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e Distribution of numerous system types (e.g., T, Geochem)
o Gradlents in key system varlables (e g T pH oxygen)




Origin of Earth
(4.6 bya)

Present

The habitat and nature of early life.
E. Nisbet, N. Sleep. 2001. Nature

4 ‘ Origin of
bya cellular life

Anoxic
Earth

is slowly |
oxygenated  Origin of From Madigan, M. et al.
‘cyanobacteria Brock Microbiology




‘Geochemists’ Workbench’

e- donors Y

CH,, H,, H,S, S, S,0,, How much energy is
available in a redox
As(lI1), Fe(ll), NH, CO, C couple:

e- acceptors H,(aq) + % 0, (aq) = H,0(l)

O,, NO;™, NO,, Fe(lll) AG= -94 kJ/ e-transferred
As(V), SO,2, S,0, .S,

CO, H,(aqg) +S° =2 H,S (aq)
AG=-16 kJ/ e-transferred

Inskeep et al., 2005, GeobiolN



Thermophilic Phototrophic Communities Hyperthermophilic Anaerobic Crenarchaeota

The YNP Metagenome Project:
Genomic analysis of thermophilic
prokaryotic communities from the

') .
Basic Science world’s largest geothermal basin Bioenergy Applications

Cellulosic feedstock pretreatment
Biogenic ethanol, H, and CH,
Novel fermentation pathways
Thermal stable enzymes
Specialty compounds
Nanomaterials

« Microbial evolution & phylogenetics
e Microbial community ecology

e Population biology

» Biogeochemical cycles

» Archaeal biomarkers, paleobiology

Fe Biomineralizing Communities Streamer Communities



Filamentous ‘Streamer’ Communities in YNP:
Three Major Lineages
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SULFUR CYCLE

COMMUNITY FUNCTION

Sulfur
Sulfuricurvum, Aminicenantes,
Sulfurihydrogenibium,
Aciduloprofundum, Sulfolobales,
Thermocrinis

Carbon Fixation
Sulfuricurvum,
Sulfurihydrogenibium,
Aciduloprofundum,
ARC_NovelPhylum,
Thermofilum, Sulfolobales,
Thermocrinis, Yulcanisaeta

Oxygen Respiration
Sulfuricurvum,

Sulfurihydrogenibium




As and Sb cycling: As'"and AsY (Sb'' and SbV)

« Arsenite oxidation ~ energy gain using oxygen in some thermophiles (aroA, asoB)
Arsenate reduction ~ dissimilatory reduction occurring in some archaea (arrA)
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Thermocrinis BCH13/ Hydrogenobaculum OSP14

Aquificales
BB - o (onc e

Rhodoferax ferrireducens

ool GG o M e

Sargasso Sea | (AACY01082423)

moa€] [orf115: «ioc [NEEANIND [cvic HEND

2HiAS01+ O;  HASO” + HAsO, + 3H'

Van den Hoven & Santini, 2004. Biochimica et
AroA Biophysica Acta
. D’Imperio et al., 2007. AEM
L : AroB Santini et al., 2007. Biochimica et Biophysica

Acta

Periplasm

2H,0 0,



Archaeal-dominated sites and geochemical context

pH=3.3,T= 70-72 C pH=4.4, T=78-82 C

pH =4.2, iy
T =80-82 C. w . pH=61,T=78-82C




High-temperature acidic systems:
low sulfide, high ferrous Fe, low oxygen
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Simplified Natural Communities (Yellowstone National Park)

« Physicochemical processes establish changes in state variables as a
function of distance and/or depth in geothermal outflow channels
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Phylogenetic Location of Fe(ll)-oxidizing

Microorganisms
. Beta : L :
(16S rDN . Acidophilic Significant niche overlap among
3 the Thermoplasmatales and
Acidophilie .21 [S Meso Fe(lll)-oxidizing bacteria
Neutophilic E_ Mixed
( phototrog?z Alpha % Thermo
Neutrophilic
Zeta
Delta 1. Acidophilic bacteriain 4 unrelated phyla
Acidophilic o contain HCOs that are more similar to the
Nitrospirae
- Thermoplasmatales
Actinobacteria *
( Acidophilic L )
Firmicutes 2. Phylogeny of HCO-associated small blue Cu
R proteins (mco) also suggest environmental
eutropniic i g . o
hototrophs B e forcing and HGT to different bacterial phyla
Chlorobi
Chloroflexi
Aquificae
— Deinoccus
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Evidence of virions and virocells within 15 days of in situ incubation; viral
predation and turnover must be incorporated into ‘microbiome’ analyses
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Summary Comments

* Yellowstone geothermal are comprised of diverse
thermophiles in a plethora of different natural laboratories

* Lineage-specific functional proteins involved in capture track
with geochemical conditions (e.g., O,, Fe(ll), S, As, H,)

is an important electron acceptor for many thermophilic
organisms

. , hydrodynamics and diffusion contribute as niche
determinants

* Numerous systems inform key controls on
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Arsenite

oxidases (AroA)

Variovorax sp. str. RM1 (ABD35886)
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The Oxygen Cycle

O,(09) i) O,(9) - 02(9)\

> > > >
Dissolved Gases .~ 7 7 | fjoy.-Direction (2-20 cm/sec)

H,(aq), CH,(aq), CO,(aq), H,S(aq)

Source Water,
pH~ 3-4

Air-Water Gas Exchange
 Henry’s Law:  O,(g) =0O,(aq)

« Kinetics: f(velocity, turbulence, air-water surface area)

Biological Oxygen Demand (BOD)
Type A/B HCOs

O, + aa3 + ATPase = growth

e.g. Dox/Fox/Aox/Sox Chemical Oxygen Demand (COD)

Type C HCOs e.g., Reactions with Reduced Sulfur
O, + cbb3 + ATPase = growth O,+H,S = S,0;, = S°+S0O,




Stream water overlaying
mat (~50% air-saturated)
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* O, penetration depth ~700 £ 200 pm

* Net 02 Flux = 1.5 *10+4 l-»lm0| Cm-2 sec-! i :

Bernstein et al. 2013, Environ. Microbiol.
Beam et al. 2016, Front. Microbiol.




Genome-enabled Microbial Interaction Modeling

NYREL

Enzymes (*1nm)

Iron oxidation
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« Consistent themés for graduate training,
= Biotic, geo’_chem:cal, hydrodynamic interactions,
* Profiling ‘reference communities’ (> 100 site
metagenomes available from our group)







Aquificales
Heme Cu Oxidases

Type A-HCO

99

* Majority of bacteria

94

Saccharomyces cerevisiae
Meiothermus silvanus
— Aeropyrum pernix

99 Haloferax volcanii

Geobacter uraniireducens

I 99~ OCT_YNP11 07270
I

BCH_YNP13_63440

{Aquifex aeolicus
|| Hydrogenivirga sp. 128-5-R1-1
I g5 OCT_YNP11_311180
|| BCH_YNP13_257500

96\_LBCH_YNP13_74O3O
Loo—o._. 28 BCHYNPI3 74080 _ _ i
Pyrobaculum aerophilum

99

99 — Sulfolobus tokodaii

99 Metallosphaera sedula
Q: Sulfolobus solfataricus

[ Pyrobaculum aerophilum

99 Aeropyrum pernix
foYs) Metallosphaera sedula

Sulfolobus tokodaii

99 Metallosphaeara sedula
qq’—|: Metallosphaeara sedula
Sulfolobus metallicus
Metallosphaera sedula

99 [ Acidianus ambivalens

99 Metallosphaera sedula

Rhodoferax ferrireducens

Geobacter bemidjiensis

-

Leptospirillum rubarum

99

Type C-HCO
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: gsi Sulfurihydrogenibium sp. YO3AOP1
! 77/ CS_YNP12_99240 !

Homo sapiens \
Mus musculus
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J \

Takacs-Vesbach et al.
2013. Front. Microbiol.

>Type A-HCO

Sites OCT_11,
BCH 13

>Type B-HCO

Type C-HCO

Sites DS 9,
OSP_14

Sites MHS 10,
CS 12

Sulfolobus solfataricus nitric oxide red



Phylogenetic Tree: Bacteria

To Outgroup<———-os

(Archaea)

Proteobacteria (11)
Acidobacteria (2)
Q Nitrospirae (3)

Deferribacteres; Deferribacter desulfuricans

Planctomycetes; /Isosphaera pallida
4 i+—.< Chlorobi (3)
<" | Bacteroidetes (3)
Chloroflexi (2)

Firmicutes; Thermaerobacter marianensis
Firmicutes (5)

- e———""__|Cyanobacteria (2)

Thermodesulfobium narugense
Caldisericum exile

.Q Dictyoglomi (2)
{ Synergistetes; Thermanaerovibrio acidaminovorans

————e———"""____|Thermi ()
| <

Thermotogae (12)

%_< Aquificae (10)
< Thermodesulfobacteria (4)

Ca. Calescibacterium nevadense
Calescamantes-0S

‘Pyropristinus T1’
‘Pyropristinus T2’
0.2 Colman et al., 2016, FiM
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99

99

99

M. yellowstonensis str. MK1

M. yellowstonensis-like (n=8)
Metallosphaera sedula

Acidianus hospitalis

Sulfolobus tokodaii

Novel Sulfolobales str. MK5

Aeropyrum pernix

Acidilobus-like Type 1 (n=4) __|

c1c] —

99

Pyrolobus fumarii

Staphylothermus marinus

Desulfurococcus kamchatkensis
Thermofilum pendens

 Pyrobaculum aerophilum str.

Metallosphaera sp.

Kozubal et al., 2008, 2011, AEM

Acidilobus sp.
Jay et al. 2012, AEM

P. yellowstonensis

L Thermoproteales str. WP30
Caldivirga maquilingensis

99
99

Vulcanisaeta distributa _

CNAG1 (n=4) ]
NAG2 (n=5); NAG2 str. MK4

.,

joidowlayl -ounjpseq Ssoledojoyns

Korarchaeum cryptofilum

99

Nanoarchasum equitans

09

Methanocaldococcus jannaschii
Pyrococcus furiosus

Methanothermobact. thermautotroph.

Methanopyrus kandleri

99

Haloferax volcanii

80

Archaeoglobus fulgidus

0.05

Aciduliprofundum boonei

99

NAG3 (n=2)

99

99

Thermoplasma volcanium

Ferroplasma acidarmanus

Nitrosopumilus maritimus

Cenarchaeum symbiosum

Methanococcus vannielii -

Picrophilus torridus -

ejoaeyoaieAing

Thaumarchaeota-like (n=2) _

wney |

Jay et al., 2015, AEM

Novel Archaeal Lineages
Geoarchaeota = NAG1

NAG2 (two major

lineages)
Kozubal et al., 2012ab, ISMEJ, FIM

Thermoplasmatales-like
Inskeep et al., 2010 PL0oS1, FiM

Non-AOx Thaumarchaeota
Beam et al., 2013, ISMEJ



Simplified Natural Communities (Yellowstone National Park):
One Hundred Springs Plaln Norrls Geyser Basm (NGB)

OSP_A: o7 80 84 oc

Geochemistry

pH =3.4-3.5

Fe(ll) = 45 pM
- O,(ag) = <1 to 100 pM (A to D)
'H,S(aq) = 10 to < 0.3 uM (A to D)




