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+ In physics we often celebrate the unity of
phenomena. In biology, a compelling
and exciting alternative is to embrace the
diversity of phenomena.

+ Fascinating essay of T. Dhobzhansky
entitled: ~"Nothing in biology makes
sense except in the light of evolution.” -
the phrase has become hackneyed, but
the idea has not.

+» Darwin found data led to inescapable
conclusion, it was like confessing a
murder” he wrote.

Lagrange on Newton.: he was "the most fortunate, for we cannot find more
than once a system of the world to establish.” The same can be said of Darwin

and Wallace.
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+ One ingredient for evolution is variation, differences between the parents and
their offspring.

* Though Darwin is famous for finches, if you read " The Origin of Species” you
will see that it starts by talking about domestication of animals and how
breeders exploit variation (Darwin was way into pigeons).

» The "struggle for existence” - you do the numbers on a bacterial culture!



ry A cléss:c story of an‘/fICIal selectlon IS-

provided by man’s best friend.

+ All dogs descended from only one of the
more than 20 canine species: WOLVES.

Fox-like
animals

Meat-eating mammals

Canidae

Wolf-like
animals

South American
canids

Jackals

CANIS

Wolves

| ‘2' o1 1‘. )
\ A §

Gray Wolf
CANIS LUPUS

Domestic Dog
CANIS LUPUS FAMILIARIS

Coyotes

@2006 HowStuffWorks
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P Genetlcs as discovered by Mendel prowded the mechanistic underpinnings for

the observed variations in organisms.
+ Controlled study of variation in fruit flies (Drosophila melanogaster)provided a

host of interesting insights into development and heredity.

Female (left) and male (right) flies with the mutation eyeless
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The family tree of I/fe the classification of organisms (both living and ext/nct)
makes most sense when viewed as a family tree.

Vestigial structures - whales, snakes, humans with tails

Biogeography - distributions of species reveal patterns that only make sense in
light of evolution. See the Wallace line.

Fossils (The Earth is replete with vast evidence of the long history of life)
Molecules as documents of evolutionary history (comparing sequences and
structures from different organisms). Also, now DNA from extinct organisms.
Evolution in real time (Peter and Rosemary Grant and the Galapagos finches,
antibiotic resistance, flu each year, etc.)
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+» Chapter 6 of ""The Origin of Species”
outlines the challenges to the idea of
variation by natural selection. CHAPTER VI
+ “Difficulties on Theory” - Darwin O
emphasized perfectly correctly the role Dk o ity st i et
of skeptical thinking in science. b e s o

THE ORIGIN OF SPECIES e PRt i b G
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Key lesson: field biologists have undertaken adventures to the farthest corners of
the world to look for previously unknown forms of life. From Van Leeuwenhoek
to Darwin to Stetter, each new round of exploration tells us about new
“biological dark matter”.



+ Diversity of living organisms is enormous.

* Fic. 16. Electron micrograph of star-shaped cells
(form 8) observed in a negatively stained preparation
from a crude culture. Note the division planes.
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B/olog/ca/ D/verSIty and Adventure Who
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+ Karl Stetter has spent his life searching
for new and bizarre classes of
extremophiles.

The archaeon Pyrococcus furiosus (“rushing fireball”) was named for its
ability to swim very rapidly at temperatures above 80|SDC. Up to 70 flagella
per cell have been observed on its surface. These flagella are multifunctional
structures; they are used not only for swimming but also for adhesion to
various surfaces to establish biofilms. Cells shown here adhere to sand grains
from the natural habitat, the coast of Vulcano Island, Italy. In addition,
flagella can aggregate into compact cables, establishing cell-cell connections.
The image is a scanning electron micrograph of superimposed back-scattered
and secondary electron signals.




nd Adventure:

» Carl Woese has used the ribosomal
o RNA associated with the small
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*» The idea: compare RNA sequences for

small subunit from different organisms as
basis for comparing species and examining
their relatedness.

+ A beautiful use of this idea by Carl Woese -
molecular analysis of the tree of life.

» For the engineers in the house: build me
extremophiles! —

» Within the last 30 years we have
discovered a previously unknown domain
of life!

i X1l

Only f/gure/n DarW/n ;s ~Origin”






Key Lesson: Fossils are one of the key windows of evidence into evolution.
Since the time of Darwin, the imperfections of the fossil record have been filled
in and several of the great transitions (fins to limbs, limbs to fins) have been
elucidated with great fossil finds.
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+» Chapter 9 of ""The Origin of Species”

outlines Darwin’s worries about the
fossil record.

+ Not surprisingly, there has been
enormous and continual progress on
this front in the time since.

+ Biggest qualitative message: life has
changed over time!

THE ORIGIN OF SPECIES

BY MEANS OF NATURAL SELECTION,

OURED RACES IN THE STRUGGLE
FOR LIFE.

By CHARLES DARWIN, M.A,,

PELLOW OF TilE BOVAL, GEOLOGICAL, LIXNEAN, KTC., SOCTETIN
£A DURING W. M. 5. DEAGLE'S VOTAGE

LONDON:
JOTIN MURRAY, ALBEMARLE STREET.
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Shubin calls Tiktaalik ~“a mosaic of
primitive fish and derived amphibian”.
Another example of filling in the
transitional forms that are demanded by
the theory of evolution.

Note: there was a predictive element -
they were looking for this in a place
where they expected to find it. Theories
make falsifiable predictions.

Fossil hunting in Arctic Canada

— 360 Million
Years Ago

neck

wrists

flat head
expanded ribs

like a land- .
living "
animal s : § )
L,
like a \<“
lobe-finned

fish

fins
scales Years Ago
primitive jaws l



The lineage leading to modern tetrapods includes several fossil g SN

animals that form a morphological bridge between fishes and ™

tetrapods. Five of the most completely known are the e\ <=7

osteolepiform Eusthenopteronl6; the transitional forms N

Panderichthys17 and Tiktaalik1; and the primitive tetrapods 1o A

Acanthostega and Ichthyostega. The vertebral column of i ~ -

Panderichthys is poorly known and not shown. The skull roofs Pz — i

(left) show the loss of the gill cover (blue), reduction in size of - P

the postparietal bones (green) and gradual reshaping of the ‘4&; ~ea

skull. The transitional zone (red) bounded by Panderichthys C

and Tiktaalik can now be characterized in detail. These

drawings are not to scale, but all animals are between 75 cm

and 1.5 m in length. They are all Middle—Late Devonian in age, Sy A Missing Link 15 Found

ranging from 385 million years (Panderichthys) to 365 million Bl Y ne scoveryof sl of the Thtalk. o Teroe

years (Acanthostega, Ichthyostega). The Devonian— o e ettt entoetega

Carboniferous boundary is dated to 359 million years agol8. aaE o g Lin
Eusthenopteron

See the book “Gaining Ground” by
Jennifer Clack

Hind limb

Transitional
footlike structure

Pectoral fin

[Sources: “Book of Lite,” edited by Stephen Jay Gould; Nature The New York Times; ilustrations by Graham Raberts




‘_,
1o

TR 1 L e
i iy e R

T -
(G

SRR

& -2 - &
: o
X * 4
X = i

lllustration

ely related to an

65 60 55 50 45 40 35

30 million years ago

Paleocene Eocene Ogliocene

/'«»K: iy 7 “',\\-
\ \ "
——= i(wfv\b 14\‘7&:«-\ Pakicetus

Ambulocetus

Mesonychids

& Lh-ssw E‘-q;\-»

Dalanistes

. b\){;’;\.@

.
e m Rodhocetus
e
34 i B,

S
Reprinted with permission from Basilosaurus
Evolution: The Triumph of an ldea,
by Carl Zimmer.

New York: Harper Collins Publishers, 2001
Source: Art by Deborah Perugi,

adapted from Carl Buell's

R D
cladogram from At the Water's Edge,
by Carl Z immer, Free Press, 1998
File source: Ce; I ution (Whales, Porpoises, Dolphins)
by Edwar dT. Babinski
http://www.cdwardtbabinski.us/whales/
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» Perhaps even more intriguing than

animals leaving the water is mammals
going back in.

* Amazing record in the ancient seas at

the interface between India and the
Asian continent.

® The transitional forms are instructive

and very complete. Claims about
missing transitional forms are oversold.

+» See the video on Philip Gingerich.




C. Rodhocetus (Protocetidae) from the early middie Eocane of Pakistan
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Foto by Volker Scherl
A Elomeryx (Anthracotheriidae) from c;:)ugooom of Europe,

http://www-personal.umich.edu/~gingeric/PDGwhales/Whales.htm http://en.wikipedia.org/wiki/Wadi_Al-Hitan
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Figure 5. Virtually complete skeleton of Dorudon atrox excavated in Wadi Hitan,
Egypt. Note the retention of hind limbs, feet, and toes like those found in Basilosaurus.
This find 1s described in Uhen (1996, 2004). The skeleton 1s approximately 5 m long.

Photograph ©1998 Philip Gingerich. Figure may be reproduced for non-profit
educational use.



Figure 4. Ankle, foot, and toes of Basilosaurus isis excavated in Wadi Hitan, Egypt. This
find was described in Gingerich et al. (1990). The foot as shown 1s approximately 12 cm

long. Photograph ©1991 Philip Gingerich. Figure may be reproduced for non-profit
educational use.
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Evolution: The Triumph of an ldea,
by Carl Zimmer.

New York: Harper Collins Publishers, 2001.
Source: Art by Deborah Perugi,

adapted from Carl Buell's

cladogram from At the Water's Edge,

by Carl Zimmer, Free Press, 1998,

file source:

Cetacean Evolution (Whales, Porpoises, Dolphins)
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Key lesson: Molecules are one of the most important documents that we have of
evolutionary history (and everything else). Genome science makes it possible to

look over evolutionary times in the same way that new generations of telescopes
allow us to look farther back in the history of the universe.
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Fic. 2.—Tryptic peptide patterns of primate hemoglobins. The circled spot on the Rhesus
monkey pattern represents phenylalanine added two and a half inches to the anodal side of the
point of application of the peptide mixture.

Cathode Anode
i SR s et A Comparison of Animal Hemoglobins by Tryptic Peptide

Pattern
Emile Zuckerkandl, Richard T. Jones, and Linus Pauling
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» Sequence comparisons as a tool for

. Human GLHAGEYGAEALER 49
exploring relatedness. Cuimp SR ERM pis
» This page: rudimentary sequence Bares JGHAGEYGABALES i
comparison of alpha chain of Rabii? siGeE oLz Ve i
hemoglobin from different species. ’
Pauling undertook this analysis in fuzan N
the early 60s. o %
» A similar story unfolded using §b §§
cytochrome C as the basis of the Cazp 100
comparison. _
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divergence.

Millions of years since divergence

» Molecules as stopwatches. Proteins are
strings of amino acids. By comparing the
same protein in different species, we can clock
the timescale associated with evolutionary
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Eye development is one of the most
beautiful examples of commonality of
origins.

Comparison of Pax6 (i.e. mouse) and
eyeless (i.e. flies) sequences we can

see the relation between these genes.

Interestingly, expression of Pax6 in
flies results in development of eye
tissues where they don’t normally
belong.

(A]

Eyes on wings and legs

Mouse Pax6 gene used to drive
formation of eyes



Key lesson: Many current studies have revealed evolution taking place in real
time. Two of the most impressive studies involve detailed observations over more

than 20 years of two totally different situations: Darwin s finches and E. coll.
Evolution happens much faster than Darwin thought!



» Peter and Rosemary Grant have
spent since 1973 going to the e
Galapagos and making
measurements on the birds and I o
their habitat. o w S

» Their observations reveal that
measurable differences occur on
the year time scale induced by
environmental perturbations
such as the amount of rain.
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Daplne Major, befare and after the droaght of 1977 (Grant 1926). R eqrinted by permiission of
Prncetan Univemsity Press.

Numbe=1 al Finchas

In their natural laboratory, the 100-acre 1sland called Daphne Major, the Grants and their
assistants watched the struggle for survival among individuals in two species of small birds
called Darwin's finches. The struggle 1s mainly about food -- different types of seeds -- and the
availability of that food 1s dramatically influenced by year-to-year weather changes. — From
PBS “Evolution” series.
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Science. 2004 Sep 3;305(5689):1462-5.

Fig. 1. (A) Previous studies suggest that G. difficilis is the most
basal species of the genus Geospiza, and the rest of the species
form two groups: ground and cactus finches, with distinct beak
morphologies. (B) At stage (st.) 26, Bmp4 is strongly expressed
in a broad distal-dorsal domain in the mesenchyme of the upper
beak prominence of G. magnirostris and at significantly lower
levels in G. fortis and G. conirostris. No Bmp4 was detected in
the mesenchyme of G. difficilis, G. fuliginosa, and G. scandens.
(C) At stage 29, Bmp4 continues to be expressed at high levels in
the distal beak mesenchyme of G. magnirostris. Broad domains
of Bmp4 expression are detectable around prenasal cartilages of
G. fuliginosa and G. fortis. A small domain of strong Bmp4
expression is also found in the most distal mesenchyme of G.
conirostris, and weaker expression is seen in G. scandens and G.
fortis (red arrows). Scale bars: 1 mm in (B) and 2 mm in (C).



Rlchard Lensk/ Long Term Evolutlon
Exper/ment

The inexorable rhythm of the project is as
follows:

1. Every day, the cultures are propagated,

2. Every 75 days (500 generations), mixed-
population samples are frozen away,; and

3. Mean fitness, relative to the ancestor, is
estimated using the mixed-population samples.



%R ' hard @ens ‘i/ Long Term Evolutlcn

v E xp er/mem‘

These 12 flasks contain separate populations of
E. coli, all evolved from a single ancestor. Only
the bacteria in flask A-3 evolved the ability to

eat citrate.



Key lesson: Developmental pathways are one of the primary substrates for
evolutionary change. Molecular methods have resulted in the ability to perturb
these developmental pathways and dissect the agents of evolutionary change.
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by changes in protein coding regions.
Rather, it is all in the "‘regulation and
feedback” circuits.
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 Fun Case Studies: Color of Wings
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v Stlckleback fISh separated after
last ice age more than 10,000
years ago.

+» Morphologically, fresh water and
salt water versions all differ.
Some of the interesting features
include pelvic reduction and the
nature of their armor.

+ Fantastic conclusion - changes
not necessarily induced by
changes in protein coding
regions.

+» These studies merge genetics
with molecular analysis and
evolutionary biology. Stunning
window onto how novelty is
generated in body plans.
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David Kingsley group, Stanford University



Key lesson: Genes are transferred between different species. This clouds both
the species concept and the interpretation of molecular phylogeny. The Darwin
viewpoint was built upon vertical transfer. Woese and others are calling for a
vigorous investigation of the significance of horizontal processes.



» Microbes swap genes.
* The pilus permits this transfer.
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Science 14 March 2008:

Vol. 319. no. 5869, pp. 1533 — 1536

Direct Visualization of Horizontal Gene Transfer

Ana Babic,1,2* Ariel B. Lindner,1,2 Marin Vulic,1,2{dagger} Eric J. Stewart,1,2{dagger} Miroslav
Radmanl,2,3{dd

Fig. 2. Representative example of conjugational DNA transfer without visible cell contact between donors
and recipients. Recipients and donors were plated on the nutrient-agarose slab without previously being in
contact and were observed by time-lapse fluorescence microscopy. (A) Phase contrast images. (B)
Overlay of fluorescence images of recipients (green cells) and donors (red cells) at 0, 5, and 10 min after
plating on LB-agarose in a cavity slide.



Genomes within genomes

Another team of genome
researchers atthe J. Craig Venter
Institute in Rockville, Maryland,
which has been investigating the
DNA of arather less salubrious
organism, this week reportsa
surprise discovery: the DNA
of fruitfly Drosophila ananassae
contains the entire genome
of aparasitic bacterium of the
Wolbachia genus. Smaller parts of
the parasite’s genetic material also
turned up in worms and wasps.
Bacteria commonly swap DNA
with each other. But transfer of
bacterdal genes into anirnals was
thought to be rare. The new work,
published in Science (J. C. Dunning:
Hotopp et al. Science doi1 01126/
sclencel142490; 20073, suggests
that gene flow from bacterato
animal hosts happens onalarger
scale and more cornmonly than
suspected. And it hints that the

Invader: Wothachia bacteria (yellow)
inside a developing fruitfly egg (red).

bacterial genome may have
provided sorne sort of evolutionary
advantageto its host. “You're
talking about a significant portion
of [the fruitfly] DNA that is now
from Wolbachia," says Julie Dunning
Hotopp, wholed the study. “There
has to be some sort of selection to
carry around that much extra DN ALY
But Dunning Hotopp's former

colleague Jonathan Eisen of the
University of Califomia, Davis,
contests this. "One cannot conclude
that sorme DNA s advantageous
simply because itis there, he says.

Up to 75% of insect species
are plagued by Wolbachia, which
lives inside testes and ovaries and
passes from one fermale generation
to another through infected ova. To
ensureits spread, Wolbachia can
skew insect birth ratios towards
fernales and even preventinfected
rmales from successfully mating
with disease-free females. The
bacteriurn's close association with
egg cells means there's ample
opportunity for bacterial DNA to
get permanently sewn into a host's
nuclear genome, says Dunning
Hotopp.

When Dunning Hotopp and her
colleagues analysed the DNA
of 0. ananassae uninfected by

©2007 Nature Publishing Group

5

2

Wolbachia, they found 44 of the
45 Wolbachia genes they searched
for. Because these selected genes
are so widely spread throughout
Wolbachia DNA, this suggeststhat
the rest of its more than 1-million-
base-pair genomeis also likely to
be found in fruitflies.

Many of the Wolbachia genes
were infiltrated by strands of insect
DNAthat jurnp aroundthe genome,
andso are unlikely to be functional.
Butthe researchers showed that
atleast 28 of the bacteria’s 1,206
genes are active inthe flies. More
genes that have seeped from
bacteria into animals are certain
to be found, the researchers
say, particularly in reptiles and
amphibians. But finding bacterial
genes in mammals is unlikely
because no bacteria are knownto
infecttheirsperm and eggcells. |
Ewen Callaway
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Key lesson: Darwin hesitated on this most delicate and ultimate of questions. In
the time since, advances on all of the important quarters for determining

evidence for evolution have painted an enlightening picture of human evolution
that is consonant with everything else we know about the subject.
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Figure 4-22. Molecular Biology of the Cell, 4th Edition.

Our last example will center on the
interesting properties of human
chromosome 2.

This slide shows some of the key
landmarks on chromosomes such as
telomeres and centromeres.

(A) human chromosome 22—48 x 106 nucleotide pairs of DNA

R —
heterochromatin
x10

10% of chromosome arm ~40 genes
(B)_

%10
1% of chromosome containing 4 genes

(C)_ ||

x10
one gene of 3.4 x 104np

(D)= —% = X X

T .
regulatory DNA ©Xon intron 1gene expression

sequences

=— protein

& folded protein
Figure 4-15. Molecular Biology of the Cell, 4th Edition.
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These patterns reveal similarities between

Chromosome geography revealed by
human and primate DNA.

banding patterns.
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“"The origin of man: a chromosomal pictorial

legacy

> Science, 215, 1525 (1982).



*» Human chromosome
number 2 has the stamp
of a fusion of an eatrlier
two chromosomes.

“Chromosome 2 is unique to the human
lineage of evolution, having emerged as a
result of head-to-head fusion of two
acrocentric chromosomes that remained
separate in other primates. The precise
fusion site has been located in 2q13—
2q14.1 (ref. 2, hg 16:114455823 —
114455838), where our analysis confirmed
the presence of multiple subtelomeric

duplications to chromosomes 1, 5, 8, 9, 10,

12, 19, 21 and 22 (Fig. 3; Supplementary
Fig. 3a, region A). During the formation of
human chromosome 2, one of the two
centromeres became inactivated (2q21,
which corresponds to the centromere from
chimp chromosome 13) and the
centromeric structure quickly deterioriated
(42).”

The origin of man: a chromosomal pictorial
€C G _ O legacy” Science, 215, 1525 (1982).

Homo sapiens

Inactivated
centromere

|

Telomere
sequences

Active
centromere

“"Generation and annotation of the DNA sequences
of human chromosomes 2 and 4°, Nature, 2005,
Hillier et al.



