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Lava flow, James Island



Recent (100+ year old) lava flow, James Island



Landscape of Tower Island



Tower Island: can you see the owl now?



Galapagos short-eared owl, Tower Island



Galapagos hawk, inside Volcan Alcedo



Galapagos tortoise, inside Volcan Alcedo



Frigate bird in flight, Tower Island



Pelican, Seymour Island



Galapagos penguin, James Island





Flamingos, James Island



“Initial sequencing and comparative analysis of the mouse genome.”

R. H. Waterston et al. (2002) (> 100 co-authors) Nature 420, 520-562.

Transposon subfamilies shared in common between the human 

and mouse genomes were independently predicted to be older 

than the divergence date in each genome considered separately



What is Evolutionary Biology?

• The unifying model is descent with modification.

• Molecular Evolution is based on DNA and protein sequencing 

experiments on living and extinct organisms, plus statistical analysis.

• Origin of Life studies are based on geological and astronomical 

observations of environmental conditions on the early earth, chemical 

experiments that simulate prebiotic conditions, and computational 

simulations of early molecular evolution.

• Paleontology is based on experimental analysis (chemical, 

morphological, and geological) of fossils and rock layers.

• Systematic biology combines the methods of molecular evolution and 

paleontology to analyze the evolutionary origin of organisms.

• Evolutionary Ecology combines physiological, anatomical and 

genetic laboratory experiments with field studies to analyze the

evolutionary adaptations of living and extinct organisms.





What is life (as we know it)?

• DNA and RNA

• The central dogma of molecular genetics

• The genetic code

• Amino acids and proteins

• The Krebs cycle (TCA cycle)

• Energy sources (aerobic vs. anaerobic, photosynthesis, etc).

• What is the likelihood of other chemistries of life on earth?  

On other planets?

• What are the prerequisites for building a multicellular 

organism?



Primary structure of 

RNA and DNA

From Snustad & Simmons (2009) Principles of Genetics 5th ed.



Secondary structure 

of double-stranded 

RNA and DNA

From Snustad & Simmons (2009) Principles of Genetics 5th ed.



What about “arsenic based life”?

• Bacteria have recently been discovered that are extremely 

resistant to arsenic poisoning, and continue to be viable 

when arsenic is incorporated into their DNA in place of 

phosphate.

• However, these bacteria prefer phosphate to arsenic. They 

grow faster on phosphate media, and even in the presence 

of high concentrations of arsenic (and zero added 

phosphate), approximately half their DNA contains 

arsenic.

• Genetic studies show that these bacteria have the same 

genetic code as we do and clearly represent a small branch 

of a well -known group of bacteria.

• They are not “arsenic-based life”.



The “central dogma” of molecular genetics

From Snustad & Simmons (2009) Principles of Genetics 5th ed.



mRNAs are “translated” by a “universal” genetic code

From Snustad & Simmons (2009) Principles of Genetics 5th ed.



Proteins in living organisms contain 

a minimum of 20 different amino acids

From Snustad & Simmons (2009) Principles of Genetics 5th ed.



Proteins are built with peptide bonds

• Amino acids are joined by peptide bonds.

• The carboxyl group of one amino acid is 

covalently attached to the amino group of the next 

amino acid.

From Snustad & Simmons (2009) Principles of Genetics 5th ed.



The Kreb’s cycle 

burns sugar and 

oxygen -

and produces ATP, 

carbon dioxide and 

water



Gene duplication vs. horizontal transfer of genes

• Genomics has shown that genes in eukaryotes (like us) 

evolve primarily by gene duplication, while genes in bacteria 

evolve primarily by horizonal gene transfer.

• “Gene duplication” refers to any of several (very frequent) 

mutational processes in which an extra copy of one (or 

several) genes are produced.  The extra copy is then free to 

evolve into a new (related) function, which if useful will be 

retained.

• Horizontal transfer” refers to any of several (very frequent) 

mutational processes by which a gene from another species 

can be taken up and incorporated into the host chromosome.

• Both processes have greatly facilitated the evolution of 

complex organisms.



2. The origin of life - from a genetic perspective

• Which came first - RNA, DNA, or protein?

• Which came first - genes or metabolism?

• Hot start vs. warm start vs. cold start?

• How did the genetic code evolve?

• Which came first - eubacteria or archaebacteria?

• What sort of organism was LUCA (the Last Universal 

Common Ancestor of living organisms)?







mRNAs are “translated” by a “universal” genetic code

From Snustad & Simmons (2009) Principles of Genetics 5th ed.





Some issues in the origin of life

• Which came first - RNA, DNA, or protein?  

• Ans: RNA (essentially unanimous), then protein, and DNA 
last.

• Which came first - genes or metabolism?  

• Ans: genes came first (majority view). Pre-existing energy 
flows were probably utilized by genetic systems at a very 
early stage.

• Hot start vs. warm vs. cold start?

• Ans: This is a controversial subject.  Cold start is the most 
compatible with the storage of genetic information in RNA, 
a key point because of the overwhelming evidence for an 
“RNA world”.  On the other hand, important molecules 
and/or energy sources may have originated in undersea 
“black smokers” or “white smokers”. 



More issues in the origin of life

• How did the genetic code evolve?

• Ans: It is generally agreed that the genetic code evolved in 

stages and caused the extinction of its competitors. Probably 1-

letter code (3 spacing) -> definitely 2-letter code -> 3-letter 

code.  

• What were the genetic characteristics of the Last Universal 

Common Ancestor?

• Ans: LUCA was anaerobic, marine bacterium with 500-1000 

genes.  It definitely had the same genetic code as we do, and it

may have been the first organism with this code.

• Which came first - eubacteria or archaebacteria?

• Ans: LUCA was likely more similar to eubacteria (based on the 

molecular signature of the origin of the genetic code).

Archaebacteria came later and then evolved into eukaryotes.





3. The origin of life:

from a geological perspective



The early earth

• 4.6 billion years ago, the early earth was entirely molten 

and had little or no atmosphere.

• The moon originated 4.5 billion years ago and shows 

evidence of a high rate of meteorite bombardment, which 

tapered off 4.0 to 3.5 billion years ago. 

• The first solid rock on planet earth formed 4.4 billion years 

ago, but survives to the present only as tiny crystal grains 

(eroded sand) embedded within younger sandstones.

• The planet cooled enough to provide the first evidence of 

liquid water (marine sandstones) and stable rock 

formations 3.85 billion years ago.  At this time, continents 

(small rafts of lighter rock) and shallow oceans likely were 

present.



The evolution of life

• The oldest surviving rocks exposed at the surface of the 

earth (marine sandstones, 3.85 billion years old) already 

unambiguous biomarkers of life as we know it (C12 : C13

stable isotope ratios)!!

• By 3.5 billion years ago, we have morphological fossil 

evidence of cyanobacteria (stromatolites).

• By 2.7 billion years ago, we have biomarkers of both 

cyanobacteria and eukaryotes (sterols, etc).

• At 2.3 billion years ago, we have clear evidence of the first 

“snowball earth”, in which the earth was completely 

covered by glaciers and biomass deposition declined to 

zero.



Oxygen in the atmosphere

• The first living things on earth were anaerobic (did not use 

oxygen for respiration).

• Oxygen in the atmosphere gradually accumulated from two 

sources -- first the hydrolysis of water by UV light, and later 

the enzymatic production of oxygen by photosynthesis (and 

biomass deposition).

• Most of the oxygen produced by UV light was used up in the 

process of oxidizing iron-containing sediments (red rock and 

clay) exposed at the earth’s surface.

• The excess oxygen produced by photosynthesis saved our 

oceans, by creating an ozone layer (to screen out UV light), 

and a way of recycling H2 gas (by reacting with O2 in the 

atmosphere).



Timeline of Earth history



Increase in oxygen 

concentration during 

the Precambrian period



Changes in carbon 

isotope ratios indicate 

rates of organic carbon 

burial,

which correlate with 

rising oxygen levels



Likely scenario for the evolution of early life



4. The origin of eukaryotic cells

• Eukaryotic cells originated when an archaebacterium 

(ancestor of our cell nuclei) engulfed a eubacterium

(ancestor of our mitochondria).  

• These two organisms continue their separate existence in 

our cells to this day, maintaining their separate 

chromosomes and separate gene expression apparatus.

• The mixing of these two genomes facilitated aerobic 

metabolism.

• This first eukaryotic cell is the common ancestor of all 

plants and animals on earth today.



5. The evolution of multicellular 

plants and animals



High rates of erosion 

after several “snowball 

earths” led to increases 

in atmospheric oxygen 

to modern levels, 

which made 

multicellular life 

possible



Changes in 

atmospheric oxygen 

and carbon dioxide 

over the last 600 

million years



Correlations between the 

body length of 

amphipods and water 

temperature (top), vs. 

dissolved oxygen 

concentrations (bottom).





The “Cambrian explosion” of animal phyla

• Prior to the Cambrian period, the fossil record suggests 

only a few primitive soft-bodied animals.

• Then all 60 phyla of animals that have ever existed on 

earth originated within the Cambrian period!

• Actually, most of them originated within the first 8 million 

years (or less) at the very beginning of the Cambrian!!!

• A prerequisite for this rapid evolution was drastic rises in 

atmospheric oxygen levels.

• It was probably also partly due to genetic advances 

(tandem duplication and divergence of Hox genes).

• The result was a morphological “arms race” of predators 

and prey along shallow sea beds. 



The extinction of the dinosaurs (and their precursors)

• It is now generally accepted that the extinction of the 

dinosaurs was caused by a large meteor that landed off the 

coast of southern Mexico 65.0 million years ago.

• The resulting mass extinctions wiped out approximately 90% 

of all species on earth (including diatoms in the ocean), and 

made possible the rise of the mammals (including us). 

• The age of the dinosaurs also began with a mass extinction, 

and the end of the Permian, which may also have been 

associated with a large meteor collison (and/or catastrophic 

volcanic eruptions that covered Siberia 1-2 miles deep).

• This earlier catastrophe was worse, because it caused the 

extinction of at least 95% of all species on earth, and caused 

the entire world ocean to become anoxic (a “dead zone”).



6. Conclusions and implications

• At every stage, life has responded rapidly to changing 

environmental conditions, in part via gene transfer and gene 

duplication.

• The early evolution of photosynthesis was probably a key step 

that saved our oceans and atmosphere from the fate of Mars.

• Many environmental catastrophes have come close to wiping 

out life as we know it, but were also essential to “clear the 

decks” for the next stage in evolution.

• Evolution if not “progressive” in any sense.  It gives rise to 

less complex organisms as often as more complex organisms.

• What does this imply for other planets??
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