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4 lectures...

() A History of Life on earth
(i) The Evolution of the Genetic Code

(iii) The Evolution of the Amino Acid “Alphabet”

(iv) The origin of life —here and elsewhere?
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4 lectures...

() A History of Life on earth
(i) The Evolution of the Genetic Code

(iii) The Evolution of the Amino Acid “Alphabet”

(iv) The origin of life —here and elsewhere?

— o — ) m ; . ; - o "’\..\. -~y T
- o L
- - - vo-of

— — —




What you are about to see is not what “evolutionary biologists” study,
it is the work of...

Geneticists, Cell and developmental biologists, Anatomists,
Physiologists, Botanists, Zoologists, Mycologists,
Bioinformaticians, Paleontologists, Physiologists,
Ecologists, Biochemists,

Geochemists,

Geophysicists, Geologists,

Cosmochemists,

Astronomers,

Astrophysicists, Geographers,
Cosmochemists,
etc.
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~ if th|s is deliberate conspiracy, then it dwarfs JFK’s assassination,
Roswell aliens or the moon landings into insignificance...




< From History to Prehistory
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Paleolithic
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¢ and back to the Stone-Age

0

Paleolithic

Glaciation (Ice Ages) over the last 450,000 years
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¢ over the last 100,000 yrs Homo sapiens has spread
from ‘the cradle of I|fe |n Afrlca
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¢ The emergence of humans as a species needs another 2
orders of magnltude

Savanna, meat-eating, g
cooking, bigger brains
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< At this timescale, the
world is a very different

1,000,000

2,000,000
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8,000,000

Camels
Cats
Deer
Dogs
Elephants
Horses
Peccaries
Rabbits
Raccoons
Skunks
Tapirs
Weasels

Anteaters
Armadillos
Capybaras
Glyptodonts
%! Monkeys
%, Opossums
Porcupines
Phorusrhacid
-~ Sloths
Teratorns
Toxodonts

Just over 3 million years ago, the emergence of a
land connection between North and South America
(the isthmus of Panama) allowed interchange of
species...in general the birds (e.g. phorusrhacids)
and marsupials (e.g. giant sloths) fared worse when
they met and competed with placental mammals
from the north...




¢ Plate Tectonics (used to be called “Continental Drift”)
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¢ Plate Tectonics (used to be called “Continental Drift”)
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¢ (not always a gentle and gradual process!)
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¢ Plate Tectonics (used to be called “Continental Drift”)

explains things like Australia Continental brirt
contains marsupial counterparts

to placental mammals... .
Marsupials

800 700 600 500 400 300 200 1 9
~ Million years ago




g " ) ' ‘\ .-... > 'ir ‘

<. 0| oJel O ME ' ’

7 GeolColsis 7 L

©  The boundaries of geological perlods, are generally
'| denoted by significant extinctions (changes in the

, | organisms we fmd from one rock layer to the next).
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@ Cenozoic: the age of mammals

ceous
Mesozoic Jurassic
Triassic

a2

Phanerozoic

Paleozoic

FSl]urlan
\Orldlw

.. Cambrian




# On periods, eras and eons...
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~ S0 what bréught on the “age of the mammals”?

-

o
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" “Barringer”’ I\/Ieteor Crater In northern Arrzona Is 180m deep and 1 2km
in diameter. The crater was formed sometime between 25,000 and
50,000 years ago by an iron meteorite, somewhere between 30 and
100m in diameter, weighing roughly 60,000 tons. The energy released % q
by the impact was roughly equivalent to 3.5 million tons of TNT
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| species evolve to fill a void...

a =10 km diameter meteorite-hit earth,
. triggering huge tsunamis and throwing up.a
* wall of rocks and dust that, carried high-into

the atmosphere, surrounded the earth as a
. thick cloud and blacked out the sun. This
caused freezing, and the darkness killed
plants/plankton — the primary producers of
g carth's ecosystem...

| — —

— —

~—

: ) - Location of the ropic of CaNcer  cubal
= g . - Chicxulub crater

Tertiary ‘ :
Cretaceous

e 3 ¢

dald

2
o
N
o
=
)
c
©

£

Q.

¢ VY
South
& America
T — - T - e adh.

| BN




< Mesozoic: The age of reptiles
Lasted about 190 million years...
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Cynodont - 220mya Allosaurus — 152 mya
(a mammal like (a forerunner of
reptile) Tyrannosaurus)

Quetzalcoatlus — 65 mya
(with a 50 ft wingspan, the
largest creature ever to fly)

Eon Era Period

(compare mammals @ 65
ertia my or humans @ 7m
/ > @7my)
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Paleozoic
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®Mesozoic: age of reptiles

|

DRG

the end of the Triassic period about 200 million years ago saw the disappearance of at least four major groups of giant reptiles, clearing the way for the age of the dinosaurs

Diapsids Lepidosaurs
Survivors of the Permian (Scaly Reptiles)
mass extinction

~250 million years ago

Triassic mass extinctior

200 million years ago
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@ The greatest mass extinction of them all...

~ 95% of known life went extinct.
Super-volcanic activity, possible asteroid impact and
drastic change in climate wrought havoc...
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<> Permlan Large tetrapod animals dominate land

Paleozoic
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Vast forest- swamps
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levels of 35% (twice
what we have today)

- ) SR
: ] — ] 3 ? N P . N .
R o o e

P ) - o 1= s
-

- U : ~E [
| Era | “Period ¥l S

g S S S VYN
- ‘@m -1\‘."-' 2G4 &' ﬁ;giz.‘i‘:{&)"l ft Y
= pary \1% |

L i

Wi

".;"& Pe'rt‘ﬁiah = 500
362 — - -

P ko Meganeura a dragonfly with a 3 ft
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¢ Silurian: first lan
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< Cambrian: early experiments in anlmaWc ecture
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5 eyes, and one long ‘snhout’ with jaws at the end
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Myotomes:
muscle blocks

IN€rozoic

~ representative of the group that gave rise to all vertebrates
(fish, amphibians, reptiles, birds mammals, humans )

Cambrian
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< Life on earth to scale...

|

1,000 Mya

v

Up until the 1960’s, the lack of a pre-
Cambrian fossil record was still being
widely cited as evidence for a divine
creation:

4,000 Mya




< Ediacaran fauna: earliest multicellular fossils...
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< The big picture...

Life in a day...

Recorded history starts at 11:59pm, 59s
Homo sapiens arrives at 11:59pm
Dinosaurs go extinct at 11:00pm
Cambrian explosion at 9:00pm

Earliest multicellular organisms 8:45pm

Cambrian_—~~ /

730 mya

explosion

Earliest
Multicellular
Fossils

- V4
Oldest known/

fossils

— 1,000 Mya

— 2,000 Mya

— 3,000 Mya

— 4,000 Mya




& Genetic glimpses into the-PreCambrian...

These dots are actually bacterla Iabeled W|th radloactlve
molecular probes... .




¢ Genetic glimpses into the:PreCambrian...

8 “One litre of seawater can contain more than
20,000 different types of bacteria, scientists
have found.

The extraordinary number has been established
by an international project attempting to
catalogue all ocean life.

It suggests microbial biodiversity is much

greater than previously thought, say Mitchell

Sogin and colleagues.
A collection of marine microbes. The : )
darkest ones are a very common ...It was undertaken using a new technique that

filamentous form that at present have not 1 . : s
been formerly identified in scientific allows for the rapid identification of distinct

literature. The large pink ovoid is a cell of organisms by probing just small snippets of
Chromatium a purple sulphur bacterium, DNA. ”

the green is a cyanobacterium. The curving )

structure at about 2 o'clock is a diatom

(Nitzschia), which is a photosynthetic BBC NeWS, July 215t 2006
eukaryote. Photo credit: D. J. Patterson, L. >
Amaral-Zettler and V. Edgcomb

These dots are actually bacterla Iabeled W|th radloactlve
molecular probes... .




<The Pre-Cambrian (Paleozoic)

Cambrian_—~"

explosion

Earligst”

Multicellulars
Fossils

— 1,000 Mya

1953: American geologist Stanley
Tyler sets out to investigate the
geology of the Gunflint Formation, | _“m
a mid-Precambrian (2,100-Ma-old) . L 31000 Mya
iron-rich rock unit that straddles
the U.S.-Canada border between
northern Minnesota and southern

Ontario l
Oldest known/ — 4,000 Mya

fossils




~The Pre-Cambrian (Paleozoic)

Ay ~ Cambrian 9
" - =1 explosion
He finds a curious black chert, unlike - -
known rocks of this type. Placing it ~ . Earliést®

_ Multicellulars
under the microscope, he sees the ! 'Fos:"s '

following

— 1,000 Mya

— 3,000 Mya

(from the right rocks) we now recognize
that the Pre-Cambrian was teaming with Oldest known / = 4,000 Mya
life ~ microscopic life. These are now fossils

found as microfossils




@ A genetic tree of life’s diversity...

EUKARYA Encephalitozoon BACTERIA
The Eukarya, meaning cells Bacteria are single-celled organisms
with a nucleus, include all . with ne nucleus.
plants and animals, Hexamita
including people Valrimorpha
Chiorobium SY1Phaga
Giardia Agro-

Epulopiscium
Bacillus

bacterium
Trichomonas

chloroplast

mitochondria Synechococcus

Physarum E.coli

Thermus

Trypanosoma g = Thermomicrobium
Riftia
Chromatium Thermotoga
Euglena Aquifex
EM 17
Naegleria
Entamoeba
Dictyosteliu Haloferax ARCHAEA
Methano- 3
Methanobacterium spirittum Ve rohads ook W

Methanococcus
Thermococcus
Methanopyros

http://cas.bellarmine.edu/tietjen/Ecology/DomainsO.gif
Adapted from Carl Woese and Norman R. Pace, New York Times, April 14, 1898

- T A I —

bacteria but have
different genes for
managing and reading

Methano- out their DNA.

sarcina
Sulfolobus

Thermoproteus
Thermofilum

pSL 50
pSL 4

pSL 22
pSL 12

Marine group 1



<The Pre-Cambrian (Paleozoic)

|

Cambrian_—~7-

explosion

~earliest met

— 3,000 Mya

S Oldest known_—>——

(distinguished by size and morphology Sisils
within the microfossil fauna/flora)




¢ Oxygen: the most toxic gas on earth

All aerobic eukaryotes
use mitochondria to
process oxygen
(controlling its corrosive
powers by using it to
burn sugar, producing

energy)




< Stromatolites ~ the oldest ‘living fossils’

Cambrian_—~"

explosion

Earligst

Multicellulars

Oldest known/

fossils

— 1,000 Mya

|

— 2,000 Mya

, 300 mya

— 3,000 Mya

— 4,000 Mya




< Stromatolites ~ the oldest ‘living fossils’

Cambrian_—~"

explosion

Ear‘hv

Multicellul_ar-
R, Fossﬂl

R

Oldest known/

fossils

— 1,000 Mya

— 2,000 Mya

, 300 mya

— 3,000 Mya

— 4,000 Mya




these ecosystems are “microbial coral
reefs in terms of rich, complex species

Bacteria (red) are intimately associated
with carbonate precipitates (blue).




< Stromatolites ~ community structure

exterior

Cyanobacteria produce
oxygen through
photosynthesis

Various bacteria that
are tolerant to, but not
reliant on, oxygen

Various bacteria that

are poisoned by

oxygen, and
photosynthesize other |
chemicals, e.g. e

methane interior




@ Oxygen: the most toxic gas on earth

o b I®

LEDIML

Anvnnceﬂ
ANTIOx1DAN!

NN red wine wstr®




< BIF’s, oxyge‘n and eukaryotes

Banded Iron
Formation
(BIF) From
Michigan, dating Cambrian_—7
i to around 2.5 explosion
Bya P Earligst”
Multicellulars
Fossils

|

— 1,000 Mya

, 000 myaL@

Dissolved iron is slowly oxidized to rust
(O, producing cyanobacteria evolve and
spread)

1

. [— 3,000 Mya
, 200 mya

— 4,000 Mya




4

<

N

EUKARYA

The Eukarya, meaning cells
with a nucleus, include all
plants and animals,
including people

Physarum

Trypanosoma g,

Euglena g

Naegleria g,

Entamoeba
padeaid?

Encephalitozoon

Hexamita

Valrimorpha

Giardia

Dictyosteliu S

Porphyra

Paramecium
Fungi ®

ORGANISMS VISIBLE
TO HUMAN EYE

" Plants

Animals

Trichomonas

BACTERIA

Bacteria are single-celled organisms
with no nucleus.

Chiorobium ©YtoPhaga

Agro- o
bacterium Epulopiscium

Bacillug
chloroplast
preehocateus

ermus

N
mitochondria

e Thermomicrobium
iftia
Thermotoga

Aquifex

EM 17

Chromatium

Haloferax

Methano-
Methanobacterium spiriflum

Methanococcus
Thermococcus Methano-

Methanopyros sarcina
Sulfolobus

Thermoproteus
Thermofilum

pSL 50

pSL 4
pSL 22
pSL 12

Adapted from Carl Woese and Norman R. Pace, New York Times, April 14, 1998

Marine group 1

ARCHAEA

The Archaea look like
bacteria but have
different genes for
managing and reading
out their DNA.

> (Genetic data adds detail to the endosymbiont theory)

1,000 Mya

4,000 Mya




¢ Eukaryotes, mitochondria (and choloroplasts)

All aerobic eukaryotes use
mitochondria to process oxygen
Photosynthetic plants use
chloroplasts to process light,
carbon dioxide and water into
sugars (that store energy)

~ mitochondria and
chloroplasts are about the
same size as bacteria;

~ they display a double
membrane

~ they retain small amounts of
DNA genomes




< The last universal common ancestor of life (LUCA)

What was it like?

EUKARYA

The Eukarya, meaning cells
with a nucleus, include all
plants and animals,
including people

Physarum

Trypanosoma g.

Euglena ¢

Naegleria gy

Entamoeba

Encephalitozoon

BACTERIA

Bacteria are single-celled organisms

. with no nucleus.
Hexamita

Valrimorpha

Chiorobium SYtoPhaga
Agro-
bacterium Epulopiscium

Trichomonas Bacillus

Giardia

chloroplast
mitochondria Synechococcus

E.coli
Thermus

Thermomicrobium

Riftia
Chromatium Thermotoga

Aquifex
EM 17

Dictyosreliu et

Porphyra €

Paramecium ¢ €
Fungi ©

http://cas.bellarmine.edu/tietjen/Ecology,

Adapted from Car Woese and Norman R. Pace, New York Times, Aprill—

" Plants
Animals

Methanobacterium
Methanococcus

ORGANISMS VISIBLE | ococcus
TO HUMAN EYE
0pyros

Haloferax

Methano-
spirillum

Methano-
sarcina

Sulfolobus

Thermoproteus
Thermofilum

pSL 50

pSL 4
pSL 22
pSL 12

Marine group 1

ARCHAEA

The Archaea look like
bacteria but have
different genes for
managing and reading
out their DNA.

1,000 Mya

4,000 Mya




@ Evolutionary homology gives us insight into the past

Different species have separated from one another at different
times. The time since divergence (separation) will determine
their overall level of similarity

Arthropod

\Nrachmd

Human Cat Whale « Bat

Treated carefully, the similarities can indicate the nature of a common
ancestor...



¢ So what homology does all of life share?

Today, in every cell of every organism of
every species...

DNA (information) — — Protein (phenotype)

DNA genes are transcribed into RNA "messages” that are then translated into
proteins. Proteins can be structural (e.qg. keratin in hair) or enzymatic ~
catalyzing particular chemical reactions




The Chemical Alphabets of Life

— rl\+ }Thiamine (‘T) 4 - } Adenine (‘A’)
! +

+

~ ’ ‘}Cytosine (‘C) ++} Guanine (‘G”)
[ B [

The 20 amino acids of the protein alphabet

Key
carbon

Histidine Arginine Tyrosine Glutamine Asparagine Valine Cysteine Alanine Glycine

(His) (Arg) (Tyz) (Asn) {Asn) (Val) (Cys)  (Ala) (Gly) oxygen

benzyl

Aspartate Glutamate Tryptophan Serine

[Q } Varying
el Side
Chain

1 Constant

j backbone

Threonine Phenylalanine Methionine Proline Leucine Isoleucine

Met) {Pro) (Leu) (Ile)

ring
nitrogen

sulphur

hydrogen




The Genetic Code maps genetic words into
amino acids

%m %H % e 3 nucleotides, read as a ‘codon’
UAG Tio are translated into 1 amino acid

Leu

[CUU| [CCU
cuch ., IccC
[CUA| [CCA

AUC ACCH -
[AUA
 Met |

ACG

GUU| GCU|
GUCH .| IRGCC
GUA GCA

A triplet ‘Codon’
of mMRNA

HH B
=
«

tRNA - the
‘adaptor’
molecule

@
<

>>ER0
i N N
-~ i @)

> — | >
»n < | »
o o | s

4244 5432 5388

a 9 - Histidine
(His)

Messenger RNA (mRNA) Protein




In fact a lot of fundamental biochemistry is shared

Krebs Cycle
(Citric Acid Cycle)
RNA co-factors
§Pyruvic acid
nAD
transcription tR @CO, »

enzymes Acetyl-CoA §

Protein
Transcription Synthetases /

DNA Riboso-mal
polymerase proteins
RNA
Polymerase

' Ribonucleotide Free-radical
ribonucleotide monomers protein
reduction enzymes R nmEEEEEE—— chemistry



Life on Earth gets off to an early start...

|

— 1,000 Mya

Nature (1996) 384:55-9. “Evidence for & e

life on Earth before 3,800 million L 2,000 Mya
years ago”, Eiler JM, Mojzsis SJ,
Arrhenius G.

“It is unknown when life first appeared
on Earth...Here we ... provide evidence — 3,000 Mya
for the emergence of life on Earth by at
least 3,800 Myr before present.”

— 4,000 Mya




Life on Earth gets off to an early start...

— 1,000 Mya

Nature (1996) 384:55-9. “Evidence for & .

life on Earth before 3,800 million — 2,000 Mya
years ago”, Eiler JM, Mojzsis SJ,
Arrhenius G.

known

“It is unknown when life first appeared |
igns of

on Earth...Here we ... provide evidence
for the emergence of life on Earth by at
least 3,800 Myr before present.”

7 R

The earth was a molten mass, pummeled by BIG impacts

— 3,000 Mya

— 4,000 Mya




~ Life on Earth gets off to an early start..

g
One of which id wj \; L

thought to ha
created our.
moon...

3,000 Mya

!
W
PR

,{/

— 4,000 Mya




Physics suggests the following timeline

Life on
eartlh?

15 billion 13 billion 10 billion 5 billion 1

——
yecars ago : years ago | ™ & *_|years ago © 4 years ago Present
—— = G-}I mgs e\plve a S Sorar

ve apart « system
. w* e forms

Milky Way
Milky Way

S ® ¢
i & forms
Quasars _ s

form

™ ’ p ‘ - RO N
) . 2 ',_‘@6/‘_
galaxies' : Local !I

form X ~ S group




So do we expect a galaxy teaming with life?




Or are we likely to be alone?




3 more lectures...

() A History of Life on earth
(i) The Evolution of the Genetic Code

(iii) The Evolution of the Amino Acid “Alphabet”

(iv) The origin of life —here and elsewhere?

.._.‘ -‘ '~ g —te
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