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Strategy for assessing habitability and biogeochemical impact

Astrobiology mantra:

1. Follow the water
2. Follow the energy

3. Follow the nutrients

**Also true for understanding past
and present life in terrestrial
environments




How is this actually done?

Microbial
Phenomena

Environmental .
Biomarker

Conditions

e physical and chemical
constraints on life

* rates of biogeochemical
transformations

* microbial bioenergetics

e microbe-mineral interactions

* population structure and
dynamics

e functional diversity

* mineral, organic and isotopic
biosignatures

e differentiate biotic and
abiotic markers

e depositional characteristics
of markers

e effect of material properties
on mineral bioalteration




Global plant and prokaryotic biomass

Total global carbon is estimated to be 965 Pg (or 965 x 101> g)

Marine Sediment

Prokaryotes Marine Crust
(4-90 Pg, ~6%) Microbes
(200 Pg, 20%)
Terrestrial
Marine Pelagic Plants
Prokaryotes ————— (560 Pg, 57%)

(2.2 Pg, 0.2%)

Terrestrial Subsurface
(> 8 m) Prokaryotes
(22-215 Pg, ~12%)

Soil Prokaryotes (< 8 m)
(26 Pg, 3%)

Marine Plants
(1.8 Pg, 0.2%)

From Whitman et al. (1998), Parkes et al. (1994), Lipp et al. (2008), Heberling et al. (2010), Kallmeyer et al. (2012)



Life in the ocean crust

POC ? <=

!

Volcano

Holden et al. (2012)
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Hyperthermophile background

Eucarya
i Plants
Microsporidia Animals Flagellates
Fungi
Ciliates
Slime molds

Diplomonads
Green non-sulfur bacteria
Bacteria Crenarchaeota
Archaea
Sulfolobus
Gram positive
i Desulfurococcus
Purple bacteria
Thermotoga Thermofilum
Flavobacteria Thermoproteus
Cyanobacteria Pyrobaculum
Thermococcus
Methanothermus
Methanobacterium
Archaeoglobus

Mc. jannaschii Halacocous

Halobacterium

Mec. thermolithotrophicus Methanaplanus

Methanospirillum
Methanosarcina

Euryarchaeota

Aquifex

Mec. vannielli

(Xu & Glansdorff, 2002), modified from (Stetter, 1996)

Based on optimal growth temperatures

<+— 110°C



Hydrogenotrophic methanogens

.4H2+C02_)CH4+2H20
* Found in all thermal classes of organisms

* They are common in deep-sea
hydrothermal vents

» They are not found in all vents

- present in high H, vent systems
(e.g., serpentinization, recent eruptions)

- generally absent in low H, vent systems



“Energy balance concept” for modeling methanogenesis
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Research questions

1a. What is the minimum H, concentration for the growth of
hyperthermophilic methanogens (70-82°C)? Is it uniform across
species?

1b. Does field data support this estimate in situ?



Methanocaldococcus growth under varying [H,]

Methanocaldococcus jannaschii 0~ Methanocaldococcus JH146
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Hydrothermal vents on the Juan de Fuca

Endeavour Segment

Washington’

Juan de Fuca
Plate

(\International '
" District

ALK
k. 0 . (-;". s
§ v‘ 4 .'|’ ' % hy
e Eh\!. { 4 I8 .;'J"\ bt
(LS e
T Spreading Center
ORI RN T




Sampling at deep-sea hydrothermal vents

Holden et al. (2012)



Vent field H, fluid chemistry
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Ver Eecke et al. (2012)



Molecular analyses for methanogens in diffuse fluids
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Axial Seamount:
- 6 fluids tested
- 2 showed evidence of methanogens
- one site was Marker 113 vent

Endeavour Segment:
- 11 fluids tested
- 1 showed evidence of methanogens




Fluid chemistry and culture-dependent survey for hyperthermophilic
methanogens

Axial Seamount MPNs
- 2 of 10 fluid samples had methanogens
- both were from Marker 113
- 1 of 2 sulfide chimney samples had
methanogens

Endeavour Segment MPNs
- 2 of 18 fluid samples had methanogens
- both came from high H, vents
- 3 of 6 sulfide chimney samples had
methanogens
- evidence of H, syntrophy

Ver Eecke et al. (2012)
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Marker 113 at Axial: Methanogen hot spot
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Heterotrophs a syntrophic source of H,

Hyperthermophilic heterotrophs were found in 27 of 28 diffuse vent fluids and in all sulfide
chimney samples, and were >100x higher in concentration than methanogens

H,, CH, Concentrations (umol/tube)

— — — Thermococcus CL1, pure culture

100
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Fluorescent in situ hybridization (FISH)
Thermococcus
Methanocaldococcus




17-23 uM H,: Global threshold for methanogens

Axial Endeavour Mariner TOTO Brothers Iheya North  Kairei Field
Volcano Segment Field Caldera Volcano Field
H, concentration, uM (82°C) 17-162 0-31 13 5 5 ~50 550
Hyperthermophilic 1,290 L1 690 L not not not 650 g* 2,500 g
methanogens (max.) 4 gt 34 g detected detected detected
Hyperthermophilic >33,000 L'  >72,000 L 107 g 107 g 107 g 3.5x107 g 6x106 g
heterotrophs (max.) >45,200 g 7,200 g

Ver Eecke et al. (2012)



H, Concentration (mol kg?)

“Energy balance concept” for modeling methanogenesis
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Research questions

1a. What is the minimum H, concentration for the growth of
hyperthermophilic methanogens (70-82°C)? 17-23 uM Is it uniform
across species? Yes (n = 3)

1b. Does field data support this estimate in situ? Yes, in general

2a. Do growth energy requirements vary with temperature for any one
methanogen?

2b. Do they vary within and between thermal classes of methanogens?

2c. How do other environmental factors (pH, Cl-, N availability) impact
methanogen growth energy requirements?
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Growth energy = AG, x

k

Y x 0.693

Growth rate (k, h™1)

Ver Eecke et al. (in prep.)
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Effect of temperature on growth energy

—e— Methanocaldococcus JH146
—se— Methanocaldococcus jannaschii
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Effect of temperature on growth energy

Future studies: chemostat

—e— Methanocaldococcus JH146 experlments tO refme energy

—e— Methanocaldococcus jannaschii balance’ model
—e— Methanothermococcus thermolithotrophicum
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Effect of N availability on growth energy

—e— Methanocaldococcus JH146
—e— Methanocaldococcus jannaschii
—e— Methanothermococcus thermolithotrophum

100

Hydrothermal fluid-seawater mix
%0 T\ NH,* concentration ~ 15 yM

60 | ’\\ Standard growth medium

NH,* concentration = 4.7 mM

Growth energy (1012 J cell! sec)
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Ver Eecke et al. (in prep.), Stewart & Holden (unpubl.)



Effects of pH and chlorinity on growth energy

No effect at environmentally relevant pH and CI- concentrations
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Research questions

1a. What is the minimum H, concentration for the growth of

hyperthermophilic methanogens (70-82°C)? 17-23 uM s it uniform
across species? Yes (n = 3)

1b. Does field data support this estimate in situ? Yes, in general

2a.

2Db.

2C.

Do growth energy requirements vary with temperature for any one
methanogen? 2 yes, 1 no

Do they vary within and between thermal classes of methanogens?

Yes and no

How do other environmental factors (pH, Cl-, N availability) impact
methanogen growth energy requirements? N affects 1 species, no effect
of pH or CI- at environmental levels

. Are usable minerals available in vents?
. Can hyperthermophiles use minerals as a growth substrate?
. Do these organisms leave behind a mineral biosignature?



Petrography and mineralogy of active hydrothermal sulfide deposits

Lin et al. (in prep.)



August 2012 MPN results for Axial Seamount diffuse vents

Methanogens (L") Sulfur reducers (L) Iron reducers (L") Heterotrophs (L")
. Total cells
Location (Temp.) )
55°C 80°C 55°C 80°C 55°C 80°C 55°C 80°C
Anemone (33°C) n.d. n.d. n.d. n.d. n.d. 90 690 7,200 7.9x107
Fuzzy Tubeworm Bush (28°C) n.d. n.d. 270 n.d. 90 n.d. 270 2,790 4.7x107
Boca (10°C) 120 n.d. 90 n.d. 450 n.d. 270 690 2.3x108
Marker 113 (28°C) n.d. 120 n.d. n.d. n.d. 13,800 n.d. 2,790 3.4x108
Off-summit, 1,300 m (~2°C) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.5x107

n.d., not detected

J.F. Holden (unpublished data)



Alternative to methanogens in low H, hydrothermal systems

Growth Reaction AG,° 100oc

Hyaq + 6 FE(OH); ¢ 2 Fe,0,(magnetite) + 10 H,0 -303 kJ/mol
Hy(aq + 0.25 €O,y €5 0.25CH, )+ 0.5 H,0 -45 kJ/mol




Biogenic mineral transformations as determined by Mdssbauer spectroscopy

0.0

Ferrhydrite ferrinydrite standard

15=046 Q5=-0.02 B,=459.6

4 K

-1.0 H

15=0.47 Q5=-0.04 B =475

uninoculated controls

Absorption (%)

biogenically altered minerals

_4‘0 - Magne“te 15=051 Q5=-0.04 sz 512.1 mag netite Standard
W

0.0 Ferrihydrite 5=035 Q5=067 |

298 K

15=0.35 Q5=0.74

2 IS=0.35 Q5=0.58
X 2.0
c
S 3 15=036 Q5=052 |
g_ - >
2
a -3.04 I5=0.34 Q5=0.76
<T 2 = |
Magnetite 15=0.35/Q5=0.71
-4.0 S %
b) 295K
‘50 T T T T 1
2 -8 -4 0 4 8 12

Lin et al. (in prep.) Source Velocity (mm/s)



Research questions

1a. What is the minimum H, concentration for the growth of

hyperthermophilic methanogens (70-82°C)? 17-23 uM s it uniform
across species? Yes (n = 3)

1b. Does field data support this estimate in situ? Yes, in general

2a.

2Db.

2cC.

Do growth energy requirements vary with temperature for any one
methanogen? 2 yes, 1 no

Do they vary within and between thermal classes of methanogens?

Yes and no

How do other environmental factors (pH, Cl-, N availability) impact
methanogen growth energy requirements? N affects 1 species, no effect
of pH or CI- at environmental levels

. Are usable minerals available in vents? Yes, in mixing zones
. Can hyperthermophiles use minerals as a growth substrate? Yes
. Do these organisms leave behind a mineral biosignature? Yes



How is this actually done?

Microbial
Phenomena

Environmental .
Biomarker

Conditions

e physical and chemical
constraints on life

* rates of biogeochemical
transformations

* microbial bioenergetics

e microbe-mineral interactions

* population structure and
dynamics

e functional diversity

and ...

* mineral, organic and isotopic
biosignatures

e differentiate biotic and
abiotic markers

e depositional characteristics
of markers

e effect of material properties
on mineral bioalteration




Cabled observatories in the northeastern Pacific Ocean
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Biologically relevant chemistry of end-member hydrothermal fluids from various sites

LOCATION

and host-rock environments

RANGE OF CONCENTRATIONS

H, (mM)

CH, (mM)

H,S (mM)

Fe (mM)

Main Endeavour Field 4.2-45 0.16-1.5 1.8-4.5 2-29 0.53-1.36
ASHES, Axial Volcano 3.5-4.4 0.07-0.27 0.07-0.28 74 0.01-1.07
9°50'N East Pacific Rise ND 0.33-8.91 0.05-0.75 6.2-23.2 0.2-6.64
Kilo Moana, Lau Basin 2.9-4.0 ND ND 5.4-6.3 2.5-3.8

Lucky Strike, Mid-Atlantic Ridge 3.5-4.9 0.02-0.73 0.30-0.85 1.4-4.6 0.03-0.86

Rainbow, Mid-Atlantic Ridge 2.8 16 2.5 1.2 24 1
Logatchev, Mid-Atlantic Ridge 3.3-3.9 12-19 2.1-3.5 0.8-2.5 24-2.5
Kairei, Central Indian Ridge 3.4-3.5 7.9-8.2 0.08-0.20 3.9-4.1 3.5-6.0

Mariner Field, Lau Basin 2.4-2.7 0.04-0.10 0.01 6.9-9.0 10.5-13.0
DESMOS Caldera, Manus Basin 21-2.7 ND ND 5.3-9.7 0.01-4.4
Brothers Volcano, Kermadec Arc 2.8-3.0 0.01-0.02 <0.01 2.3-7.9 4.2-7.3

Seawater 7.8 0.0004 0.00001 0 0.000061

Holden et al. (2012)

ND = not determined.




