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“Origins...”

biologist, geologist, chemist, astrobiologist, 
oceanographister

biogeochemist

microbial geochemist

microbial ecologist

geomicrobiologist

biogeochemistry

study of chemical, physical, geological, and 
biological processes and reactions of the 
natural environment, usually focusing on 
chemical cycles driven by or impacting 
biological activity



microbial ecology

study of interrelationships 
between different 
microorganisms; among 
microorganisms, plants, 
and animals; and between 
microorganisms and their 
environment

microbial 
geochemistry

study of microbially influenced geochemical 
reactions, enzymatically catalyzed or not, and 
their kinetics, often studied within the context 
mineral cycles, and emphasis placed on mass 
transfer and energy flow



GEOMICROBIOLOGY

Winogradsky (1887), discovered Beggiatoa 
could oxidize H2S to elemental sulfur

“study of the relationship between the history 
of the Earth and microbial life upon it” - 
Beerstecher 1954

the earth as 
microbial habitat, 
aka, the “geology” 

part

Earth has been cooling for >4.5 billion years

decay of radioactive elements fuels heat & 
mass transfer

heat & mass transfer exchange = energy



a fundamental 
concept to 

thoroughly grasp 
and remember 

forever
formation of rocks and minerals preserves 
information about the Earth’s history

balance between rocks & rock weathering 
fundamentally controls the chemistry of our 
aquatic ecosystems (and even the 
atmosphere)
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“Big Bang” Theory

•  In the beginning - all matter in one place at a single instant 

•  Big Bang – huge expansion of matter 

•  Between 10-50 and 10-30 sec after the Big Bang: 
  Inflation – rapid expansion of the Universe 

•  During inflation, universe permeated with radiation and 
subatomic particles (plasma, dark matter) 

•  After 100,000 yrs – conditions similar to Sun 

•  After 300,000 yrs – Temp dropped to 4500oK and gave 
rise to atomic matter (hydrogen, helium, and deuterium)  

Solar Nebula Theory 

•  Collapse of gas cloud is due to 
internal gravitation attraction of gases 

•  During collapse, instabilities cause 
gas cloud to fragment into smaller, 
separate clouds 

•  Eventually, some cloud fragments 
have masses on the order of that of 
the present Sun 

•  These fragments can form proto-
suns 



Proto-Sun to Solar System

Gravitational contraction, and rotation 
and heating of interstellar gas 

Disk & protostar 
formation 

Heating & ejection Fusion! Accretion disc 
www.geol.ucsb.edu/faculty/valentine/ 

Cooling of outer region, particle 
production, planetoid formation 

Accretion Disc

When the center compresses enough to become a protostar, the rest of the gas orbits/
flows around it

Gas flows inward and adds to the mass of the forming star

Because the gas is rotating:

 The centrifugal force prevents some of the gas from reaching the forming star, 
instead forming an "accretion disc" around the star

 The disk radiates away its energy and cools off



Accretion

Deimos  
(moon of Mars) 

Gaspra 
(asteroid) 

Phobos 
(moon of Mars) 

http://mercury.atmos.albany.edu/geo100/ 

•  Growth of Earth by accumulation of smaller 
matter from collisions of planetisimals 

•  During each collision, kinetic 
energy is transformed into 
heat energy 

•  Heat from radioactive decay increases the Earth’s internal 
temp 

•  Accumulating outer layers insulate inner material and 
compress it, also increasing the internal temp 

•  Earth’s inner temp increases to >1000°C 
•  Loss of volatile elements 
•  Young Earth - a homogeneous mixture of materials 

Solar Elemental Differentiation
Most of the substance of Earth, its ocean, and all living 
things, was formed by stars.  

However, if all solar matter came from a similar source, 
how is it that there is a variation in the solar distribution of 
elements? 

During the cooling of the solar 
disk, the coolest (outer) gases 
began to interact chemically, 
producing particles which grew 
from collisions with other 
particles. 

The Earth Embryo 

•  The inner planets (Mercury, Venus, Earth, Mars) 
formed at ~1200° 

•  Too hot to capture and retain light, volatile 
elements 

•  Dominated by Fe-rich silicate minerals that 
condense at intermediate temperatures 

•  The larger, outer planets captured a greater fraction 
of the lighter constituents of the initial solar cloud 



Comparison of Earth vs Solar System

Refractory elements 
(volatile at high 
temps) 

Inert gases (non-
reactive, volatile 

at low temps) 

Walker, 1977 

Heating & Differentiation

•  Heat retained by early atmosphere – super 
greenhouse effect 

•  Was there a magma ocean?  

http://mercury.atmos.albany.edu/geo100/ •  Complete or partial melting of the earth allowed Earth to 
separate into layers based on density – perhaps aided by 
heterogeneous accretion: 

•  Metallic meteorites – similar in composition to core 

•  Stony meteorites – similar in composition to crust  

•  Iron and nickel became concentrated in the core; lighter 
elements reached the surface, spread and cooled 

•  Thus, earth became differentiated into a layered system 



Cooling
•  Earth’s structure was 

largely based on surface 
cooling of lava 4.5 billion 
years ago 

•  Cooling lava formed a 
hard, rocky crust on the 
outer layer  

Density stratification results in 
an inner and outer core, a 
mantle and crust: 

•  Crust – less dense silicate 
rock 

•  Mantle – dense silicate rock 

•  Outer Core – liquid iron 
nickel; source of Earth’s 
magnetic field 

•  Inner Core – solid iron-nickel 

Water and Water Vapor

How did water and water vapor form on early Earth? 

  • The Sun stripped away Earth’s first atmosphere 

  • Gases, including water vapor, released by the process of 
outgassing, replaced the first atmosphere.  Outgassing 
continues today (evidence: He-3 in oceans). 

  • Water vapor in the atmosphere condensed into clouds. 

  • After millions of years, the clouds cooled enough for water 
droplets to form when T < 100°C. 

  • Hot rain fell and boiled back into the clouds. 

  • Eventually, the surface cooled enough for water to collect in 
basins. 



The Early Atmosphere

• Similar conc of di-nitrogen (N2) as compared to 
present atmosphere 

• More methane (CH4) and carbon dioxide (CO2) 

• No molecular oxygen (O2) – any free O2 would have 
quickly reacted with the reduced metals of the crust 

The early atmosphere was 
reducing, different from the 
oxidizing atmosphere today 

The result: 

The Goldilocks Theory

•  Just as Goldilocks found the porridge that 
was just right, Earth was “just right” for life 

•  Mars – too far from Sun – too cold, no 
liquid, thin atmosphere, water frozen in 
ground 

•  Venus – too close to Sun – too hot, thick 
and heavy atmosphere 

•  Earth – correct distance from Sun – 
abundant liquid water 

•  Hydrated minerals ! plate tectonics 

•  Atmospheric gases get recycled ! maintains 
appropriate surface temperature 



The Early Ocean
•  The earth’s light elements were likely delivered to the 

earth as constituents of silicate minerals in 
carbonaceous chrondrites 

•  These are 0.5 – 3.6% C,  0.01 – 0.28 % N 

•  The early ocean contained the anions bicarbonate 
(HCO3

-), chloride (Cl-) and sulfate (SO4
2-) from the 

dissolution of atmospheric gases: 

•  CO2 + H2O ! H2CO3 ! H+ + HCO3
- 

•  HCl + H2O ! H3O+ + Cl- 

•  SO2 + H2O ! H2SO4   
•  These acids were neutralized by interactions 

with crustal material in weathering reactions, 
leading to the release of Na+, Mg2+ and other 
cations 

•  N2 has low solubility in water, so it was likely the 
dominant atmospheric component 

•  The present atmosphere contains <1% of the crustal 
outgassing – most of the remainder is in the present 
ocean and various marine sediments 

what is life? aka, the 
“biology” part

How do you know it when you see it?

Did life begin on Earth? Once or many 
times?

Are we alone?



First, some perspective
 The history of life on earth is overwhelmingly microbial

 The solar system formed 4.5-4.6 billion years ago

 earth is ~4.5 billion yrs old, 

 microbes arose 3.8 billion years ago (bya)
 animals-0.7 bya -- humans-0.001 bya

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Late Feb-Microbes ~Nov. 5th-Animals (oceans)

Dec. 11th-Land Plants

Dec. 27th-Mammals

Dec. 31st- 10:00 PM Humans    11:59:30 PM Written History

The Microbial Age >3.8 Billion Years

Jan. 1-Earth Forms

Characteristics of life

1. Water is essential for active life
2. It is contained in a microenvironment (cell)
3. It is carbon based
 a. Nucleic acids consisting of 4 nucleotides
 b. Dual nucleic acid system: RNA and DNA
 c. Proteins: 20 amino acids
 d. Lipids with straight chains of methyl branched chains
 e. Metabolic energetics use phosphate anhydrides, thioesters
 f. Metabolism uses nucleophile-electrophile reactions with C=O

4. It replicates
5. It evolves (mutation and other mechanisms for acquiring genetic 
material, and natrural selection)



what about 
characteristics of 

Early Life on Earth?

What was early Earth 
like?

What about before 
3.9bya?

connections between 
early earth & 

organisms of today

Life in extreme environments



Barophiles

 Deep, dark dwelling bacteria
 Tolerate high T, P
 Grow best at P = 500-600 atm
 Tolerate periods up to 2.5 yr in 

vacuum

 Habitats
 Up to 4km depth
 Barophilic mass > all surface life

Thermophiles

 Prokaryotes
 Temperatures

 Low: 45-90oC
 Optimal 80-110oC
 High extreme 125oC

 pH: 1-7.5
 Can survive high pressure

 Discovered within last 30 yr
 Location (submarine/terrest)

 Geothermal areas
 Oil fields, 3 km deep

 Energy:  
 Chemolithautotrophic
 Inorganic redox for E
 CO2 is primary carbon source
 e- donors:  H2, Fe, reduced S

Synechococcus
(Yellowstone)

Thermus aquaticus

 Pyrodictium occultum – grows 105-115oC at 
hydrothermal vents. 



Range of Temperatures

Range of Temperatures



Psychrophiles  Cold lovers
 Temps 0-20oC
 Survive freeze/thaw
 Reproduce 2oC

 Habitats
 Soils
 Deep ocean water
 Sea ice

 Least studied of 
extremophiles

CH4 worms, Sea of Cortez Ice

Types of metabolism

Nealson and Rye 2004

 Light is used directly 
by phototrophs

 Hydrothermal energy 
is utilized mainly via 
heat-catalyzed 
production of 
reduced inorganics



Sustaining Life

We can classify organisms by function  --  how they obtain energy 
and cell-carbon: 

1.  Method of energy generation (reactions that convert ADP to ATP): 

•  Photosynthesis  --  Phototroph 

e.g.:  Oxic photosynthesis:  6 CO2  +  6 H2O   !  C6H12O6  +  6 O2 +  ATP 

•  Oxidation/reduction of inorganic compounds  --  Lithotroph 

e.g.:  Ammonia oxidation:  NH4
+ +  1! O2  !  NO2

-  +  2 H+  +  H2O + ATP 

•  Oxidation of organic compounds  --  Organotroph 

e.g.:  Glucose oxidation:  C6H12O6  +  6 O2  !  6 CO2  +  6 H2O + ATP 

2.  Carbon source via chemotrophy: 

•  Carbon dioxide  --  Autotroph 

•  Organic compounds  --  Heterotroph 

Aerobic and Anaerobic Modes 
of Organic Matter Respiration

In general: Reduced organic matter  +  oxidant  !  CO2  +  reduced oxidant 

                                                                                                                               "Gr° 
Mode of organic matter oxid                Oxidant               Reduced Oxidant       (kJ/mole) 

Aerobic oxidation   O2       H2O       -3190 

Manganese reduction   MnO2       Mn2+       -3090 

Nitrate reduction     HNO3       N2       -3030 

Iron reduction    Fe2O3       Fe+2       -1410 
      FeOOH            Fe+2       -1330 

Sulfate reduction      SO4
2-       S2

-        -380 

Methanogenesis      CO2       CH4        -350 

More on evolution of metabolic pathways later...



prebiotic chemistry

“A laboratory earth was created. It did not in 
the least resemble the pristine earth of two or 
three billion years ago; for it was made of 
glass...”  --Stanley L. Miller, 1953

prebiotic chemistry



How could life originally arise from 
non-living matter?

A four-stage hypothesis has been proposed:

1. Abiotic synthesis of small organic molecules like amino acids and 
nucleotides
 Plenty of energy available

2. Abiotic joining of small molecules into polymers
 Proteins and nucleic acids

3. Self-replicating molecules arise
 Basis for inheritance

4. Packaging into “protobionts”
 Remember that lipids self-assemble into bilayers in an aqueous environment 

The Miller-Urey experiment: 
Abiotic synthesis of organics

 Simulated early Earth
 Reducing atmosphere

 H2O, H2, CH4, NH3

 Simple inorganic molecules
 Electric sparks (lightning)

 Produced amino acids and other organic 
molecules

 Couldn’t happen under modern 
conditions
 Oxidizing atmosphere attacks organic 

bonds

 Or: possibly Earth was contaminated 
with organics from space

Figure 26.10



Abiotic synthesis of polymers
For life to arise, polymers must be able to 

form without enzymes or cells
Monomers splashed onto hot rock/clay/

sand lose water and polymerize
Polypeptides can be made this way

Imagine waves/rain on lava or deep-sea 
vents



Abiotic replication of molecules 
 RNA was probably the 1st hereditary material
 RNA molecules can be synthesized abiotically
 RNA can also have catalytic activity (ribozymes)
 In solution with ribonucleotides, a new strand is formed 

using base-pairing rules; “early-heredity”

Fig. 26.11

Self-assembly of protobionts
Protobiont = aggregate of abiotically produced 

molecules that maintain a different internal 
environment
Liposomes = lipids that self-organize into a bilayer

 Can contain organic molecules
 Semi-permeable, absorb substrates, release products
 Shrink & swell osmotically
 Can have membrane potential (charge)
 Can fuse and split (“grow” &“reproduce”)

Exhibit metabolism and excitability
No precise reproduction
Not “alive” but exhibit some hallmarks of life



Liposomes can “grow” by engulfing smaller 
liposomes or “reproduce” by splitting off

Copyright © 2002 Pearson Education, Inc., publishing as Benjamin Cummings

Fig. 26.12a

Enzymes can be incorporated into 
protobionts
 The protobionts can then 

absorb
substrates from
their surroundings
and release the
products of the
reactions catalyzed
by the enzymes

 Containing substrates, 
active molecules 
(enzymes) and energy 
within a membrane is 
critical to life

Copyright © 2002 Pearson Education, Inc., publishing as Benjamin Cummings

Fig. 26.12b



Natural selection of protobionts containing 
hereditary information, polypeptides, other 
organics eventually becomes life

 Once primitive RNA genes 
and their polypeptide 
products were packaged 
within a membrane, 
protobionts could have 
evolved as discrete units.

 Molecular cooperation could 
be refined because 
components & energy 
were concentrated 
together, rather than 
spread throughout the 
surroundings.

Copyright © 2002 Pearson Education, Inc., publishing as Benjamin Cummings Fig. 26.13

a fundamental 
concept to 

thoroughly grasp 
and remember 

forever

natural selection is the process by which 
inheritable traits make it more likely for 
survival over successive generations

always remember to consider the selective 
pressures at hand



What is “life” anyway?

 There are really no “biological” reactions that can’t 
take place abiotically under correct conditions

 Organisms, however, catalyze many reactions that 
wouldn’t normally occur due to energy required, 
probability of encounter, accumulation of product, etc.

 Life is the compartmentalization, orchestration, and 
choreography of chemistry
 Not all reactions can or should occur at same time
 Ordering and containing reactants and reactions is key to life
 Capturing and containing energy is key to life

making the 
connection between 
‘prebiotic chemistry’ 

and ‘extreme 
life’ ...aka debating 

the origin(s)...



origin of life on earth

Primordial soup - heterotrophic origin (Oparin, 1936)
Dissipated Structures “Order Out of Chaos” (Prigogine 1980)
Submarine Hydrothermal Vents (Corliss et al., 1981)
Mineral World (Cairns-Smith, 1982)
RNA World (Gilbert, 1986)
Thioester World (De Duve, 1981) 
Pyrite World - Metabolism first (Wächterhäuser, 1988)
Self-organization and complexity theory (Kauffman, 1993)
Fe/S membrane, redox/pH front at vents  (Russell, 1994; 1997)
Deep, hot biosphere (Gold, 1992)
• elsewhere out there???

ecology without 
cultivation

• Use molecular biology techniques to:
 -Identify microbial “species” & describe distributions
 -Predict metabolic capacities from genetic
  information
 -Link microbial “species” with system function; 

assign
  functional roles



a fundamental concept to thoroughly 
grasp and remember forever

Central Dogma of Molecular Genetics

DNA--------->RNA--------->Protein

why classify using DNA?

• Present in all known organisms. DNA stores information in genes.
• Genes are discreet sequences of nucleotides. The 4 nucleotides in DNA 

are adenine (A), thymine (T), guanine (G), and cytosine (C) [AGCT]
• Information in genes is transcribed (written) into ribonucleic acids (RNA). 

These contain uracil (U) instead of thymine (T) [AGCU]
• The ‘message’ in the RNA is read (translated) and proteins synthesized in 
ribosomes



“Know Thyself”
IF there is life out 
there somewhere else, 
our best shot at 
recognizing it and 
understanding it is to 
understand as much 
about the 
fundamentals of life 
here on Earth, both 
present and past.

who? how many? 
where? what? how? 
how fast?

Phylogenetic Trees

• In a perfect world, we would manipulate and 
compare whole genomes to determine 
relationships among microbes

• Not yet feasible
• Must substitute a phylogenetic marker: a gene 

who’s sequence is used to infer phylogenetic 
relationships among microbes

• MAJOR ASSUMPTION:  gene phylogeny more or 
less reflects the evolutionary history of the 
microbes possessing the gene of interest 


