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‘Natural’ Laboratories

 Relationship among geo- and bio-spheres

 Distribution of numerous system types (e.g., T, Geochem)

 Gradients in key system variables (e.g. T, pH, oxygen)

 Stability and/or repeatability in patterns

… that lead to hypotheses about 

their causes!

Color: Mineral or Pigment?



The habitat and nature of early life. 

E. Nisbet, N. Sleep. 2001. Nature

From Madigan, M. et al.  

Brock Microbiology



‘Geochemists’ Workbench’

e- donors

CH4, H2, H2S, S, S2O3,

As(III), Fe(II), NH4, CO, C

e- acceptors

O2 , NO3
- , NO2

- , Fe(III)

As(V), SO4
2-, S2O3 ,S, 

CO2

How much energy is 
available in a redox 
couple:

H2(aq) + ½ O2 (aq)  H20(l)

ΔG= -94 kJ/ e-transferred

H2(aq) + S0
 H2S (aq) 

ΔG= -16 kJ/ e-transferred

Inskeep et al., 2005, Geobiology





Dragon Spring (DS)

Calcite Springs (CS)

Octopus Spring (OS)Mammoth Hot Spring 

(MHS) 

One Hundred Spring 

Plain (OSP)

Bechler Spring (BCH)

pH = 3.1

T = 68-72 C

pH = 7.8

T = 74-76 C

pH = 8    

T = 78-82 C

pH = 6.5 

T = 70-72 C

pH = 3.4

T = 72-74 C

pH = 8.2 

T= 78-82 C

Filamentous ‘Streamer’ Communities in YNP: 

Three Major Lineages





Mammoth Hot Springs
Inskeep et al. 2010 
Inskeep et al. 2013 
Takacs-Vesbach/Inskeep et al. 2013
Dong et al., 2019 

What’s in a Wiggle? 



Yellowstone Lake 



Yellowstone Lake Thermal Vents 
Inskeep et al., 2015

McKay et al., 2019

5 um

Elemental Sulfur Bush 





As and Sb cycling: AsIII and AsV (SbIII and SbV) 
• Arsenite oxidation ~ energy gain using oxygen in some thermophiles (aroA, asoB)

• Arsenate reduction ~ dissimilatory reduction occurring in some archaea (arrA) 

90 oC, pH 6.1

DS 22 uM

As 135 uM

Sb  1 uM

Joseph’s Coat Hot Springs (JC3)

So, Orpiment 

Broad Creek (YNP)



Sargasso Sea I (AACY01082423)

aioAaioB cytC moaAorf 115moaC

Rhodoferax ferrireducens

aioAaioBoxyXoxySoxyR ATPase-

Aquificales 

aioAaioB cytC2 chlEaoxRaoxS

Thermocrinis BCH13/ Hydrogenobaculum OSP14 

aioAaioBaoxRaoxSaoxX

Van den Hoven & Santini, 2004. Biochimica et 
Biophysica Acta

D’Imperio et al., 2007. AEM
Santini et al., 2007. Biochimica et Biophysica

Acta



Archaeal-dominated sites and geochemical context 



• Gas exchange, oxygen diffusion, Fe(III)-oxide biomineralization

OS Plain 

Beowulf

30 µm

1 µm

2 µm

10 µm

Kozubal et al. 2012a, Frontiers in Microbiology 

High-temperature acidic systems:
low sulfide, high ferrous Fe, low oxygen



A series of thin-film bioreactors, organized as alternating pools and terraces. 

Echinus Geyser 
NGB, YNP

ECH_B Nycodenz Prep (11/12)

1 µm

O2(aq) ~ 20 – 60 µM. 



Echinus Geyser (Norris Geyser Basin) 
Kozubal et al., 2012
Beam et al., 2016
Jay et al., 2019

Microbial Beaver Dams 



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 

Langner et al. 2001; Inskeep et al. 2004, Macur et al. 2004; Kozubal et al., 2012a 
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Sulfolobales   
Heme Cu oxidases

Homo sapiens
Cryptococcus neoformans
Thermus aquaticus

Acidithiobacillus ferrooxidans
Cenarchaeum symbiosum A

Ferroplasma acidimarnus
Aeropyrum pernix 
BED 1106445183327

BED 1106445183845
BED 1106445183740
OSP_14 2014028958
OSP_8 2013586270

Pyrobaculum aerophilum
OSP_14 2014024095

Sulfolobus tokodaii
OSP_14 2014017289
OSP_8 2013594102

Metallosphaera yellowstonii
Metallosphaera sedula
BED 1106445183474

Acidithiobacillus ferrooxidans
OSP_8 2013601643
Caldivirga maquilingensis

Metallosphaera yellowstonii
OSP_14 2014014774
Metallosphaera sedula
Sulfolobus tokadaii
Sulfolobus tokodaii

BED 1106445182288
Sulfolobus tokodaii

OSP_14 2014014269
OSP_8 2013578222
OSP_14 2014014267

Metallosphaera yellowstonii-1
BED 1105333907428

Metallosphaera sedula-1
Metallosphaera yellowstoni-2
Metallosphaera sedula-2

OSP_8 2013583494
OSP_14 2014014265
Metallosphaera yellowstonii-3

OSP_14 2014014266
OSP_14 2014011210
BED 1106445184132

BED 1105333876800
OSP_8 2013577249

OSP_14 2014017097
Metallosphaera yellowstonii-1 

Metallosphaera sedula-1
Sulfolobus tokodaii

OSP_8 2013602637
OSP_14 2014011547

Metallosphaera sedula-2
Metallosphaera yellowstonii-2

Pyrobaculum aerophilum
OSP_8 2013581860

Leptospirillum sp. Group II UBA
Sulfurihydrogenibium sp. YO3AOP1

OSP_14 2014006700
OSP_14 2014014002

OSP_14 2014014030
Hydrogenobaculum sp. Y04AAS1

Pyrobaculum aerophilum nitric oxide reductase
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SoxB

FoxA

SoxM

DoxB

AoxB

Aquificales

group

Kozubal et al. 2011, AEM

HCO subunit I of the fox
complex, specific to Fe(II)-
oxidizing Sulfolobales

Expressed under Fe(II) /O2



1. Acidophilic bacteria in 4 unrelated phyla 

contain HCOs that are more similar to the 

Thermoplasmatales

2. Phylogeny of HCO-associated small blue Cu 

proteins (mco) also suggest environmental 

forcing and HGT to different bacterial phyla 

(16S rDNA) 

*

*

*

Significant niche overlap among 

the Thermoplasmatales and 

Fe(III)-oxidizing bacteria 



Evidence of virions and virocells within 15 days of in situ incubation; viral 

predation and turnover must be incorporated into ‘microbiome’ analyses 

200 nm

500 nm

200 nm

One Hundred Spring Plain 

Yellowstone National Park

pH 3.5, T = 75 C



Summary Comments

• Yellowstone geothermal ‘microbiomes’ are comprised of diverse 
thermophiles in a plethora of different natural laboratories 

• Lineage-specific functional proteins involved in energy capture track 
with geochemical conditions (e.g., O2, Fe(II), S, As, H2)

• Oxygen is an important electron acceptor for many thermophilic 
organisms 

• Gas-exchange, hydrodynamics and diffusion contribute as niche 
determinants

• Numerous ‘model’ systems inform key controls on biogeochemical 
cycling
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Arsenite 

oxidases (AroA)

Inskeep et al., 2007

Hamamura et al.

2009, 2010

Thermocrinis spp.

pH 7, FeIII Mats

Hydrogenobaculum spp.

pH 2-4, FeIII Mats

Sulfurihydrogenibium spp.

pH 6-7, FeS2, S Mats 



The Oxygen Cycle

O2(g) O2(g)O2(g)

Flow-Direction (2-20 cm/sec)Dissolved Gases

H2(aq), CH4(aq), CO2(aq), H2S(aq)

Source Water, 

pH ~ 3-4

e.g., Reactions with Reduced Sulfur

O2 + H2S  =  S2O3 =   S0 + SO4

Air-Water Gas Exchange 

• Henry’s Law: O2(g) = O2(aq)

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

Type A/B HCOs

O2 + aa3 + ATPase = growth

e.g. Dox/Fox/Aox/Sox 

Type C HCOs

O2 + cbb3 + ATPase = growth 

Biological Oxygen Demand (BOD)

Chemical Oxygen Demand (COD)
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Oxygen micro-profiles: 

• O2 penetration depth ~700 ± 200 µm

• Net O2 Flux = 1.5 *10-4 µmol cm-2 sec-1

Bernstein et al. 2013, Environ. Microbiol.

Beam et al. 2016, Front. Microbiol. 

Stream water overlaying 

mat (~50% air-saturated)

1 mm2 mm



Jennings et al., 2016; submitted

Genome-enabled Microbial Interaction Modeling

1 mm2 mm



Reference Microbial Community Types

Concept, Platform and Organizing Structure

• Consistent themes for graduate training, 
• Biotic, geochemical, hydrodynamic interactions,
• Profiling ‘reference communities’ (> 100 site 

metagenomes available from our group) 
• Foundation for biotic (resource) inventory. 

For example (see videos):

Mammoth Hot Springs Filamentous Streamers
What’s in a Wiggle?

Echinus Geyser Fe-oxide Microbial Mats
Microbial ‘Beaver’ Dams



Field Laboratory for Graduate Training



Homo sapiens

Mus musculus

Saccharomyces cerevisiae

Meiothermus silvanus

Aeropyrum pernix

Haloferax volcanii

Geobacter uraniireducens

Thermus aquaticus

OCT_YNP11_07270

BCH_YNP13_63440

Aquifex aeolicus

Hydrogenivirga sp. 128-5-R1-1

OCT_YNP11_311180

BCH_YNP13_257500

BCH_YNP13_74030

BCH_YNP13_74080
Pyrobaculum aerophilum

Sulfolobus tokodaii

Metallosphaera sedula

Sulfolobus solfataricus

Pyrobaculum aerophilum

Aeropyrum pernix

Metallosphaera sedula

Sulfolobus tokodaii

Metallosphaeara sedula

Metallosphaeara sedula

Sulfolobus metallicus

Metallosphaera sedula

Acidianus ambivalens

Metallosphaera sedula

Rhodoferax ferrireducens

Geobacter bemidjiensis

Leptospirillum rubarum

Cupriavidus metallidurans

OSP_YNP14_08850
Hydrogenobaculum sp. Y04AAS1

OSP_YNP14_82500

JCVI_MHS 1106445177956
Persephonella marina

Hydrogenivirga sp. 128-5-R1-1

MHS_YNP10_16630

Sulfurihydrogenibium azorense

Sulfurihydrogenibium sp. YO3AOP1

CS_YNP12_99240

Sulfurihydrogenibium yellowstonense
Sulfolobus solfataricus nitric oxide red
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Type C-HCO

Type A-HCO

Type B-HCO

Sites MHS_10, 

CS_12

Sites DS_9, 

OSP_14

Sites OCT_11, 

BCH_13

Aquificales

Heme Cu Oxidases

Type C-HCO

• cbb3 HCO

• low Km for O2

Type A-HCO

• Majority of bacteria 

Takacs-Vesbach et al.

2013. Front. Microbiol. 



Phylogenetic Tree: Bacteria

Colman et al., 2016, FiM



Novel Archaeal Lineages

Geoarchaeota = NAG1

NAG2 (two major 

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

Summary of Major 

Archaeal Phylotypes

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

Acidilobus sp.
Jay et al. 2012, AEM 

Thermoplasmatales–like
Inskeep et al., 2010  PLoS1, FiM

P. yellowstonensis
Jay et al., 2015, AEM 

Metallosphaera sp.
Kozubal et al., 2008, 2011, AEM 



OSP_B; (YNP_8); T = 72-75 oC

Chemotrophic communities 

studied along main flow path 

Simplified Natural Communities (Yellowstone National Park):      

One Hundred Springs Plain, Norris Geyser Basin (NGB)

Geochemistry

pH = 3.4-3.5

Fe(II) = 45 µM

O2(aq) =  <1 to 100 µM (A to D)

H2S(aq) = 10 to < 0.3 µM (A to D)

OSP_A; T = 80-84 oC

OSP_D; T = 58-62 oC

OSP_C; T = 65-70 oC

5 cm

Filamentous ‘Streamer’ Community

OSP_G; (YNP_14); T = 74-76 oC

Primary Flow Path


