine. Perhaps there is not enough hydrogen for the key
energetic reactions for survival to execute.
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Self-sufficient life below the planet surface

Sulfate reducing microbes: Audax viators!

Ultra low growth rates with “persistent” activity.
Resultant low mutation rates

Chemoautrophic to allow

Genomics systems are not "minimal” and contain
numerous stress response and alternative metabolic
elements

Subsurface sulfate reducers are a possible chassis for
terraforming, biotransformation of environment to
chemicals/fuels/materials for human use on other planets

But they are also biocorrosion and souring agents
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Programmable DNA

Programmable sensing

Scaffold logic HK
|

RRI ' ?sz

Towards a basis set of homogeneous parts for regulatory engineering of cells.

Extensible Engineering of
Microbes
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Signal Engineering

Environmental Cellular
Stimulus HK RR Response

Copper
Transport

Pore
Adjustment

Stress
Response

Common Blueprint

Highly Conserved
Structure

Environmental

Input ——_ Autophosphorylation
HK I ®)

Sensor Phosphotransfor ® ATP
(periplasmic) 8inding

RR L\ @ Phosphotransfer
*
® | DT
LA I

Dephosphorylation  cejylar Response
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Controling signalling

Separating HK-RR binding from
phosphotransfer introduces an
additional node of control.

Histidine
Kinase (HK)

Regulator (RR)

Environment

HK Activation HK-RR

Binding P
Copper —@

i
@Phosphotransfer

* Binding

HK-RR

Response

RR

hosphotransfer Output (()p[,)(—‘[

O

oweed 2

[ransport

Pore
Adjustment

Phosphate
Assimilation
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Specificity through Colocalization

Modular Binding Domains Used to
Control Signaling

-
o

:“
=
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w

w
(=)

(X
o
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o

- -l
(=] [& ]

CusR Reporter Activity
(GFP/OD over background)

Binding

Phosphotransfer
Salicylate m CU_SR:

[Cusk-pep | | [NGEEINN

An in vivo signaling assay with
phosphorylated CusR driving
GFP expression shows
colocalization controls non-
cognate signaling.
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Use of Modular Parts to Spatially Regulate

Enzyme Activities: Modular allostery and

ACTIVITY
ENZYME :
ENZYME +
SH3
C-euzme -
227»5 s

Needs:
Homogenization of switch designs
Promiscuous enzyme designs

OFF-SCAFFOLD ON-SCAFFOLD

ENZYME 1 -
SH3
s e’ | 4
OFF S
ENZYME3 —

Scaffold logic !-1K
X

RR1 ‘ 'RRZ
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Recombinases

FF
IRR IRL
3 «—
gfp
-
Ptrc
FimE
ON Ptrc*
F« T
RR RL 9P

Invertases: the Fim system

* Interesting operations
* [nversion
* [nsertion
*Excision

* Nearly Boolean

» State accessible after death and
transmissible between cells

* Geometrically programmable?

* Possible huge state space for logical
machines encodable in relatively little
DNA

*Flexible acceptance of active elements
in internal regions.
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Invertase dynamics

1800 -
OFF
— o 1600
IRR IRL 3
—N_ S 1400
2 | - s § 1200
C
Ptrc® ; 1000
o 800
FimE S
2 600
& 400
——_— O
ON trc 200
» | aq= °
e o g 0 2 4 6 8
Time (h)
Stateo ([ A 1 A
Leakless
System can hold “state” after pulse E
State1 [ A 1’ A
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Placement of two invertase sites.

R e

N!input sequences
Monday, January 17, 2011 32




Placement of two invertase sites.

S(N) = Ek!C(N,k)
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Number of devices and state space grows rapidly with N.

'‘Number of Configurations

18
_“@=Maximum Number of States
16
14
n 12
| -
© 10
U
o 8
For n=N-1 there are: o
o 6
] -
— 4
a(0)=1;forn>0,a(n)= 2n- 1)!!—2(2]{— D!'a(n- k)
. - 2
configurations. -
0
. . . 0 2 4 6 8 10 12 14 16 18
If the minimum length of a flippable region is
500 bp and inversion sites are 30bp then the Number of Invertases
device is less than 2*30*N+500bp long at
minimum.

So for N=10: 5~ 10**and L~ 1.1 kb
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Some numbers to contemplate

*10° microorganisms per gram of soil (1033 on earth)

*109 in @ ml of rich media
*Divide every 20 minutes

*Flip-operations-

ner-molecule-per-second-per cell ~ 0.01

*100-200 plasmids per cell.

*5-6 “machines” per plasmid

*100-1000 “mach

iInes” per genome

*Plasmids passed per cell per generation ~ 0.01

*\What is the com

putational capacity?
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There are promising chasses that might
provide a robust, flexible starting point for
synthetic biological engineering of
extraterrestrial microbes

Complex materials from simple building blocks
Soil Transformation

Modular synthetic biology is allowing the

reprogramming of regulation, and signaling
for human purpose.
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Enablers and Co-dependents

SRB * Synthetic Biology
Dylan Chivian — Stefano Cardinale
— John Dueber
— Tim Ham

— Julius Lucks

Terry Hazen — Vivek Mutalik
A large number of others — Stanley Qi

— Weston Whitaker

— Jay Keasling

NSF, NASA Astrobiology Institute through award NNAo4CCo3A to the IPTAI Team
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