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THE DALAI LAMA
FOREWORD

Despite their obvious differences. science and Buddhism share several key features in
common. Both are committed to empirical observation, the testing of hypotheses, avoiding
blind adherence to dogma. and cultivating a spirit of openness and exploration. Most
importantly, Buddhism and science share as a fundamental aim the contribution they can
make to humanity’s well-being. While science has developed a deep and sophisticated
understanding of the material world, the Buddhist tradition has evolved a profound
understanding of the inner world of the mind and emotions and ways to transform them. [
have no doubt that improving collaboration. dialogue and shared research between these two
traditions will help to foster a more enlightened, compassionate, and peaceful world.

I have long supported the introduction of a comprehensive science education into the
curriculum of the traditional Tibetan monastic educational system. When [ first heard that
Emory University proposed to develop and implement such a science education program for
Tibetan monks and nuns in collaboration with the Library of Tibetan Works and Archives, [
thought it would take many years. When I visited Emory University in October 2007, T was
genuinely surprised to be presented with the first edition of a science textbook for Tibetan
monks and nuns, the result of more than a year’s work by a team of dedicated scientists and
translators at Emory.

By extending the opportunities for genuine dialogue between science and spirituality, and by
training individuals well versed in both scientific and Buddhist traditions, the Emaory-Tibet
Science Initiative has the potential to be of great meaning and significance to the world at
large. Once more, the creation of this primer series, presented in both Tibetan and English, isa
clear tribute to the commitment and dedication of all those involved in this project. With the
preparation having been done with such care, I am confident that the long-term prospects for
this project are bright.

| congratulate my friend Dr. James Wagner, President of Emory University, the science faculty
and translators of the Emory-Tibet Science Initiative, and everyone who has lent their support
to this project for achieving so much in such a short time and offer you all my sincere thanks.

S
40”5%

4 October 2010
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Education is one of the most potent tools we have for ensuring a better world for curselves and for
generations to come. To be truly effective, however, education must be used responsibly and in service
to others. This ideal of an education that molds character as well as intellect is the vision an which
Emory University was founded, and the challenges of our time show that the need for such education is
as great as ever.

This vision is one that His Holiness the Dalai Lama shares deeply, and it is the reason for the close
relationship that has emerged between His Holiness and Emory over the past two decades. On
October 22, 2007, it was my pleasure and privilege to welcome His Holiness to Emory to be installed as
Presidential Distinguished Professor and to join our community as a most distinguished member of our
faculty.

The interdisciplinary and international nature of the Emary-Tibet Science Initiative, the most recent and
ambitious project of the Emory-Tibet Partnership, is an example of Emory University's commitment to
courageous leadership for positive transformation in the world. This far-reaching initiative seeks to
effect a quiet revolution in education. By introducing comprehensive science instruction into the Tibetan
monastic curriculum, it will lay a solid foundation for integrating insights of the Tibetan tradition with
modern science and modern teaching, through genuine collabaration and mutual respect. The result, we
trust, will be a more robust education of both heart and mind and a better life for coming generations.

The Emory-Tibet Partnership was established at Emory in 1998 to bring together the western and
Tibetan traditions of knowledge for their cross-fertilization and the discovery of new knowledge for the
benefit of humanity. This primer and its three companien primers are splendid examples of what can be
accomplished by the interface of these two rich traditions. We at Emary University remain deeply
committed to the Emary-Tibet Science |nitiative and to our collaboration with His Holiness and Tibetan
institutions of higher learning.

To the monastic students wha will benefit from these books, | wish you great success in your studies and
future endeavars.

lames W. Wagner /“h

President

Emory University
Atlanta, Georgia 30322
An egual opportunity, affirmative action wniversity
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PROLOGUE

It is most gratifying to be able to bring out a series of core science textbooks along with reference materials
tor Tibetan monastics as part of the ongoing project of developing science education for Tibetan monastic
communities. This undertaking, which is both unprecedented and highly challenging, took birth under
the aegis of His Holiness the Dalai Lama and Emory University. To facilitate its smooth development,
we have been working to produce appropriate materials and make them available in print forms. Our vi-
sion is ultimately to develop a comprehensive, five-year science curriculum appropriate for use in Tibetan

monastic settings.

It is a great honor for the three of us to play a part in overseeing this project. While each of us finds great
inspiration for this project and the promise its holds, the full scope of its vision lies with His Holiness
the Dalai Lama. For several decades, His Holiness has had the dream of introducing science education
as a crucial component of the Tibetan monastic curriculum. While this is a bold step, His Holiness sees
far-reaching benefits in such an undertaking. The integration of science into Tibetan monastic study will
serve as a model and a trailblazer for constructive collaborations between religious and scientific tradi-
tions. It will help to inspire a paradigm shift in modern education as we know it, by providing resources
for integrating the training of both heart and intellect to create a balanced education of the whole person.
Furthermore, it will create a new science literature in the Tibetan language, thereby enriching the already
extensive Tibetan literary tradition and helping to preserve the endangered Tibetan culture. This project
represents a significant step towards a genuine convergence of science and spirituality. This convergence,
which would enable us to tap into the combined resources of knowledge of the external world and knowl-
edge of the inner world of the mind, could prove crucial for our future survival.

We are deeply honored, grateful, and humbled by the trust and confidence His Holiness has shown in us
by entrusting us with this project, so dear to his heart. We thank him for his constant guidance, vision
and support at every step of the way. Furthermore, we thank all those who have made the Emory-Tibet
Science Initiative possible. Our role has simply been to oversee ETSI, but its actualization is due to many
others, most notably the tireless and selfless ETSI faculty, our incredible team of translators both at Emory
University and at the Library of Tibetan Works and Archives, and the administrators and staft of Emory
and LTWA, who have supported this ambitious undertaking in countless ways. Crucially, this project
has depended upon generous financial support from Emory University and a number of key donors: the
McBean Family Foundation, the Lostand Foundation, the Joni Winston Fund, the Buddhist Learning
Center, and Drepung Loseling Monastery, Inc. To all these individuals and organizations, we would like
to express humbly our deepest gratitude and thanks

GEesHE LHAKDOR
Director, Library of Tibetan Works and Archives
Dr. PreeTHA RAM AND GEsHE LoBsaNG TENZIN

Co-Directors, Emory-Tibet Science Initiative
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SUPPORT AND INSPIRATION

This primer on Evolution was developed with the help of many scientist-educators
from the Emory Tibet-Science Initiative and beyond. The teaching and development
of this material involved Emory University Biology Department faculty members Arri
Eisen, Rustom Antia, Chris Beck, and Alex Escobar. Arri Eisen wrote and organized
most of this text with significant contributions from Rustom Antia and Alex Escobar,
as well as Veronique Perrot. The interpreters in our classes and the translators of this
text have not simply translated words, but transformed difficult concepts from one cul-
ture to another, and have taught us professors much more than we could have imagined.
The main translator of this text is Geshe Dadul Namgyal. He was assisted by Tsondue
Samphel and Sangye Tashi Gomar. The interpreters for our classes include Tsondue
Samphel, Tenzin Sonam, Sangye Tashi Gomar, Karma Thupten, Tenzin Paldon, Nyima
Gyaltsen.

Ajay Pillarisetti was vital in support of the teaching of the material and played a key role
in editing this volume and in identifying and developing the complementary materials
included. Xavier Vinas provided expert illustrations and material consultation. Jim

Wynn is the glue that holds it all together.

We would especially like to thank the University of California at Berkeley and the de-
velopers of their website on evolution (www.evolution.berkeley.edu). Not only is this
a superb resource, but the developers of the site allowed us to translate it into Tibetan
(now available on the site), and the text here is written with the website in mind as a
strong complement. Sangye Tashi Gomar translated the website (Evolution 101) into

Tibetan. He was assisted by Tsondue Samphel and Geshe Dadul Namgyal.

'The spiritual leaders and guiding lights of the Emory-Tibet Science Initiative are Geshe
Lhakdor, Director of the Library of Tibetan Works and Archives, and Geshe Lobsang
Tenzin Negi, Director of the Emory-Tibet Partnership. The seed and inspiration for
this work is His Holiness the 14th Dalai Lama of Tibet.

The Emory-Tibet Science Initiative Life Sciences Team
Emory University
2010
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DARWIN'S GREAT IDEA

Charles Darwin developed his famous ideas of evolution based on decades of careful
research. The core of his ideas was published in 1859 in 7he Origin of Species. 'The

book immediately sold out and has been a bestseller ever since.

Darwin’s basic idea is that the environment and organisms are in a dynamic relation-
ship. Organisms affect their environment and their environment affects organisms.
Organisms that best adapt to their environment survive to a greater extent and have
more offspring and, therefore, are, in evolutionary terms, more successful. The result is
that the environment ‘selects’ the organisms that are most successful, a process Darwin

called natural selection.

Tibet is an excellent place to study many different aspects of evolution because of
its dramatic environment and the history of how that environment came to be. The
Tibetan plateau is the largest and highest on Earth, covering more than five million
square kilometers with an average elevation of over five kilometers. The environment,
including the geology and climate, vary significantly across the plateau, leading, as
Darwin’s theories predict, to an impressive diversity of plants and animals and many

species unique to the plateau.

According to Darwin, the dynamic relationship between organisms and the environ-
ment has been ongoing since even before the Tibetan plateau formed and, in fact, ever
since life began. The first organisms became the common ancestors of all organisms,
including humans. The original organisms eventually evolved over millions of years

into all other organisms; they are the roots of the tree of life.

'This book explores concepts needed to understand Darwin’s ideas of evolution: What
is life? How do we determine the history of life? How does the environment affect

life over short and over very long periods of time? How do organisms evolve?

YOURTURN:
THE ENVIRONMENT &
ORGANISMS

What do you think? Let’s do an
experiment to test the following
idea (or hypothesis), one that is
central to Darwins theory of
evolution: the environment af-

fects the organisms that live in it.

Divide into groups and locate
three different environments
outside. For example, these en-
vironments could be at different
elevations (like the top and bot-
tom of a mountain), in a dry area,
in a wet area, in water, in a tree,
etc. Examine the plant and ani-
mal life in these environments.
Choose one animal and one
plant and describe them in detail.
Then discuss how its traits—like
color, height, or other physical
characteristics— might be af-
fected by its environment. Make
a list of particular traits and see
if you can develop explanations
about how each trait ‘fits’ its en-

vironment.

Now all the groups should get
together and discuss their results.
Were there similar plants or ani-
mals in different environments?
How did such organisms adapt
(change) differently to their par-
ticular environments? Based on
your results, do you think our
hypothesis, that the environment
affects organisms, is supported?
What further experiments would
you do to follow up on your find-
ings?
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WHY EVOLUTION?

“Nothing in biology makes sense except in the light of evolution.”

'Theodosius Dobzhansky, 7he American Biology Teacher, 1973

Why is evolution the first topic of Biology in the Emory-Tibet Science Initiative? No
one says it better than Dobzhansky above.

Evolution is the underlying theme of all biology. Some go so far as to say the principles
of evolution serve as a philosophical foundation for much of the sciences and much of

modern thought.

Evolution is not only the foundation of biological knowledge but it is also the mortar,
glue, nails, and screws that hold up the entire structure of biology. Evolution and its

central tenets permeate every aspect of biology.

As noted, Charles Darwin outlined the basic theory of evolution in his monumental
1859 book, The Origin of Species. Alfred Russel Wallace also developed very similar ideas
around the same time. Darwin was so concerned about the potential broad social im-
plications of his work that he did not publish 75e Origin of Species until Wallace sent his
ideas on evolution to Darwin, and Darwin realized in order to receive credit for these
ideas he had been working on for decades, he must publish quickly. The two scientists

presented their work together.

Darwin was right: his and Wallace’s ideas shook and continue to shake the world. Sud-
denly, biology had a framework that made sense, and much of the incredible growth in
biology and related sciences can be traced to Darwin’s work a century and a half ago.
Beyond science, the concepts in evolutionary theory were carried into nearly all walks of
life: politics, religion, sociology, and psychology. Often, the ideas were (and are) misused
and abused, but just as often they were (and are) used productively and shed new light
and new perspectives on many walks of life.

So, it is clearly important to begin your journey through biology with the beautiful

theory of evolution.

In this primer, we begin at the beginning in biological terms: what is life and what
makes something alive? How did life begin? We will consider how evolution allows us
to organize life based on certain patterns and then how those patterns emerge over time.
How does change occur in living organisms over time? How does the environment,

the space and time in which an organism lives, affect its survival and shape its change?

ROOM FOR THOUGHT: SOCIAL IM-
PLICATIONS OF DARWIN'S IDEAS

One of the things that made him
most excited (and most nervous)
about his theory of evolution, was
Darwin’s claim about humans.
From an evolutionary point of view,
our species evolved no differently
than any other. Not only do all hu-
mans share a common origin, but all
humans are related to a// other or-
ganisms. Of course, this runs coun-
ter to the idea in many cultures and
religions that humans are distinct,
different, and superior to other life

forms.

Another powerful social implica-
tion of Darwin’s theory is that all
humans are equal and belong to the
same species. It might seem ridicu-
lous now, but much of the well-re-
spected science at the time claimed
that there were different species of
humans. For instance, Louis Agas-
siz, a prominent Harvard researcher,

said:

“There are upon earth different rac-
es of men, inhabiting different parts
of its surface, which have different
physical characters; and this fact...
presses upon us the obligation to
settle the relative rank among these
races, the relative value of the char-
acters peculiar to each, in a scientific

point of view...”

Most of these now-discredited the-
ories claimed that people who did
not look like the white scientists de-
veloping these theories were ‘lower’
species of humans. Unfortunately,
these ideas lent scientific support to
racist attitudes and to treating dif-
ferent groups of people as slaves or

WOrseE.
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We will look closely at matters of scale in space and time: how does evolution happen
within one species (a set of related organisms) and how can this translate into new spe-
cies and new characteristics? For example, how did humans evolve? From what species?

How do very complex processes and organs, like eyes, evolve?

On this journey, as we explore the facts of biology, we will at the same time address some
basic foundational questions of science: what is a theory? What is the scientific method?
How do we design experiments to test theories and ideas? And we will suggest some
experiments, like the one at the beginning of this book, that you can do yourself on your
way to becoming a biologist and coming up with your own ideas and experiments to test

those ideas.

We will point out and discover underlying principles of biology, many of which emerge
from evolution. It is astonishing that Darwin and Wallace were able to develop their
ideas of evolution (like any great ideas, theirs grew from the studies and ideas of many
people before them, including Darwin’s own grandfather, Erasmus) without much of the
knowledge that has accrued in the years since Zhe Origin of Species was published. Per-
haps more astonishing is that all biology discovered in those 150 years (which amounts
to the great majority of a// our biological knowledge) is consistent with and supportive

of the theory of evolution.

THEORIES AND TRUTH

Two theories are central to the biological question ‘what is life?’ These are the cell
theory and the theory of evolution. So, perhaps, before we consider how to define life,

we should have a clear understanding of what a theory means to a scientist.

In everyday English language, people use the word ‘theory’ interchangeably with the
word ‘idea’. For example, when my son tells me he thinks most people like to watch
television because then they don't have to think or move much, I might say ‘that’s a good

theory’, meaning ‘that’s a good idea’.

In science, theory means something more. For scientists, a theory is an explanation for
a set of observations or ideas that is put forward for testing. Most scientific theories
outline a pattern in nature and then give an explanation for how that pattern operates or
originated. Here’s one example from Dobzhansky’s article quoted from above. In talk-
ing about the theory (or, as he calls it, ‘the model) of the universe that says the Earth

rotates around the sun and not vice versa:
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. . scientists accept the model as an accurate representation of reality. Why?
Because it makes sense of a multitude of facts which are otherwise meaningless or
extravagant [emphasis added]. To non-specialists most of these facts are un-
familiar. Why then do we accept the “mere theory” that the earth is a sphere
revolving around a spherical sun? Are we simply submitting to authority? Not
quite: we know that those who took the time to study the evidence found it
convincing.

This is important: for a scientific theory to hold up, to remain ‘true’, it must stand up
to all challenges. That is, any new information or new tests of old information must be
consistent with the theory. Otherwise, the theory either has to be changed to accommo-
date the new information or thrown out altogether. Any predictions the theory makes
or implies must also be true. Predictions are testable ideas that follow from the theory.
‘That’s right: in science there is truth, but it is not absolute. The truth is only as good as
the evidence for it. Evidence changes with new discoveries, the development of new
technologies, and new ways of thinking. His Holiness the Dalai Lama makes a powerful
statement along these lines about the nature of scientific knowledge in relation to Bud-
dhism. He says in The Universe in a Single Atom: “If scientific analysis were conclusively
to demonstrate certain claims in Buddhism to be false, then we must accept the findings

of science and abandon those claims.” This is a very scientific statement to make!

WHAT IS LIFE?

Now, let’s consider the question: what is life? A typical list of the characteristics of a liv-

ing organism include the ability to:

*  reproduce;

* respond to changes in the surroundings;

* take in nutrients, convert them into energy, and produce waste;

*  maintain biological balance and order within itself and with its surroundings;

+ grow and develop.

Most things we consider living satisty these criteria. Some things, like viruses, don't
quite fit into either the living or non-living category. Viruses cause many of the dis-
eases we experience; they are involved in many flus and cancers, for example. They can
reproduce and respond to their environments and grow and develop in a way, but they
are unable to do any of these things without help from the organisms they have infected.
'The organisms viruses infect, called hosts, provide the energy and much of the materials

viruses need to survive. Thus, viruses are a kind of parasite (Figure 1).

YOUR TURN:
LIVING VS. NON-LIVING

What makes something living
as opposed to not-living? Come
up with your own list of expla-

nations.
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THE CELL AND CELL THEORY

The smallest and most basic unit of life that satisfies all the requirements of ‘living’ is
called the cell. This fact arose from work that established the cell theory. The two basic
tenets of the cell theory are: (1) all living things are made of cells and (2) all cells come

from other cells.

Like many new ideas in biology, the cell theory grew from breakthroughs in technol-
ogy—in this case the first microscopes. Using a microscope in 1665, Robert Hooke
viewed oak bark at 30-fold magnification and saw small compartments in the cork of
the bark. Hooke called the compartments (what he actually saw were plant cell walls)
‘cells’because they reminded him of the cells in a monastery, the rooms monks and nuns

live in (Figure 2).

Soon after Hooke discovered cells, the Dutchman Anton van Leeuwenhoek was the
first, using his much more high-powered micro

scopes, to observe living single-celled organisms.

Over the next 150 years, scientists did enough experiments and made enough observa-
tions to convince themselves that all organisms—from the extremely tiny bacteria to
massive trees—are composed of cells. This part of the cell theory has held true to this

day.

'The second part of the cell theory claims that all cells arise from other cells. This part of
the theory faced several alternative theories including the theory of spontaneous gen-

eration, which postulates that life can quickly and easily arise from non-living materials.

'This is what scientists do. They develop a theory and from that theory come up with a
hypothesis to test. From the hypothesis, testable predictions are made, predictions that
can be addressed by experiments. The famous scientist Louis Pasteur came up with a test

that disproved spontaneous generation.

In Pasteur’s experiment that disproved spontaneous generation, he grew bacteria in me-
dia in a flask and then boiled the flask, killing everything in it (Figure 3). Nothing was
able to grow from the dead bacteria once the flask was returned to normal room tem-
perature, no life came from the non-living material. But, bacteria that Pasteur moved
before boiling the flask to a protected side compartment of the flask that did not heat up,

were able to grow when the flask was returned to normal room temperature after it was

boiled. Similarly, when Pasteur broke the sealed flask in which all had been killed and

Figure 1: The Influenza virus. Viruses are
parasitic in nature. They enter a cell and
utilize its machinery to create new viruses.
Outside of host cells, viruses exist but can-
not copy themselves.

Figure 2: Hooke's observation of plant cells.
Robert Hooke used a simple microscope
to view compartments of bark. He called
these compartments ‘cells’
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SPONTANEOUS
GENERATION

ORGANISMS CAN ARISE ORGANISMS CAN ARISE
QUICKLY FROM NON- FROM OTHER LIVING
LIVING MATERIALS THINGS
w

(a) (b) (€

Aflask was filled with broth, heated, and Over time, the sealed flask remained sterile When the flask was broken, outside air entered the
immediately sealed. The heating killed all and no microorganisms grew in the broth. This flask. Soon, the broth grew brown in color and
preexisting life in the flask and sterilized the proved that the organisms couldn'’t arise from became contaminated with germs from the outside
broth. the non-living, broth molecules. air.

THEORIES COLLIDE: DISPROVING SPONTANEOUS GENERATION

Figure 3: Louis Pasteur’s experiment disproving spontaneous generation. Pasteur proved
that organisms couldn’t arise from non-living organisms.

exposed the media to the air, allowing other bacteria into the flask, bacteria grew again.

Living cells came only from cells that were already living.

HOW ABOUT THE FIRST CELL?

Okay, the cell theory has held strong for nearly four centuries. But there is always that
nagging question: how about the firsz cell? All cells might arise from pre-existing cells,

but then how could the first cell come into being? How did the basic unit of life start?

We will probably never know for sure, but the consensus among evolutionary biologists,
starting with the first one, Darwin, is that at some point, life must have started from
non-life; however, this didn’t happen in just a few minutes or days. To get life from non-
life took millions and millions of years, on an Earth that’s been here about 5 billion years,

in a universe that’s been here more than 10 billion years.

YOURTURN:
LIFE ARISES FROM...

Given daily human experi-
ence, the hypothesis that life
could come from non-life is
not too unreasonable. Can you
develop a thought experiment
to determine if this hypothesis
is true? Think about fleas and
other small bugs and organ-
isms whose eggs you cannot
see. One day, there are no
bugs and then apparently, out
of nothing, bugs appear every-
where. This happened to me
one day in Dharamsala when I
was there teaching monks and

nuns.

I went to sleep in a quiet room
that had nothing in it. About
30 minutes later, I opened
my eyes and the room was
full of hundreds of winged
bugs. It seemed that the bugs
had just appeared from no-
where. Nowadays, we know
these bugs are termites that
fly in huge numbers at certain
times of the year as part of
their mating ritual. They had
flown through the window
screen and the door, attracted
to the light in my room. But
it’s easy to see how someone
might think these bugs came,
not from other bugs, but from
the walls of the room or some

other non-living material.
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THE ORGANIZATION OF LIFE, THE SEARCH FOR PATTERNS

Non-living molecules eventually evolved into cells. Cells were the first and simplest liv-
ing things. Single cells were then able to interact in multi-celled communities. These
communities eventually evolved into organisms, which became more and more compli-
cated as the cells within them evolved into specialized tissues and organs. Communi-
ties of organisms are known as populations, and populations of many different types of
organisms within particular environments form ecosystems. As we already have begun
to see, the environment affects individual organisms and these effects ripple through to

affect whole populations of organisms, which in turn affect their environments.

'This organizational hierarchy—molecules, to cells, to tissues, to organs, to organisms, to

populations, to ecosystems—was developed by scientists to help us study life.

Scientists have spent a lot of time trying to make sense of the vast diversity (and simi-
larity) among living organisms on Earth. Most of the first scientific ‘experiments’ were
simply observations of the richness of life, a grand search for patterns. It seems almost
natural for humans to search for patterns in everything. Patterns in life, in nature, in or-
ganisms, in relationships allow us to organize our lives and make predictions about what
will happen next, what risk certain actions have, how we can develop and accomplish

our goals.

In the Western tradition, such identification and organization of patterns in the natural
world goes back more than 2000 years to Aristotle in ancient Greece, and even before
that. Naturalists built schemes of classification that organized life into pieces that
would make it easier to study and understand. Darwin and Wallace’s ideas of evolu-
tion emerged from the work of such great organizers of living things in the preceding

centuries.

A HISTORY OF LIFE

Over the centuries, humans have engaged in many classification exercises. Carl Lin-
naeus, a Swede, is credited with one of the most extensive organizational exercises. He
also developed a consistent strategy, based on his organizational system, for naming
organisms. Although Linnaeus’ classification system has been greatly refined and now
is little used in favor of schemas we discuss below, the basic logic of his naming system

has not been significantly changed since its invention in the 1700’s.

FAMILY TREES
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YOURTURN:
GROWTH IN THE CHAI

When I was discussing spontane-
ous generation in class with some
monks and nuns in Dharamsala,
one monk said he had once made
some hot tea and then put it into
a thermos. He screwed the top on
the thermos and then forgot about
it and the tea. A few days later, he
found the thermos with the tea
again and opened it; it smelled re-
ally bad and was full of bacteria.

Where do you think the bacteria
y

came from? How could you test

your idea? Was this a case of spon-

taneous generation?

ROOM FOR THOUGHT:
DARWIN

Many theories attempt to explain
the evolution of the first cell. Sci-
entists feel certain that even the
evolution of the first living cell
followed the basic principles that
Darwin put forth in Zbe Origin of
Species.

predictions of these theories to see

Scientists can test some

if they are at least possible. As we
learn more about life on this planet
and perhaps on other planets, we
are developing clearer ideas of how
life might have started, how that
first cell got here. 'Thinking way
beyond his time, Darwin imagined
the origins of life in an 1871 letter
to the scientist Joseph Hooker:

1t is often said that all the conditions
Jfor the first production of a living or-
ganism are present, which could ever
have been present. But if (and Oh!
what a big if!) we could conceive in
some warm little pond, with all sorts
of ammonia and phosphoric salts,
light, heat, electricity, etc., present,
that a protein compound was chemi-
cally formed ready to undergo still
more complex changes, at the present
day such matter would be instantly
devoured or absorbed, which would
not have been the case before living
creatures were formed.
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IN-DEPTH: CARL LINNAEUS' NAMING SYSTEM

In Linnaeus’ system, every
living thing has two scientif-
ic names, a genus name and

a species name.

'The first person to discover a
new creature was responsible

for naming it. Over a million

species have been named
since Linnaeus began using
this  system in the 1750s.
Scientific names help re-
searchers identify organisms
soci-

across cultures and

ties. In choosing a scientific

name, a scientist may high-
light an interesting feature of
the organism or may name it
in honor of a person or the

place it was found.

In the Linnaean System,

similar species are grouped

into a genus, similar genera
(more than one genus) into
a family, similar families into
an order, similar orders into
a class, similar classes into
a phylum, and similar phyla

into a kingdom.

After it became clear that organisms could be classified based on particular character-
istics or life patterns, the next logical step made was to see that organisms that shared

characteristics were related. A central idea emerged that life has a connected history.

As the concept of classification was refined, scientists developed the idea of a species, a
set of closely related organisms that share the same basic characteristics and are able to
reproduce with each other. Humans are a species called, using Linneaus’ system, Homo

sapiens; domestic dogs are a species, Canis familiaris.

It became evident that each species, though distinct, might be related to every other
based on shared characteristics. Scientists represent such relationships using family
trees. These family trees are analogous to family trees that are used to represent your own
personal family history. Such a personal tree shows how you are related to each member
of your family (Figure 4). If you continued this tree to show how every member of your

family is related to other families, the tree would grow and grow back in time; each per-

GRANDPARENTS

Figure 4: Sample family tree. This family tree shows three generations of a family.
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son is connected to multiple family trees. Thus, the tree grows more and more branches.
In theory, you could build a family tree that goes back to the point where you are related
to all other Tibetans and then, eventually, all other human groups. And if we keep going
over thousands of generations, we find we're all related to each other. This idea is one of

Darwin’s major conceptual breakthroughs: we all share a common ancestor.

As we move back in time building our family tree generation after generation, we might
use different classification systems as we go. For example, you might use your family
name to classify and group together your immediate family. Far enough back in time,
you might not know names, so you might use place of birth as a classification mechanism.
If you keep going back in time even further, thousands of years, you would have to use
other means of classification, because we have no record of place names. You might try
classifying based on how faces look, how tall people were (based on skeletons that were
found), or how they interacted with their environment. For example, you might group
together people that farmed (based on evidence from cave drawings or relics we find at

the sites of ancients communities) in one category and people that hunted in another.

Evolutionary biologists demonstrate that if we keep going back still further in time,

hundreds of thousands of years, we find that the category or species of ‘human’ disap-

YOUR TURN: ORGANIZING LIFE

Before we look at how Dar-  looking insects or other ani- ‘Think of characteristics (for

wins and other scientists mals. example, color, shape, size,

ideas have been used to de- method of movement, num-

fine, classify, and order life,
let’s try an observation ex-

periment ourselves:

Go outside. Draw or collect
10 different plant leaves
Draw or collect 10 different-

If you are in a class, form a
group with two other stu-
dents and pool your informa-

tion.

Develop a way of classifying

what you drew or collected.

ber of legs, etc.) you could use
for grouping things together.
Then group your organisms
based on one particular trait.
Then group them using an-
other, different trait.

Do certain organisms wind

pears altogether. There is no record (later we will talk about what types of records and
evidence we use to look this far back in time) of any humans existing beyond a certain
time, but we can still see signs, shared characteristics, of how we are related to ozher spe-
cies. For example, biologists characterize or group humans with many other animals
under the category Mammals. Mammal refers to a group of many different species that
share certain characteristics, among them: all mammals have hair on at least some part
of their bodies during at least some part of their lives; female mammals have mammary

glands that secrete milk for their young, who are born live; all mammals have hearts with

four chambers.

up in the same group more

than once?

Develop a set of character-
istics that allow you to clas-
sify all your organisms into
groups that make sense to

you.
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RELATEDNESS AND TIME

The exercise we just went through of building a family tree, starting with our-

Salamanders
Frogs

Lungfish % m Monotreme
selves and then moving backward in time until we could show relationships to L — . el

all organisms, is very similar to what biologists do to demonstrate evolutionary ausme

Fish ’(

Cartilagenous

. . . . . . Fish
relationship in time among different organisms. )

Placoderms I ’

The closer in time two organisms are related, the more related they are, and C?
Lampreys

relationships. Biologists build family trees we call phylogenies to show the

the more biological characteristics they share. Organisms and species change

Marsupial

i 3
AMPHIBI4 7 /- lMamma\s
S
,

Placental
Mammals

‘Tumes

O
Q - Lizards
S

over time. The more related, the more recent is the common ancestor, the less *‘T l -
Ornischian

change has occurred. I am very related to my brother and my mother; I am less
related to my mother’s brother; I am even less related to my mother’s mother’s
brother; I am less related to other non-human mammals, but I am related to
these other mammals, and in fact, evolution shows, I am related to all other liv- related.
ing organisms. Because, if we continue our family tree back far enough in time

(about 4 billion years), we see that indeed a// organisms share a common ancestor.

Look at the simple family tree or phylogeny in Figure 5a. This tree is built based on the
characteristic of a backbone; it shows how animals with backbones are related. Animals
that have backbones, known as vertebrates (as opposed to animals without backbones,
known as invertebrates), all had a common ancestor at one point. The presence of a
backbone is a major classifying characteristic. Each branch point in the tree represents
the formation of a new species based on a major change in a common ancestor. Addi-
tional characteristics can be used by biologists to classify animals, such as having a bony

skeleton or having four limbs.

If we place this small tree into the whole tree of life (Figure 5b), then we see three major
branches or clades of living organisms: archaea, bacteria, and eukaryota. Organisms
in both the archaea and bacteria clades are single-celled, but they are very different at
the molecular level; for example, the ways they carry out the processes that convert their
DNA to protein and the chemical composition of the two clades’ cell walls are quite
different. 'The animal branch, including the mammals branch we were just discussing, is

part of eukaryota, the clade of multicellular organisms.

‘These kinds of organizations of the tree of life are supported, as we will see, by significant
evidence from many different branches of science, but, like all science, they still consti-
tute a model that is changing and being adjusted as more experiments are done and

more discoveries made.

Dinosaurs Birds

Non-avian
Dinosaurs

Figure 5a: A phylogeny based around the verte-
brate. It shows how animals with backbones are

Figure 5b: The tree of life. There are three major
branches, or clades, in the tree of life -- archaea,
bacteria, and eukaryota. The phylogeny in Fig-
ure 5a fits into a very small part of this tree.
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When you did your classification activity (refer to “Your Turn: Organizing Life” on page
26), you selected particular characteristics on which to base your separation of groups.
'The construction of phylogenies requires a careful refinement and selection of the traits
used to develop trees. We select characteristics that are inherited (come from) common
ancestors. Such traits are called homologies. One example of a homology is having four
limbs like tigers, lizards and bats do. Having four limbs inherited from their parents and
by their offspring provides evidence that these animals are more closely related to each
other than any of them are related to animals without four limbs, animals like birds or
fish. Another common way to develop phylogenies is by using similarity in molecules. It
turns out that the homologies in parts of organisms—wings, legs, etc.—are also reflected
in the molecules that build and constitute those parts. Later, we will discuss phylogenies

built with one such molecule, DNA.

People throughout history and including many today often make the mistake of think-
ing family trees are arranged like ladders, so that organisms at the bottom of the tree are
less advanced than those at the top. This is an artifact of the drawing and is not true;
phylogenies only demonstrate the relatedness of organisms, not their relative ‘advance-
ment’, although there is often more complexity in organisms higher in the tree. This
concept of ‘advanced’ versus ‘complex’is a tricky one we will illustrate with an example.
Bacteria and archaea (together known as prokaryota or prokaryotes) are single-celled
organisms, while eukaryota like us are multicellular. As we will discuss in more detail
below, eukaryotic cells are much more complex; they have more compartments and com-
ponents to their cells and interact with each other in more complex ways than prokary-
otic cells. Nevertheless, neither cell type is more advanced. While you might say, ‘But

multicellular organisms like us can do many more things and make much more progress

YOUR TURN:
HOMOLOGY

Find a common trait of these ani-
mals.

in life than unicellular organisms! I would respond by saying, ‘Yes, but unicellular organ-

isms are very successful in their own ways: for example, they can reproduce much faster
and more efficiently than we (half an hour and without a mate for prokaryotes versus
nine months with a mate for humans!), and they can live in very harsh environments in

which we wouldn’t survive for very long.’

Another common misconception is that humans evolved from chimpanzees, but when
we look at the phylogeny in Figure 6, we see that instead humans and chimpanzees
shared a common ancestor that was neither human nor chimp. Afzer the split, just like after

all such splits between all species, humans and chimps became distinct in other ways.

Finally, looking at the species, like humans, at the ends or tops of the trees one might

be fooled into thinking that evolution has stopped in these organisms, that there is no

ANCESTOR

Figure 6: Primate phylogeny. Humans and chim-
panzees shared a common ancestor that was
neither human nor chimp.
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longer potential for more branches from them; however, organisms are always adapting
to their environments, always evolving. It’s just that the trees only represent time up to

the present.

How long did it take for humans to evolve? What are the timeframes we are discussing [

here? How long does it take for species to evolve and new branches to form on the trees?

Before we add the variable of time to our family trees, let’s take a step back in time. . .

TIME AND DEEP TIME

As you learn when studying physics and cosmology, over the past few hundred years in

the West, it was commonly believed that the universe is only a few thousand years old.

However, as researchers studied our planet, they realized the universe must be much |

older. And by the early part of the twentieth century, it became clear Earth is at least

hundreds of millions of years old.

Telescopes allowed astronomers to view deeply into the universe and see that the cosmos
are immense. Our galaxy is thought to contain a hundred billion stars, and researchers
saw that the universe contains around one hundred billion galaxies. These galaxies are

massive and spread through space with great distances separating them (Figure 7).

Edwin Hubble noted in the early part of the 20* century that the galaxies in our uni-
verse are moving away from each other at very fast speeds. Galaxies which are closer to
us appear to move away slower than galaxies that are further away. This suggests there
was a massive explosion, the so-called Big Bang, in the distant past from which came all

material in the universe.

Scientists have integrated the information about the velocities of galaxies moving away
from us, the distances of other galaxies, and other data to determine that our universe is

approximately 13.7 billion years old!

The very early universe was probably incredibly small and intensely hot and energetic.
As the universe expanded, it cooled and this allowed for its parts to interact with each
other. Approximately 10 billion years ago, the matter of the universe began to form into
galaxies and as this occurred, relatively small knots of matter coalesced so tightly that
they became extremely hot. Our solar system, the sun and the planets that orbit it, is an

example of one of these knots, and it is about 5 billions years old.

Initially Earth was also a molten mass, but over time the planet cooled and formed a

Figure 7: Deep Field from the Hubble tele-
scope. The “Deep field” is an image of a
small region in the constellation Ursa Ma-
jor, The Hubble Deep Field is constructed
from a series of observations by the Hubble
Space Telescope. The image was assembled
from 342 separate photographs taken over
ten consecutive days between December
18 and December 28, 1995.
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hard crust on its surface. Massive rains that lasted for many, many years led to the forma-
tion of the oceans and other bodies of water we now see on Earth. Although most of the
materials that make up our planet were in place, Earth was lifeless for approximately a

billion years. Then, around 3.8 billion years ago, life began.

CHANGE OVERTIME

'The Buddha said that nothing is constant. In this, modern science and Buddhism are in
complete agreement. All processes, people, societies, everything we know will be difter-
ent tomorrow and the day after. Nothing stays the same in our world, and time is a way

of measuring that change. Change over time is seen in the development of children;

IN-DEPTH: WHAT IS A BILLION?

Even thinking about the
meaning of one billion,
like contemplating ska/-
chan or grangs-med in
Buddhist literature, is dif-
ficult. In Western science,

we think of our millions
and billions as concrete
numbers, no different re-
ally than the number 3 or
524. One billion seconds
is about 30 years. I am 45

years old. So, if I started
counting now to one bil-
lion, by the time I finished
I would be a grandfather.
And that’s simply count-
ing to a billion. Imagine

One year one thousand times = a One millennium one thousand

thousand years (a millennium) times = a million years

YOUR TURN: UNDERSTANDING BIG NUMBERS

plosion of diversity of life (550-600 mya
= million years ago), first mammals (250

If 1 meter = a million years, what measure
of length = the first identified life form

(3.5-3.8 billion years), the Cambrian ex-  mya), first primates (90 mya), first homi-

their limbs grow as they age, and eventually their bodies and personalities become that

of an adult. Similar change occurs in all living things, including other animals and plants.

In our discussion of building family trees, we talked about time and differences. We
discussed how organisms that are more related are more similar. How do we specifically
measure change in time and the events that happened long ago? What evidence do we

use to determine the age and relatedness of organisms back in time?

Scientists use signatures of change within nature to help measure and learn about the
past. The near and ancient past is written all around us. It is written in the trees, snow

pack and rock layers.

one billion years, or 4 bil-
It’s difficult,

but not impossible.

lion years!

One million years one thousand

times = one billion years

nids (5-7 mya), first modern humans
(150-200,000 years ago) and finally, the

average span for a human life ~ 75 years?
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MEASURING CHANGE AND TIME: SHORT TERM

Like humans, trees grow and develop over their lifetimes. They increase the number of
leaves they have, and their root systems expand underground. And trees actually keep a |
record of their growth and age. Look at a cross section of a tree trunk (Figure 8), and
note the series of rings radiating from the middle of the trunk. Each year, a new ring @8

grows and surrounds all rings from previous years. A ring represents all the growth that

occurred that year for that tree.

By looking at growth rings we can also determine what the weather was like in a par-

ticular year, since good weather promotes good growth, and poor weather poor growth.

With such techniques, in a thousand-year-old tree like a bristlecone pine (Figure 9), we

can determine the climate centuries ago in the area the tree is found.

LONG TERM

Wiater is a major agent of change. In some locations around the world, like the peaks of
the Himalayas, it is so cold that the frozen water in snow never melts. In these regions,
the snow that falls in a given year packs on top of snow from previous years leaving a
time-related pattern similar to the rings in a tree trunk. Scientists observe the snow
layers with a long hollow tube called a coring device (Figure 10). Each layer contains
information about the amount and type of snow that fell in a given year as well as con-
centrations of atmospheric gases in the air at the time. Such gases are trapped by snow as
it falls, and they give us hints about the kinds of organisms that could have lived in those
atmospheres. These records allow scientists to look back in time hundreds of thousands

of years.

At lower elevations the snow does melt and the resulting water joins with that from rains
to flow into small creeks that become rivers. Rivers can move with immense speed as
they roll down from the mountains. If you have stood near one of these rivers, you know
the great force they exert as they pass through gullies and canyons on their way to the
sea. Over time this force wears away at, or erodes, the riverbanks. The products of this

erosion are the silt and sand that are carried away by the river to the sea where they are

deposited on the bottom as the water slows. Over time, this process creates layer after |

layer of deposits on the sea floor.

We see similar records of time in rock. The hard crust of the earth on which we live
is not continuous around the globe, but is broken into massive pieces that float on the

molten center of our planet. These pieces, known as tectonic plates, move around and

Bark

One Year’s
Growth

Latewood

Earlywood

Pith

Figure 8: Tree rings. Each year, a new ring
grows and surrounds previous rings. A ring
the growth that occurred

represents all in

one year.

Bristlecone pine.

Figure 9: The bristlecone
pines are a group of pine trees (Family
Pinaceae, genus Pinus, subsection Balfou-

rianae) that are thought to reach an age far
greater than that of any other single living
organism known, up to nearly 5,000 years.
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bump, slide and grind past each other. Many hundreds of millions of years ago the In-
dian tectonic plate slammed into the Asian tectonic plate, and this forced what was once
the bottom of the sea to rise and rise and eventually form the great Himalayan mountain -

range and the Tibetan plateau we mentioned at the beginning of this book.
Since the process for depositing river silt and sand and compressing them into rock takes

turther. Using these rock layers, we learn about what happened and how it happened

millions of years ago.

DISCOVERING ROCKS' SECRETS

So, the deeper the rock layer, the older it is. If we find something in a rock layer, we know
it is the same age as the rock. Now, if we can determine the age of the rock, then we
know the age of what else is found in that rock. How do we know the age of the rock? s

And what signs of the past do rock layers hold?

Scientists use a technique called radiometric analysis to determine rock age. Radiometric

analysis relies on the fact that chemical elements in the rock decay or lose particles at a
known rate, which can vary, depending on the element, from thousands to millions of Figure 10: Ice coring. In the top picture, a scientist

bores a hole to retrieve an ice core. Sample ice cores
are in the lower image.

years. Estimates of the age of the rocks are made based on this decay.

Fossils are the major record of past life histories found in rock (or more rarely ice) layers.
In rare cases, actual whole ancient organisms are found; humans and other animals have
been discovered frozen and fully preserved in ice, and ancient insects are preserved in a
material called amber (Figure 11). ‘Living’ fossils like these sometimes have the huge
bonus of still containing analyzable proteins or DNA, molecular footprints of ancient
times. More often, we find in rock the hard parts of organisms, such as bones and teeth

and shells. Indirect evidence of life is seen in fossils of the imprints of organisms, their figyre 11: Spider preserved in amber. Amber is fossil

ized resin. It originates as a sticky substance in which
organisms become trapped.

Uranium-238 Ui 88 | IN-DEPTH: RADIOMETRIC ANALYSIS
RadioaCtiV? pmtadin::f:j;-zﬁ'/— The universe is full of naturally ~ Afterwards, they decay at a pre-
Decay Chain Uranium-234 /| occurring elements that are in-  dictable rate. By measuring the
Rad:r:i:;z;f herently unstable. These are quantity of unstable atoms left
Radon-222 /| known as radioactive elements. in a rock and comparing it to
PR Over time, radioactive “parent the quantity of stable daughter
Bismm:_:jz;f atoms” decay into stable “daugh-  atoms in the rock, scientists can
Polonium-214 /(") ter atoms.” estimate the amount of time

Lead-210 f . 22 years
Bismuth-210 /| . 5 days
Polonium-210 f O 140 days

Lead-205 @) stavle

When molten rock cools, radio-

active atoms are trapped inside.

that has passed since that rock
formed.
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parts left in rock, in footprints or even fossilized feces (See Fossils: An Image Gallery

sidebar). FOSSILS:
AN IMAGE GALLERY

Using a combination of radiometric and molecular analysis, different fossils, and knowl- Al types of organisms can be

edge about currently living species, scientists can make strong predictions about what found in fossils ~ including fish,

plants and bugs.

organisms looked like, where and when they lived and how they are related to other

organisms.

GENES AND DNA

We have discussed three signatures of time and change in nature: tree rings, ice cores,
and rocks and their fossils. A third signature is more difficult to see—Darwin was un-

aware of it— but is just as powerful.

YOUR TURN: EVOLUTION OF THE HORSE

Evolution of the horse

Modern Thoroughbred
Epoch Hol Phylogeny Przewalski’s horse
o0 - olocene (Equus caballus pzewalskif)
Pleistocene Equus
) Bones of
Pliocene forefoot
Hipparion 4\ ) 2
- Pliohippus
Nannippus
Neohipparion

Merychippus

Parahippus

>
'a
=
S
.
3

Millions of years ago

Animal illustrations
are to scale

[ ]
.

22

‘_

racotheriu A
(Echippus) ’A\
A pa

Hyracothenum (dawn horse)

100 cm
3 feet (36 inches)

How much time is depicted in the figure? What changes occur in the horse through
time? Why do you think such changes may have occurred? What hypothesis and
thought experiment could you employ to address these questions?
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In the horse example and the other family trees we discussed, it is clear that different
species of organisms change and are related over time. This is the phenomenon that
evolution describes and for which it provides a driving force of change: the environment.
Evolution accounts for the similarity and the diversity within family trees and within
the whole tree of life. But what does evolution actually act on? What is the molecular
signature of change? We have discussed particular similarities (homologies) in traits like
backbones and limb number. But now we are asking: what is the material that changes
and is passed on, inherited from generation to generation, the material that accounts for

the particular characteristics we use to classify organisms?

'This material, this molecular signature, is called genes. Genes are made of deoxyribo-
nucleic acid, or DNA for short. Genes and DNA are the molecular substrate that the

environment interacts with to effect change over time.

What are genes exactly? We'll address this question at the conceptual level through

Gregor Mendel’s experiments and then, briefly at the contemporary molecular level.

Mendel developed the concepts of genes and genetics in the middle of the 1800’s through

a set of elegantly simple experiments.

Mendel used pea plants as his model system. Mendel started with pure-breeding pea
plants that differed in one particular trait. ‘Pure-breeding’ means that a given plant
showed the same characteristic or phenotype generation after generation. For example,
Mendel studied pea plants that yielded only white flowers and another that yielded only
purple flowers generation after generation. He then analyzed what happened to these
traits in different situations. When he crossed pure-breeding whites with pure-breeding
purples, the next generation was all purple. The white-flowered trait seemed to have dis-
appeared, but when Mendel then crossed these purples to themselves and allowed their
seeds to grow (many plants can be crossed with themselves in this fashion), white flowers
reappeared in the second generation (Figure 12). What happened?

Figure 12: Mendel’s pea plants - flower
color throughout generations. Mendel
took two plants - one that consistently
produced purple flowers and one that
consistently produced white flowers —
and bred them. The offpsring contained
all purple flowers. He then bred two of
the offspring, both of which had purple

flowers. Their offspring contained white
flowers.

Parents

e @ QQQ
{ 'hl_: !
CQEEY

Second Generation

MODEL SYSTEMS

Scientists often use model sys-
tems to study complex problems.
The idea is that because so much
of nature is so similar across evo-
lutionary time, one can study an
analogue of a complex problem
of interest in a relatively simple
system. For example, instead
of studying diseases in humans,
due to ethical and other consid-
erations, scientists will often rec-
reate the disease in fruitflies or
mice and study it in those organ-
isms. The simpler, easier, and less
expensive the system, the better.
Of course, studying problems in
non-human organisms does not
take care of all the important
ethical considerations, and many
guidelines and regulations exist

to ensure the welfare of animals.

Clearly, Buddhists have deep
concerns about using animals
for research. What do you think
about such research? Regardless
of their religious beliefs, scien-
tists have to think carefully about
how or if they will use animals
in their research. I once heard
His Holiness the Dalai Lama
speak to this issue at a teaching
in Dharamsala. He said that one
has to carefully weigh the costs
and benefits of such research in
each particular case, and if the
benefits to humans greatly out-
weigh the costs, then perhaps re-
search on animals is acceptable.
This is an issue that continues
to require careful analysis and

reflection.
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Mendel hypothesized that a plant has two copies (or alleles) of each of its genes, one in-
herited from each parent. So, there are three possible gene combinations (or genotypes)
for any one gene. For example, if big-P stands for purple and little-p for white, then any
plant has one of any of three possible genotypes for pea plant flower color: PP, Pp, or pp.
Mendel proposed that the PP and Pp genotypes both result in purple flowers because
big-P purple is dominant over little-p white, and that only pp results in white flowers,
because little-p is recessive to big-P. This explained Mendel’s results as can be seen in
Fig 13 illustrated in what are called Punnett squares. You can see in the squares that
Mendel’s hypothesis predicts two things: that you will see white-flowered plants only in
the second generation (Pp X Pp), and also how many of those white-flowered plants you

will see in relation to the purple-flowered ones.

Indeed, Mendel’s experiments with flower color and many other pea plant traits were
consistent with his hypothesis and led to his development of these basic genetic prin-

ciples:

Every gene has two alleles, one from each parent.

These two alleles separate during gamete (sperm or egg) formation and wind up
in different gametes. In Figure 13, possible gametes are indicated by the letters on
the sides of the Punnett squares. One sperm and one egg get together to result in
oftspring with the genotype that is shown inside each of the four small squares in-
side the one larger square. We will discuss how gametes are made in Life Sciences

Primer Year 2: Genes and Cells.

Difterent alleles of the same gene, one from each parent, can result in variation in

inherited traits.

If the two alleles for one gene are different, one may be dominant and the other re-

cessive, so that the dominant trait is the only one that is seen in the organism.

the
"oure”
- one with white flowers and one with

13:  Punnett In

Mendel

Figure
figure,

Squares.
crossed two

top
plants

purple flowers. In the second figure, he
bred two of the offspring from the original
cross. In the last figure, gametes are indi-
cated inside the dark blocks on the sides

of the square. Inside the squares, the four
combinations represent the genotypes of
the offspring.

50



ﬁh’i&q 97

A
S?E’g“ﬁ“}‘\‘] %:ag&qaﬁagﬂqq aq

puBN AT Ry G R By aE 5
@'"ﬁq’q@':’"%iﬁ:'q%m'q@m@q’gmﬁﬂ Rar

NRRERARARNER] ﬁ:ﬁmﬁn]'&a'qﬁméwt

ANERRA ARGV RRRR SN Ay
ARa=ARRRNFR| TN Y T T
aﬁﬁ'ma'mn]ﬁu]'ﬁﬁ'ﬁaq:m&m’gm@'—ﬁ\qw
80 3= ¥ gy R FRARqEvagy
@ﬂm'@?&'q'&gﬁ'&ﬂ

a'N'aﬁ'?m'@‘vgﬁ'ﬁ”ﬂ'qa"@RS‘V%] %.a:.aq.m.m.&.a.i.qm.gq.qa.iqw.gm.a.ﬁ:.g.i.ia.ﬁ
NI YAN (W F| RANENRFVGINN)ARFIANYHAIRRT DRG] 5AXE] qAHP F
ﬁm@m‘m’ﬁq‘a’&ﬁ'ﬁ:'] p @K’ﬁl‘l'@mq AR 3F q’fﬁ ARRYARRT| (}ﬁqlﬂ'f@a’)ﬂq

R ,a:,a%anﬁ, aq'a'ﬁﬂﬁ'rﬂ'ﬁﬂ'ﬁﬁ'qﬁN'Qa'%“]“"é“"qﬁN"@L’TN@'@O‘WQ&WNNQTQWE

q:’g:’&q%ﬂn‘%} PP, Pp, w=g" pp Qsm“hq] §3'§:'5'ﬁ:'§N'qmsq'@araﬁ'fﬁnﬁqﬁ] inw

)| P ST YasRREcAny grven g s R adgads) Javay

ARNYAN pp TJAYR SERFNY IR AFAAMA T F | RA FaBFHFAN p I
S YRR AR B RNP Fsy Py g AIqdnF gy ans Guagy] dxgaR R 1
5%1«1@':1’:@6;'#:’%'iq'wqﬁmmgxaq‘?m'gm'qgmuaﬁfwnﬁx’@’&gq'agmﬁx'aﬁm'
By AR A T AR SRR MFR AF N AER g F) a8 AFA MR T Eg PIHRF AR

y| HFRE S PRI IRl gradg wasw s

am% q'aim'ﬁ:'fﬁN'iqm’gm@’nﬁ'ga'ﬂ]aﬁv'@qwﬁ:'aé m'ma'qq&'qmm@im’% q'aﬁ'fﬂ'
NRTHR S

3 A RRR WA TGN TR (AN FIRAFR AR IR RN RV AR TN HRAY
rn&N'gqmngqgcn'ﬁﬂ'gaa'g]'ngm'@'éﬂ&'g%’iﬁ'ﬁwaq'aga'ﬁ&'mx'nﬁq'ﬁﬂ
rqs\]N.ﬁs\]x.ﬂ.@:.i.ﬁ:.ms\lm.ﬁﬂ]R.ﬂ.@(.i.&ga.ﬁ.qgﬂ.q.mm.gﬁ.ng.qg:.q.ﬁ:.] %.{%x.
@:’qa' gﬁ'ag q’ﬁﬁ&%ﬂmg«ragwf@qmﬁ'gngw%’qq%qﬁﬁa'q:ﬁ'gng«r
@:’qna’ﬁ'iia'qznﬁq'ﬁﬁ] mam'gqm'%'@R’qgqna'@m’g&m’%’ﬁq’ﬁﬁ'iqﬁ'f'
§ﬁ§q§q“@m”"%ﬂmémﬁ‘:ﬂ@:"a“’”aEﬁ:ﬁg :qxqg;q
?qmg&ﬁ:’gq%n}'gﬁa' (m'&'q%mﬁmmii'ﬁnna')w&ara 'as'n'gm@w oy

AR ER FIN A TR TG NG B A

TR &G YN & AR AR FN A g T AGR Ry | fRNF AT At TR

51



CHARLES DARWIN AND GREGOR MENDEL

Gregor Mendel

Charles Darwin, the father of evolu-
tion, and Gregor Mendel, the father
of genetics, were contemporaries,
but they never met. Darwin, an
Englishman, lived from 1809-1882.
Mendel, born into a German family
in the Austro-Hungarian Empire,
lived from 1822-1884. Mendel be-
came a monk in 1847; as a monk, he
was a biology and math teacher. In
his spare time, Mendel did ground-
breaking research using pea plants
(see inset figure). Mendel’s care-
ful experimentation with peas led
to his formulation of the concept
of genes that carry the information
for characteristics of living organ-
isms. Mendel’s intellectual acumen,
like Darwin’s, was stunning. He
developed and tested hypotheses
with only the materials available
to any gardener. Mendels find-

ings, together with Darwin’s ideas,

revolutionized biological thought. Recent evidence suggests that
Darwin did have access to the work in which Mendel described
his research on peas, but Darwin either never read it or never real-
ized its relevance to his own ideas. And actually, as is often the
case when great ideas are introduced, no one appreciated Mendel’s
work until decades after his death. Only when the rest of the sci-
entific world caught up to Mendel’s ideas, did it become clear how
fundamental his experiments and conclusions were. In the century
following Mendel and Darwin’s historic work, DNA was shown to
be the stuff that made up the genes that Mendel had postulated,
and DNA and genes were shown to be the hereditary material, the
stuff that Darwin’s evolution and the environment act upon to ef-
fect change in organisms.
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Now that we understand Mendel’s concepts of genes and genetics, we move to the 20th

century when scientists began to appreciate Mendel’s concepts at the molecular level.

We will spend a good bit of time in Life Sciences Primer Year 2 going into the details of

the molecular nature of genes, how genes are controlled, and how they operate in a cell.

In terms of our discussion of evolution, here are a few molecular details about DNA we

should know:

*  Virtually all organisms have DNA as their genetic material.

* All DNA is composed of the same four chemicals, adenine (A), guanine (G),

thymine (T) and cytosine (C). The order and sequence of these few chemicals

is what accounts for all different genes and their differences in all organisms.

For example, the purple allele and the white allele of the pea-plant flower color

gene have different DNA sequences.

*  As we discussed, all organisms are made of cells. Each cell in an organism has

the same DNA as every other cell in that organism.
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* 'The genes, acted on by the environment, encode proteins and other molecules
that do much of the work and constitute most of the structures in organisms.

*  Only the genes that are ‘needed’in a particular cell at a particular time are used
or ‘turned on’ to make protein.

*  Humans have in total about 30,000 genes on 23 pairs of chromosomes in each
of the cells in our body. It is estimated that the human body has 10 trillion cells.

*  We inherit a version of each chromosome from each parent. Each pair of chro-
mosomes is nearly identical in DNA sequence, but there are a few differences.

* A given species has all of the same genes, but some of these exist in different
versions (as reflected in DNA sequence differences like that seen in the pea
plant flower color gene) that allow for slight variation in traits of individuals

within that same species population.

To keep our perspective here, look at the figure below that summarizes this informa-
tion about genes. We see that the DNA that makes up genes is inside cells, and we are
reminded that, in multicellular organisms like us or pea plants, cells together make up

tissues, which together make up organs, which together make up organisms.

A significant contribution to any trait or characteristic of any living thing comes from
the genes; genes and the DNA that composes them are the currency of evolution. There-
fore it makes sense that the more related are two organisms, the more similar their DNA.
When the DNA changes, genes can change, and thus traits can change. Thus, scientists
also use DNA similarities and differences to develop phylogenies, and measure degree of

relatedness,and variation over time.

< iﬂ"
S — W —
DNA CELLS TISSUES ORGANS ORGANISMS

EVOLUTIONARY CONSERVATION AT THE MOLECULAR LEVEL

Consider the implications: a// living organisms have DNA as their genetic material.
One strong idea that follows from this is that since DNA is the substrate for evolution-

ary change, the processes of evolutionary change are most likely the same for all living

DNA:
AN INTRODUCTION

DNA is the genetic mate-
rial of nearly all known or-
ganisms; it consists of four
chemicals -- Adenine, Gua-
nine, Cytosine, and Thy-
mine. These chemicals bind
together in a specific way
which we’ll discuss in future
primers. The way in which
they bind lends DNA its

secondary structure -- a

double helix, seen below.

Genes are pieces of DNA
that encode specific pro-
teins that work to keep an
organism alive and consti-
tute its cells, tissues, and
organs. Genes are grouped
on chromosomes. Humans
have 23 pairs of chromo-
somes. Maps of human
chromosomes are known as

karyotypes, as seen below.
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organisms. This is worth repeating: not only are evolutionary processes conceptually
the same, as Darwin so brilliantly demonstrated, but the very chemical substrate, DNA,
that underlies these processes is the same. 'This logic leads us to another enormously
striking piece of evidence for Darwin’s ideas. Think about it: (1) Darwin hypothesized
that all organisms share a common ancestor—all organisms are related; (2) Evolution
‘conserves’ the things, mechanisms, or processes that work because they give organisms
survival advantages; (3) All organisms use DNA as their genetic material; (4) So, this
strongly suggests that the original common ancestors, the roots of Earth’s family tree
of life, successfully used DNA to store and pass on information—so successfully that
evolution conserved DNA and its functions in all organisms that have evolved in the

billions of years since.

Not only is DNA conserved by evolution in all organisms, but the seguences of the DNA
chemicals that encode particular genes are also conserved. The more important the func-
tion of a gene, the more similar the sequences of those genes are throughout the family
tree of life. For example, all cells need energy to function; this has been true since the
very first cell. So, you should not find it too surprising that genes involved in making
energy are conserved and very similar. Figure 14 shows the protein sequence (encoded
by the DNA sequence) for a gene/protein involved in energy production. You can see
that organisms throughout the tree of life, from rice to humans have this gene, and the
sequences of it are very, very similar, that is they have been conserved over millions and
millions of years of evolution. We discuss DNA and how it is converted into proteins in
much more detail in Life Sciences Primer ; for now, the major concept to grasp is that
proteins with similar functions have similar sequence across evolutionary time. Sci-
entists actually use the amount of change, together with estimates on how often such
change happens in these genes, to build family trees and estimate roughly how far apart

in time two organisms shared a common ancestor.

COW 1 ----AEESSKAVKYYTLEEIQKHNSKSTWLILHYKVYDLTKFLEEHPGGEEVLREQAGGDATENFED

CHICKEN 1-MVGSAGGEAWRGKYYTLEEIQKHNSQSTWLILHYKVYDLTKFLEEHPGGEEVLREQAGGDATENFED

HORSE 1 ----AEQSDKAVKYYTLEEIQKHHSKSTWLILHYKVYDLTKFLEEHPGGEEVLREQAGGDATENFED
HUMAN 1 ----AEQSDEAVKYYTLEEIQKHHSKSTWLILHYKVYDLTKFLEEHPGGEEVLREQAGGDATENFED
RICE 1 ------ MSNDNKKVYTLEEVAKHNSKDDCWLIIGGKVYNVSKFLEDHPGGDDVLLSSTGKDATDDFED

Figure 14: Protein sequence of cytochrome b5 showing homology across species - including cow, chicken, horse,
human, and rice. A small, stylized section of the protein sequence (a direct reflection of the gene DNA sequence) of
a protein called cytochrome b5 involved in energy production in cells. The protein, its function, and its sequence are
conserved by evolution in nearly all eukaryotic cells. The shaded areas indicate protein sequence that is identical
(perfectly conserved) among several species that are separated by millions of years of evolutionary time. Each single
letter stands for one of the 20 amino acids that the DNA encodes.
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HOW THE ENVIRONMENT AFFECTS DNA

When there is a change in DNA that alters an organism’s traits, and if that change gives
the organism an advantage in its environment, then the change is likely saved by evolu-
tion. Thus, DNA is the substrate on which evolution acts, the paper on which we can
read the history of organisms and populations. The next step, then, is to consider sow

changes in DNA happen.

The environment affects which DNA and genes occur and which gene versions are pre-
dominant in a population of related organisms (a species). The environment does this
through three different levels of action: (1) at the micro-level of particular genes in cells
inside an individual organism; (2) at the level of the interaction between genes within
an individual organism and the environment of that organism; and (3) at the level of the

proportion of the population containing a particular version of a gene.

CHANGES IN DNA SEQUENCE: MUTATION

Changes within an individual organism’s DNA that makes up its genes are rare and
random. However, those rare and random DNA changes that happen to give organisms
an advantage are conserved by evolution and passed on to the next generations. The con-

servation of change, therefore, is 7oz random.

DNA changes in a particular organism happen through a process called mutation, an
alteration in the DNA sequence. Mutations are caused by at least three different mecha-
nisms. One is when mistakes are made in the cellular environment in copying the DNA.
As mentioned above, each cell has a copy of all the genes of that organism, and every
time a cell divides (which is very often for most cells), the cell must copy all this DNA
exactly. Many proofreading mechanisms have evolved in our cells to ensure such mis-

takes are rare, but they do happen.

Mutations can also be caused by environmental agents, such as ultraviolet light from
the sun or certain poisons called mutagens (Figure 15). Such mutations are also often
detected and repaired by cellular mechanisms. Even when these mutations that remain
unrepaired affect specific cells, they are only passed on to the next generation, they are
only substrates of evolution, if they occur in the DNA of the gamete cells—the sperm or

eggs—of the parents. Only the DNA in gametes is inherited by offspring.

Speaking of gametes, a third way DNA changes occur is when sperm and egg develop

in a father or mother and when they get together in the process called fertilization—in

IN-DEPTH:
EFFECT OF CHANGE

You might notice that
there is a tension here.
On the one hand, the
change that drives evolu-
tion can come about only
when the DNA sequenc-
es of genes are changed;
in other words DNA
change = gene change =
phenotype change. On
the other hand, change
can be dangerous, even
deadly, so processes have
evolved to prevent DNA
change (or too much of
it) from happening. On
the other hand, sexual
reproduction  probably
evolved in large part as
a mechanism to safely

increase genetic diversity.

Ionizing radiation
Ultraviolet radiation
Base analogs, which substitute
for DNA bases and cause copy-
ing errors
Intercalating agents, such as
ethidium bromide, that get
inserted between bases in the
DNA double helix
Alkaloid plants
Bromine

Sodium azide

Benzene

Figure 15: Common Types of Mutagens
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both processes, the DNA material mixes to create unique combinations of genes (and
thus traits) that result in unique individuals. A major biologic reason for sex is that it
allows the development of this increased genetic diversity. The more genetic diversity
a species has, the more chance it has for success, because it has a greater likelihood of
surviving in a diversity of environments. As you know, success in the evolutionary sense

means having more offspring.

THE EXTERNAL ENVIRONMENT ACTS ON INDIVIDUALS’ GENES

The environment that an individual organism is exposed to affects how its genes are

expressed. Remember that a gene’s DNA encodes a protein, and it is the proteins that

do the work of cells. The environment of a gene can affect the amount of protein that is
made from it and when that protein is made and can thus have a large effect on an or- |

ganism. A striking example of the importance of environment to genes is seen in studies

with identical twins who are separated at birth and grow up in different environments

These two people, who have the exact same genes can look and act very differently when ||

raised in different environments (Figure 16). This demonstrates that genes have the po-
tential to affect traits, but whether that potential is fulfilled and to what extent depends
on the environments of that organism and its genes. Both twins may have the genetic
capacity to be very tall, but if one does not receive proper nutrition or suffers a particular

disease, he may wind up shorter than the other twin who has a lot of food and remains

healthy.

'This phenomenon is true for both physical and mental traits; notice twins may have very
different personalities even though they have the same genes. We are discussing twins

to make a clear case, but these concepts are true for all organisms.

GENES ACROSS WHOLE POPULATIONS

'The environment not only directly affects genes and their traits in the short term, that
is within the lifetime of individual organisms, but particular environments can also favor
one particular version (one particular sequence) of a gene over another within a single

population over time.

How do DNA changes within one organism translate to DNA changes across a whole
population of organisms? Remember that each individual of a particular species has the
same genes as all the other individuals in that species, but, for the reasons we discussed
above, any particular gene and its sequence within one individual might be slightly dif-

ferent than in other individuals. And, as with any DNA difference, the particular en-

Figure 16: Identical twins who look different
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vironment the genes are in might allow an advantage for one version over the other.
We will discuss three related mechanisms by which the proportion of one gene version
within a population can be affected by the environment: gene flow, genetic drift, and

natural selection.

Consider a population of birds, all of the same species. As we discussed above and as
we see every day in humans, even organisms of the same species have many differences
in particular traits. The birds in our population might, for example, be bigger or smaller,
have stronger or weaker beaks, be colored differently, or have longer or shorter wings.

Lets’s say that these trait differences are due to different versions of the same genes.

How might the proportion of one specific type of gene/trait (say, strong beaks) change
in relation to another specific type of the same gene/trait (say, weak beaks)? Perhaps
several birds of the same species, who just happen to have the gene/trait for strong beaks,
fly in from another city to join our population. This phenomenon, called migration or
gene flow, is one way the number of strong-beaked birds could change, right? Suddenly,
there simply are more of a particular version of birds of this species who have come into
the population. Strong beaks (and whatever other genes and traits these new birds have)
will immediately become more prevalent in the population and, if these new immigrants
mate with each other and with the original population, their genes, and those genes’

traits, are more likely to get passed on, resulting in more birds born with strong beaks.

Another way you may have proposed to alter the proportion of strong-beaked birds is
the opposite of migration: if some accident or event just happens to kill oft a bunch of
birds and, by chance, mostly kills birds with the strong beak gene/trait (or it could just
as easily mostly kill weak-beaked birds), then the predominant birds alive, and thus the
predominant ones that can pass on beak traits, are weak-beaked birds. This phenomenon

is called genetic drift.

NATURAL SELECTION

Natural selection is the third way the proportion of particular gene versions are shifted
in a population. We have referred to natural selection throughout this book. Let’s go
back to birds for one example of this phenomenon, and then we will discuss a few others.
Consider a specific kind of bird that Darwin actually studied, the finch, in which natural
selection was observed over a relatively short time period. Darwin made many of the
observations that led him to formulate the theory of natural selection when visiting the
Galapagos Islands during an exploratory voyage on the ship HMS Beagle in 1835. 'The

Galapagos, now part of Ecuador in South America, are relatively isolated in the Pacific

YOUR TURN:
BIRDS’ BEAKS

What might lead to an in-
crease or decrease in the
number of birds with strong
beaks (and thus the genes for
strong beaks)? Do you have
any hypotheses?
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Ocean.

'The observations we will discuss were made by Peter and Rosemary Grant during ex-
tensive studies beginning in the 1970%s. The birds the Grants studied are now officially
known as Darwin’s finches! Many types of finches lived in the Galapagos (Figure 17 and
Figure 18). The finches differ in a number of ways, including wing length, tail length and
beak size. We will focus on their beaks. The finches use the beaks to crack open the seeds

that are their main source of food.

Look at the medium ground finches, known by the Linnean classification name Gospiza
fortis (Remember Linneaus; he is the Swedish scientist who developed a naming clas-
sification system), and you can see variation in the size of the beaks of different species
of finches (Figure 18). Even within one species of finch, you can observe variation in

beak size and shape.

P ————————y
4
Figure 17: Two different finches

Geospiza magnirostris Geospiza fortis Geospiza parvul

Figure 18: Four different finches from the Galapagos archipelago

a Certaidea olivacea

In order to be able to follow each bird in the population, the Grants labeled them with
colored tags on their legs. By watching which birds gave birth to which offspring and
then comparing the traits of the offspring to those of the parents, the Grants determined
which traits were more likely genetic, that is, inherited from generation to generation.
They did this for beak size and, as you can see in Figure 19, showed that parents with

large beaks are more likely on average to give birth to birds with larger beaks.

In 1977 a severe drought in the Galapagos where the birds live resulted in the death of
many finches; the population went from 1400 to 200. During the drought, the seeds the
finches usually eat decreased in quantity and quality. In normal years most of the seeds
were relatively small and soft and could be broken and eaten by the finches, but during
the drought only large, hard seeds were available (see Figure 20). So, for the most part,
only birds that happened to have large beaks (and, therefore, the versions of beak genes
that encode large beaks) were able to open large, hard seeds and survive. Thus, the pro-

portion of finches with large beaks increased.
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Figure 19: Parent and child beak size. The figure plots how the beak size of offspring com-
pares with the average beak size of their parents. The data suggest that parents with larger
beaks give rise, on average, to offspring with larger beaks. This suggests that there is an
inherited component to beak size.

'This is a dramatic example of how changes in the environment affect a population of or-
ganisms by selecting a particular trait (and thus the genes that encode it). It’s important
to realize that natural selection can only act on traits that already exist in the population;
it doesn’t create new traits. The larger-beak trait just happened to already exist in the
finch population, so that when the drought came the larger-beaked finches were selected
by nature. This is natural selection, and this is why you can think of each organism and
each species and its genes and traits as a sum of all the histories of their previous rela-
tives, those relatives’ traits and the environments those relatives lived in. This is also why,
as we discussed above, we can use traits or the DNA that encodes them to develop family
trees.

120 and g
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Figure 20: Seed type and availability, 1975-1978. The figures show both the abundance of
seeds and their characteristics during the course of a severe drought in 1977; we see that
there were many fewer seeds and those that remained were large and hard.
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PEPPERED MOTHS:
AN IMAGE GALLERY
THE PEPPERED MOTH

Peppered moths are various
Another famous example of natural selection involves the peppered moth, Biston betu- shades of gray, from very light

laria, which lives in Britain. Unlike many brightly-colored butterflies and moths, the to very dark.
peppered moth has wings of various shades of gray, ranging from very light gray to very
dark (see Peppered Moths sidebar). These moths spend time on the branches of trees,

where birds like to find and eat them.

Prior to and early in the 19% century, most peppered moths were light gray, but by the
middle of the century, collectors began to notice darker-colored moths. And by the early
20th century, populations of these moths near industrial cities such as Manchester were
mostly dark-colored. Why were there suddenly more dark moths? Compare this situa-
tion to the previous example. Think about the beaks of the finches, the change in rainfall
and its effect on food supply. How might the color of a moth affect its survival and lead

to more of one color than another in the population?

One hypothesis is that darker color was an adaptation to a new environment that al-
lowed for greater survival, that is, fewer moths eaten. Perhaps on light-colored trees,
birds easily see and thus eat dark moths, while the lighter-colored ones are harder for the

birds to see (Figure 21). Prior to the 19th century the trees and the lichen on them were

light in color. With the rise in smoke and soot pollution associated with industrializa-
tion, the lichen and trees became darker in color. So, dark moths were harder to spot and

the birds preferentially ate the lighter-colored moths.

'This is a reasonable hypothesis, but what predictions and assumptions does the hypoth-

esis make? The hypothesis predicts or assumes:

*  birds that eat the peppered moths can tell the difference between light and dark |88 WY

moths (different species of animals have the ability to see very different colors);

+ if pollution decreased and dark trees became lighter, the majority of moths

would once again become light-colored,;

* moth color is a genetic trait, passed on from parents to offspring like beak size;

but perhaps the moths change color just based on the color of what they eat;

sponse to their background environment.

{53 1s

Figure 21: Different colored peppered moths
on different colored outdoor environments
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What experiments could you develop to test these predictions?

By simply capturing light moths and dark moths and monitoring their color, their re-
production and their landing on dark and light surfaces, it became clear the first and last
assumptions—that moth color is genetic and that moths don’t change color depending

on where they are—are true.

To determine if birds can discriminate between light and dark moths, a geneticist at Ox-
ford University did an ingenious experiment. He released approximately equal numbers
of both light- and dark-colored moths onto trees in (1) a polluted area near Birming-
ham, England, where the trees were dark and (2) a relatively remote region in Dorset
where the trees were light. When he later recaptured the surviving moths, he found more
dark moths survived on dark trees and more light moths survived on light trees. He also

directly observed and filmed birds eating the moths.

Finally, this hypothesis makes a prediction about what would happen if pollution de-
creased and trees returned to their original lighter color. Indeed when this happened,
the moth population adapted, slowly returned to a lighter color. That is, the version of
‘moth-color’ gene that was most predominant in the population shifted from being the

dark-color-causing version to being the light-color-causing version (Figure 22).

100 T

50 T

% Darker Colored Moths

1959 1967 1975 1983 1991

Figure 22: Changes in percentage of dark moths with improving air quality. Air quality in the US
dramatically improved beginning in the late 1960s. The number of dark-colored moths decreased
over time as air quality continued to improve.
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One last famous example of natural selection (an example that actually can be observed
overnight!) is that of the development of antibiotic resistance in bacteria. Antibiotics
like penicillin are one of the great breakthroughs in medical history. Upon their dis-
covery during World War II, suddenly, humans didn't die of infection, which commonly
occurs during regular everyday life in events like childbirth or even from small cuts in
the skin. Once penicillin (a naturally-produced antibiotic) was discovered, many lives

were saved.

However, over time, antibiotic resistance, the ability of bacteria to avoid being killed
by antibiotics, can spread through a species of bacteria and, because bacteria grow so
quickly, the resistance can spread quickly also. Bacterial antibiotic resistance is a major
and growing problem around the world in diseases—like bacterial pneumonia and tu-

berculosis— that once responded to penicillin and related antibiotics.

In all cases of natural selection, including those we have discussed here—in birds, moths,
and bacteria— the resulting changes that increase survival in a particular environ-
ment are known as adaptations. Organisms change or adapt to fit their environments,

or they eventually die out.

As you are beginning to see, adaptation and natural selection are about nature (the en-
vironment) ‘selecting’ the traits that fit best in a given environment. This ‘fit’ is called
fitness, a measure of how well a species with a particular trait or set of traits survives and

passes on those same traits (genes) to the next generation.

Notice that genetic change, fitness, adaptation and natural selection are not in them-
selves ‘good’ or ‘bad’. Or, perhaps we should say they could be either, depending on your
perspective. Natural selection is not #rying to be good or bad, for sure, but is simply
choosing the traits that work best for an organism in a particular environment. From our
perspective, natural selection of antibiotic resistance is bad, because it allows the survival
of more bacteria that can make us very sick or kill us, but from the bacteria’s perspective

antibiotic resistance is good, because it allows the survival of more bacteria.

SEXUAL SELECTION

Just because you happen to be bigger or stronger or faster does not necessarily mean you
have greater fitness. Like with all other traits, this depends on the environment. When

might it be an advantage for humans to be shorter? Taller?

When I, a six and half-foot-tall human, walk through the Himalayas or through the

YOURTURN:
ANTIBIOTIC RESISTANCE

Based on what we have dis-
cussed about natural selection,
outline a scenario by which
antibiotic resistance might
evolve (that is, how could bac-
teria that are killed by anti-
biotics evolve into bacteria of
the same species that are not
killed by antibiotics?) and de-
sign a laboratory experiment
that would test your hypoth-
esis. This is a challenging ex-
ercise. Start by thinking at the
big picture level: what would
have to change in a bacterium
that dies when exposed to an-
tibiotics versus in a bacterium
that lives> How could that
change occur? How could the
change be passed on to other
bacteria?
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rainforests of the Amazon, I am always struck by how much more difficult it is for me
to move through these environments than it is for those humans who are native to those

environments and are, on average, much shorter.

One special case of natural selection related to fitness, particularly the ability of finding -

and attracting a mate, is called sexual selection. The males of some species, notably the
peacock, go to great lengths, literally, to impress potential mates (see Sexual Selection
sidebar). These males are selected for and thus have greater fitness, despite the fact that
these same traits might significantly disadvantage them in other ways. For example,
male peacocks can sometimes barely walk because their tails are so long and heavy! The
males of some insect species even sacrifice their lives—their mates eat them— to be able
to mate and reproduce. At the same time male mating traits are being selected, the way
the females of these species go about choosing these males is also being selected for. So,
the idea here is the major goal of natural selection is to pass genes that work well in a

particular environment to the next generation, sometimes at a very high cost.

WHAT NATURAL SELECTION IS NOT

Before we continue our discussion about evolution and what natural selection is, let’s
take a short break and consider what natural selection isn#%. These distinctions are im-
portant from many perspectives, both scientific and philosophic, with implications for

how evolution is understood by the general public.

First, as we hinted above, natural selection is not a purposeful process. ‘Selecting’ is of-
ten put in quotation marks because in the process of natural selection, nature does not
actively choose the fittest organisms with the best traits, but instead, whatever environ-
ment happens to be present allows for the greater survival of those traits that happen to

already exist in those organisms that best fit the environment.

On the other hand, natural selection is not random. Natural selection is sometimes
dismissed as a cold and random process, not imbued with the beauty or meaning of, say,
a more spiritual explanation of creation. However, as we discussed above in the case
of genes, natural selection is not random,; instead it selects those traits that work best,
increase survival and reproduction the most, in a particular environment. The contem-
porary scholar Holmes Rolston III has a creative and robust way of looking at evolution;
he describes the relationship between genes/traits and their environment as a dynamic,
creative, interactive, two-way communication, much more than a cold, non-spiritual pro-
cess. Here is what he says in his book, Genes, Genesis, and God (Cambridge University
Press, 1999):

SEXUAL SELECTION
AN IMAGE GALLERY

ture) and Birds of Paradise
(lower picture) go to great
lengths to impress their

mates.
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.. .genes conserve order but also introduce novelty. Genes code a coping, and
the coping is a defense of [the] values gained and dynamically transformed over
time. What is conserved is what has proved valuable, tested, and transmitted
intergenerationally [from one generation to the next]. In result, with explor-
atory variations, what is selected is promising and seminal.

ARTIFICIAL SELECTION

'The basic underlying principle of Darwin’s theories, selection, has actually been a driving
force in human interactions with domestic plants and animals for thousands of years—
long before Darwin came along to give that force a name and explanation. When hu-
mans use selection, we call it artificial selection because it is done in an intentional way
by humans, not by nature. In fact Darwin learned a lot about selection from poor, 19
century Englishmen who had bred homing pigeons (birds used to deliver messages) for
years and years. These breeders selected for pigeon traits like speed and accuracy of de-
livery. That is, the breeders chose the birds that did best what the humans wanted them
to, and then bred only those selected pigeons. Horse racers do the same with horses, and
farmers do the same with vegetables. Tibetans have for centuries intentionally selected
strains of barley that taste best and grow well at the high altitudes and during the avail-

able growing season of the Himalayas.

Artificial selection can also have unintended consequences. Scientists have documented
the case of the snow lotus, a plant species important in Tibetan and Chinese medicine
for treating headaches, high blood pressure and menstrual problems. Traditionally, larger
specimens of this relatively rare plant are collected, as bigger plants are thought to make
better medicine. Over the decades, the removal of primarily larger plants by humans
resulted in artificial selection for the smaller plants. That is, the bigger, and therefore

usually healthier plants were removed, leaving the smaller, weaker plants.

Additionally, for medicinal reasons the large snow lotus is collected at a time in the
plant’s life cycle right before the seeds for the next generation are released. The result
of all this was that over time mostly seeds carrying the small, weak plant traits were
dispersed, so fewer and fewer large plants grew. Since the smaller plants are generally
weaker, this artificial selection might eventually lead to the elimination of the snow lotus

species altogether.

A key point here: the concept of selection is the same, whether natural or artificial.
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COEVOLUTION

As in the case we just discussed, the lives and lifestyles of two or more species are often
tightly connected to each other. Think of species that benefit each other or that eat each
other or, as in the antibiotic case above, consider cases where one species makes the other

sick.

Our guts are filled with E. co/i bacteria that benefit us by helping digest our food; in
return we provide an environment for the bacteria to live and reproduce. So, it isn't
too hard to imagine that humans and our gut bacteria have co-evolved (and are still
co-evolving) so that the traits of one species evolve to ‘match’ the traits of the other in a
way that maximize the fitness of each other. Make sense? This is called co-evolution,

because each species’ evolution involves the other.

Other bacteria, including different types of E. co/i and bacteria that cause tuberculosis
or pneumonia we mentioned above, make us sick. Our immune systems, the cells and
organs devoted to fighting foreign substances that invade our bodies, evolve to fight the
bacteria. Usually, our immune systems, even without antibiotics, can fight off bacterial
infection. But at the same time our immune systems evolve, the invading bacteria are
evolving to evade our immune systems and to evade the antibiotics we treat ourselves

with. This is another kind of co-evolution.

CELLS ROOT HAIR

Rhizobium bacteria

Root hairs release a substance
that attracts Rhizobium.

Infection thread

Rhizobium proliferates and causes

an infection thread to form.

Cortical cells, special cells of the root cortex,
begin to divide

Infection thread grows
into the cortex of the root.

Infection thread releases bacterial
cells in the root cells. Chemicals from
bacteria signal plant cortical cells to
begin dividing

Root nodule

Root nodule forms and bacteria
performs symbiotic nitrogen fixation.

Bacterioids

Figure 23: Symbiosis of rhizobium bacteria with legumes.  Roots of the legume release a sub-
stance that attracts Rhizobium bacteria, which enters the cells around the root. Chemicals from
the bacteria signal the plant cells to begin dividing; the bacteria performs nitrogen fixation.

YOURTURN:
CO-EVOLUTION

Co-evolution occurs be-
tween plants and animals
and between different
species of animals and
can occur among a num-
ber of species at once.
Do you know of or can
you hypothesize any such
situations? How would
you test to see if the spe-
cies you are thinking of

are indeed co-evolving?
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A good example of co-evolution on the Tibetan plateau occurs between legume plants
and rhizobium bacteria. Such relationships in which two species rely on each other for
optimal survival are described as symbiotic; two species have a mutualistic symbiotic
relationship when they live closely together and each benefits from the other. In the case
of legumes and rhizobium, their relationship is especially important to us and much of

life as we know it (see Figure 23).

We and all other organisms require nitrogen, a chemical element needed to make two
types of molecules, proteins and nucleic acids (DNA and RNA), without which we can-
not live. While a lot of nitrogen exists in the atmosphere, we are unable to access, or
‘fix’ it; however, bacteria like rhizobium are able to fix the nitrogen. They can only do
this when in a symbiotic relationship with certain plants. Once these bacteria fix the
nitrogen, it is then accessible and useful to the plants (which can use it to make their
own proteins and nucleic acids) and then, when we and other species eat those plants or
other species who eat those plants, we are able to get the nitrogen we need to live (Figure
24). 'This is the only way humans can get the nitrogen we need, so in a way we are in a

symbiotic relationship with the rhizobium and legumes also!

The Global Nitrogen Cycle
All values in gigatons of nitrogen per year. Atmospheric
Nitrogen
(N2)

Industrial
fixation: 100

Decomposition of dead
material into ammonia

Figure 24: The Nitrogen cycle. Nitrogen, which is fixed by bacteria in the soil, is required for human life. Without the
Nitrogen cycle, life as we know it would perish.

Particular species of bacteria can only be in symbiotic relationships with particular plants,
and, not surprisingly, the specific plant and specific bacterium involved in these relation-
ships co-evolve. This is what the scientists found with specific legumes and specific rhi-
zobia in Tibet. Rhizobia that had coevolved with legumes on the Tibetan plateau, can

form symbiotic relationships only with legumes from the Tibetan plateau.
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'These data support the central concept of co-evolution: the two species evolved together
to survive and succeed specifically in the unique environment of Tibet. Since the two
species were also benefiting each other, the evolution of each was important to the evolu-

tion of the other, and thus, they co-evolved.

MICRO-VS. MACROEVOLUTION

So far, we have concentrated mostly on microevolution, which refers to change with
time wizhin a species. But, what about macroevolution, the evolution of whole new spe-
cies?> Remember the type of figure at the right (Figure 25), the family tree we discussed
earlier in this book? The question now is how do you get new species, new branches of

the trees?

Well, we can begin to see how macroevolution works by looking carefully at some of the
microevolution examples we discussed. The basic processes that drive microevolution—
mutation, gene flow, natural selection— also drive microevolution. Macroevolution is

really just an extension of microevolution.

When some organisms of a species become geographically isolated from others of their
species, they become more and more difterent, adapting to distinct environments, until
the point that if the organisms somehow come together again, they now can no longer
reproduce. They now constitute two new species. We see this with the legumes and rhi-
zobia of the Tibetan plateau we just discussed. Prior to the collision of India and Asia,

when there was no Tibetan plateau, these two species reproduced with and were of the

Speciation events

Figure 25: Phylogeny showing speciation, de-
noted by a split in one of the branches of the
tree.

YOURTURN:
CREATE A NEW SPECIES

same species as other legumes and rhizobia in India and Asia. But then came the colli-
sion, and suddenly (speaking in evolutionary terms) these species were in a much differ-
ent, much higher, much colder environment than their brother and sister organisms. So
they had to change, and eventually they changed so much that they became new species;
legumes from the plateau could not reproduce with legumes from the lowlands. This

process is called speciation (Figure 25), and it is represented by a split in the family tree.

Interestingly, in this particular case, as we discussed, Tibetan legumes also co-evolved so
that they could only form symbiotic relationships with Tibefan rhizobia (the rhizobia

also formed a new species). This process is termed co-speciation.

There are at least two big challenges to fully understanding macroevolution. It is difficult
at first to translate the idea of subtle speciation, say from one type of legume to another,
into the broad idea of speciation across the tree of life from, say, bacteria to humans, or

plants to mammals. However, we can see that if we move in time from one branch of

Design a thought experiment
to see if you could create a
new species. What would drive
the creation of this new spe-
cies? What would it look like?
What would its native envi-
ronment be? Describe your
species in detail and come up

with a name for it.
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the tree to the other, many small subtle speciations add up to large changes very slowly
over millions of years and many branches. This leads to our second big challenge: the

timescales involved here are huge (billions of years as we discussed) and hard to imagine.

Also because of this it is difficult to actually observe speciation in action. But, we are
able to see the beginnings of some speciation in action (like the cases of Darwin’s finches
and antibiotic resistance we discussed), and when we combine the evidence we see in
fossils, DNA sequence, and from other signs of evolution, we can build an excellent case

for macroevolution.

Different lineages (branches of the family trees) can have different patterns of change.
Many lineages remain unchanged for millions of years, others change often or abruptly.

What factors would be important in whether lineage change occurs and at what speed?

In the end most lineages (nearly all those that have existed on Earth) share the same
fate: extinction, scientists’ word for the death of an entire species. Looking across the
span of Earth’s history, massive extinctions appear to have occurred approximately every
100 million years (Figure 26). These mass extinctions are probably due to some hugely
dramatic environmental change like a meteor hitting Earth. One such event happened
about 225 million years ago and led to the extinction of more than 90% of all species

on earth! Sounds scary, but on the positive side, when so many species disappear, op-

20

Mass Extinction Events

S

15

10

Extinction Rate
(families per millions of years)

600 400 200 o)

Millions of Years Ago

Figure 26: Extinctions throughout time. Extinctions occur when an entire species dies out, and
mass extinctions happen regularly throughout time. On occasion, an extreme event will occur that
kills off many of the species on the planet.
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portunities (environmental ‘spaces’ called niches) are opened up for the evolution of all
sorts of new species, an explosion of new life forms. Just such an explosion happened
about 530 million years ago in the oceans over a brief evolutionary time period (around

10 million years).

FUTURE QUESTIONS IN EVOLUTIONARY BIOLOGY

As we have seen, the evidence for evolution is overwhelming. Like with all scientific
concepts, the theory of evolution continues to be explored and reshaped, but the un-
derlying tenets of Darwin’s ideas have only been reinforced over the 150 years since he
published 7he Origin of Species. Many difficult questions remain, and this is what makes
science exciting: the more and better experiments we do, and the more and better data

we get, the sharper our theories become. It’s a kind of evolution.

One common question about evolution is ‘how does complexity evolve? For example,
how did organisms evolve from having no eyes to having eyes? What good is half an
eye? Or half'a wing? Similarly, how do complex biochemical pathways evolve to make,
for example, DNA? What good is a pathway that only makes something that eventually

will, millions of years later, evolve into DNA?

Good theories are emerging to address these questions: in the case of the eye, for ex-
ample, Dan-Erik Nilsson has developed models, starting with the computer and then
using plastic and metal, to demonstrate how an eye could have evolved in as little as a
half million years starting with only light-sensitive cells and evolving into a camera-like

eye similar to those we humans have.

Remember: anything that gives an organism an advantage in the environment in which
it lives may well be selected for by natural selection. If an organism evolves even just
a tiny patch of cells that are somewhat light-sensitive, this would allow it to detect the
shadows of a predator and thereby increase its fitness. Nilsson shows that any depres-
sion at all of these cells creates a situation where the cells across the depression have
different exposures to light and thus can measure that light in different orientations. So,
this patch of cells reflected on a backdrop of other cells (a primitive retina he represents
with a translucent sheet of plastic) now carries information that is fuzzy, but does allow
for the detection of movement. Indeed, flatworms living today (see Flatworms sidebar)

have just such an eye — a collection of depressed light-sensitive cells.

But what if, in order to survive, organisms need to detect faster predators or prey than

they can with the simple flatworm eye? Nilsson shows that if the center of the light-sen-

FLATWORMS
AN IMAGE GALLERY

Flatworms have the ability to
perceive movement using a

light-sensitive patch of cells.
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sitive cell patch is constricted, the light becomes more focused on the retina backdrop,
and light detection improves. In fact, this is what occurs in the modern-day seasnail, the
chambered nautilus (Figure 27). But, ‘eyes’ like those in the chambered nautiluses, in
narrowing their centers, significantly decrease the amount of light they can detect. Nils-
son says a much better solution than constriction that evolved is to cover the light hole

with two sheets of clear cells, otherwise known as a lens.

When Nilsson models this with two sheets of transparent plastic, a lot of light still shines
through to the primitive retina, and, if he adds water between the two sheets of clear cells
(represented by plastic), making the lens bulge out and become rounder, the image on
the retina gets even sharper. The more water he adds, the rounder the lens becomes, and
the sharper the image; this results in an eye-like model very similar to human eyes. This
is an example of how modeling, in conjunction with the observation of existing species,
can demonstrate how evolution might happen. Nilsson’s example is particularly striking
because it is so simple in concept and predicts that the whole process could happen over

just a few hundred thousand generations.

EVOLUTION BEYOND SCIENCE

Perhaps no other scientific idea has been as revolutionary as Darwin’s theory of evolu-
tion. In the century-and-a-half since he and Wallace introduced it to the world, many
others, in realms outside of science, integrated the theory into ideas outside of strict sci-
ence. Some of these instances saw the fatal twisting of Darwin’s ideas to support great
calamities in human history; the eugenics movement, driven by the idea that one could
select for ‘the best’humans, was born in the United States and then co-opted and twisted
even further by Hitler and his Nazi Party to promulgate the idea of genetically elite

humans and to help justify the attempted elimination of entire groups of human beings.

In a much more positive vein, Darwin’s ideas have helped lead to a better understanding
of how other complex phenomena and processes, like language or even ideas themselves,
evolve. In his book Guns, Germs, and Steel, Jared Diamond provides a provocative exam-
ple of how applying Darwin’s ideas can help rethink fields far outside biology. Diamond
hypothesizes that the entire curve of the history of human cultures can be explained by
natural selection. He starts with a question he was asked by a native New Guinean: why
did white European cultures invade and colonize native African and American cultures,

rather than vice versa?

Diamond builds a convincing case that the answer is primarily about the environment

in which different peoples found themselves. To simplify his ideas: those peoples who

Figure 27: Chambered Nautilus
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were in an environment that happened to have plants and animals that could be do-
mesticated (and there are very few such plants and animals) were able to settle down
and farm. This led to human settlements in which the plants and animals ‘did the work’
people had previously had to do. This freed up the people and their brains for more time
to think, more time to develop better ways to do things—first to make their food attain-
ment even more efficient (inventing firearms, plows, etc.) and then eventually to move
on from there to become more creative in even more ways. Meanwhile, the peoples who
were not in environments that happened to have domesticable plants or animals could
not settle down and invent, but had to devote most of their energy to obtaining food
and other basic needs. So, one culture can dominate another based on a long history
of advantages provided by the environment and the adaptation by the humans to that

environment. Sound familiar?

So perhaps we can expand Dobzhansky’s statement with which we started this book to
say ‘nothing makes sense without evolution’. Perhaps. Regardless, evolution is clearly the
foundation of all biology. As you continue to study cells and genes, and the even more

complex systems of biology and neuroscience, this will become more and more evident.
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