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Chapter 14

Cellular Adaptations

14.1 Introduction

Biosynthesis happens inside living cells. The molecules
we talked about in the previous chapter are assembled
and disassembled inside cells. As a result of the
biosynthetic chemistry that happens inside living cells,
the cell is a biological unit with powerful potential to
change the environment in three ways:
1) by processing materials from the surrounding

environment
2) by contributing to the development of resource

competition, which is an important component in
the diversification and spreading of life

3) by supporting the development of very large,
multicelled organisms that have the hardware to
more aggressively find and exploit planetary
resources.

In support of their internal biosynthetic demands, cells
take in materials from the surrounding environment,
change them (as a result of biosynthesis), then release
them back into the environment in different forms. If
you cover a planet with cells, they are bound to change
the environment by virtue of their materials processing
activities.

The living cell is an important adaptation that has
greatly extended the scope and scale of life’s influence
on Earth. This chapter will describe the two basic kinds
of cells that make up life on Earth, the prokaryotic cell
and the eukaryotic cell. The prokaryotic cell is the
simpler of the two. Despite its simplicity, this cell type
has members that process materials in such unique
ways that, without them, multicelled life probably would
be impossible. The eukaryotic cell is more complex. It is
particularly interesting because of its
compartmentalized design and large size. These
qualities make it a potent materials processor and a
successful candidate for making large, multicelled
organisms. Finally, I want to describe how some of the
components of eukaryotic cells work, and how they can
contribute to the diversification and spreading of life,
and to the transformation of the planet.

14.2 Cell theory describes living cells as discrete, self-
contained units of life

The molecules of life and all the living things you see
are the creations of the internal chemistry of cells. The
idea of living cells seems so abstract to most of us. They
are so small. Cells were first described by Robert Hooke
who had observed them with a microscope of his own
design. When, in 1665, Hooke published his landmark
book, Microphagia, he created quite a stir with his
drawings of tiny objects. Hooke is famous for his
drawings that show cork to be constructed of tiny box-
like objects he called “cells” (fig.14.1). His observations
suggested a whole new world for biologists to explore,
and they did. Using the microscope, biologists began to
see the biological world as a composition of tiny, and
fine objects. Apart from Hooke, other scientists also
were probing the microscopic realm. Antoni Van
Leeuwenhoek, who invented and refined the microscope
and inspired much of Hooke’s work, was a prolific
investigator. But unlike Hooke, who peered at
conventional objects like needles and razors,
Leeuwenhoek sought truly novel observations including
crystals, plants, animals, and even scrapings from his
teeth. In 1674, Leeuwenhoek proclaimed the
remarkable discovery of microorganisms, as he had
observed tiny moving things with his microscope.
Today, we call these things, bacteria and protozoans.
Leeuwenhoek’s drawings were so astonishing at the
time that his contemporary scientists did not believe
them. He responded to such criticism by engaging
doctors, judges, and ministers as reliable witnesses.
Thus it was then as
it is now, hard to
grasp that the true
business of life
happens in such
miniature places.

The study of cells
evolved following the
work of
microscopists like
Hooke,
Leeuwenhoek,
Marcello Malpighi,
who studied the
human body, and
Nehemiah Grew,

Figure 14.1. Robert Hooke's
drawings of cork cells.
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who focused (literally) on plants and animals. But what
did these observations mean? By themselves, they were
interesting, and some thought sacrilegious probings
into the construction of nature, but nothing more.
However, the accumulations of newer observations and
ideas eventually led to new insights about what this all
meant — a cell theory.

The initiation of the modern cell theory usually is
attributed to botanist Matthias Jacob Schleiden, and
medical scientist Theodor Schwann. In the mid 1800s,
Schleiden made his stunning contribution to the theory
of cells. He proposed that all plants were assemblages of
cells, which he described as individual entities, yet part
of a larger whole. According to Schleiden, the cells in
plants had two jobs, one serving themselves, and one
serving the whole organism of which they were a part.
Schleiden saw all aspects of plant construction and
operation basically as products of cellular activity.
Theodor Schwann extended Schleiden’s ideas to include
animals as well as plants. That is, all the different parts
of plants and animals are constructed from cells. And
Schwann contributed a more important insight having
to do with what goes on inside a cell. He had
experimented widely with yeasts (single-celled
organisms) in the conversion of grape juice to wine. In
the mid 1800s, Schwann had discovered that yeast
“particles” are actually living cells and that alcohol
fermentation happens inside the yeast cells. He was
severely ridiculed for this claim (which we know today to
be true) by other scientists who thought it absolutely
preposterous. Still, Schwann is credited for establishing
that metabolic activity, such as processing food and
generating body heat, happens inside the cell. But
where do cells come from?

Robert Remake had studied embryology, which is the
field of science concerned with how things grow and
develop from a single egg cell. In the mid 1800s, he
determined that embryos grow by increasing the
number of cells, and that the number of cells increases
by the division of existing cells into new cells. Remake’s

ideas were later confirmed by medical scientist Rudolf
Virchov. In 1854, Virchov wrote that, “there is no life
without direct succession.” In other words, all cells
come from pre-existing cells. According to this
hypothesis, all the cells that make you up are
descendants (by cell division) of the first, progenitor cell
more than 3.8 billion years ago. Virchov also saw that
cells were the fundamental unit of life, and that they
constructed ever more complex systems eventually
leading to a whole organism. This hierarchy consists of
cells, tissues, organs, organ systems, and finally the
whole living thing.

The last major plank in the cell theory established that
cells contain the stuff of heredity. In the late 1800s,
four German biologists (Oskar Hertwig, Edouard
Strasburger, Rudolf Kolliker, and August Weisman)
independently proposed that the chromosomes (which
we now know contain the DNA) inside the cell nucleus
were the basis for heredity. Their ideas arose from
detailed studies of cell division, and in fertilization of
egg cells by sperm cells.

In the 1900s, better staining techniques and more
powerful microscopes revealed that cells are very
complex places. They are filled with numerous kinds of
structures of different shapes and sizes, such as the
nucleus, mitochondria and chloroplasts. Today, the
modern field of cellular biology is devoted to better
understanding the functions of these structures. Brief
descriptions of some of these structures are presented
later on in this chapter when I discuss the components
of eukaryotic cells.

So, to conclude, the living cell is the fundamental unit
of life in that it builds all living things, carries out the
biosynthetic chemistry of life, and is the guardian and
transmitter of the means of inheritance. When studying
life, I cannot help admiring the quiet power possessed
by these diminutive machines who together and for
billions of years have silently transformed an entire
planet.

14.3 A cell provides a confined place that organizes
molecular activities

Cells provide an organized place for biosynthesis to
happen. In the previous chapter, we saw that life pretty
much is an enterprise that involves the activities of
molecules — thousands of molecules. These molecules
are assembled and disassembled inside cells. Some stay
there. Some leave the cell. While inside the cell, the
molecules of life engage in very deliberate reactions to
make new molecules. This is the biosynthesis we
explored in chapter 7. Some of the molecules are used
for energy, some for information storage. Whatever their
usefulness, the reactions of molecules drive the

Panel 14.1 The major elements of modern cell theory

1) All living things are composed of cells.
2) The chemistry of life happens inside cells. This includes

processing food, consuming oxygen, generating carbon
dioxide, and making products such as sugar, starch, fats,
enzymes, and DNA.

3) All cells are derived from pre-existing cells in the process
of cell division.

4) Cells contain the means of heredity, otherwise known as
genetic information. This genetic information is passed on
to new cells during cell division.
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machinery of life. To the extent that these reactions
occur more efficiently, life becomes more vigorous. But
in order for molecules to react, they must encounter one
another.

Cells help increase the efficiency of molecular reactions
mostly by providing a confined, chemically secure place
for molecular encounters. Confinement helps organize
life by keeping molecules close by, preventing them
from wandering off, and by preventing intrusion from
disruptive molecules. Cells are very busy places, and
busy places on all levels are possible because of the
organizing influence of confinement. For example, a
restaurant is a busy place. Inside the ingredients and
cooks are confined to the kitchen. This speeds up the

process of preparing meals. It doesn’t make sense for
the cooks to be wandering through the mall and the
pizza dough being run over on the freeway. How long
would you have to wait for your meal? (and who would
want to eat it?) Cells, like restaurant buildings and
football stadiums (fig. 14.2), bring reactive things
together so they may carry out their activities in a
convenient and focused way.

I will talk later in this chapter about how the insides of
cells can be further confined, or compartmentalized. It
turns out that the overall capabilities of cells can be
increased by partitioning them up into special and
dedicated work areas, like mitochondria and
chloroplasts. The point is that confinement is a good
way to organize and speed up the biosynthetic activities
of life.

14.4 Cells contribute to life�s ability to change the planet
in three ways

Cells are the physical agents of life whose busy activities
have helped change the planet in three major ways: 1)
by exchanging materials with the environment; 2) by
contributing to resource competition; and 3) by
supporting the development of very large, multicelled
organisms.

14.5 Cells exchange materials with the environment

First, in order to maintain themselves cells must
actively take in materials from their surrounding
environment, and put out materials to the surrounding
environment. For example, all plant cells take in
molecular oxygen (O2 ) from the atmosphere during the
process of aerobic respiration. Aerobic respiration is part
of the biosynthetic process where cells extract energy
from sugar molecules. Those same cells put out carbon
dioxide as a waste
product of aerobic
respiration.

Animal cells have
more aggressive
oxygen requirements
than plants.
Animals have an
elaborate respiratory
system (lungs [fig.
14.3], or gills) and
circulatory system
(heart, arteries,
veins) that serve the
oxygen needs of
their cells. When
you breathe in, each
oxygen molecule
absorbed by your
lungs ends up in
one of your cells. It
is your collection of
cells demanding
oxygen that
stimulates you to inhale. Your lungs are a slave to your
body’s union of cells. So, in order for cells to stay alive,
they must exchange materials with the environment.

Some of these materials have contributed to planetary
changes. For example, since living things have built
themselves out of carbon, they have helped to reduce
atmospheric carbon dioxide. Removing carbon dioxide
has helped cool the planet. Photosynthetic cells put out
atmospheric oxygen. The point is that if there are
enough of these cells on a planet, they can influence the
composition of the atmosphere.

14.6 Cells contribute to resource competition

Competition is created by cells seeking resources from
their surrounding environment. You seek food in the
morning because your cells are “hungry” for resources.
The mouths, stomachs and blood vessels of animals are
structures that acquire and deliver resources to the
cells of their bodies. In plants, it’s roots, leaves and
vascular tissue.

Figure 14.3. Human lungs are the
organs that exchange oxygen and
carbon dioxide with the atmosphere.
The oxygen is needed by the body's
cells. The carbon dioxide is generated
in the body's cells.

Figure 14.2. A football stadium provides a place for football
players to meet and react. Cells provide a place for biological
activity to happen.
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Competition for resources is an
important component of
environmental stress. Environmental

stresses of all kinds, including
competition, are basic elements

of Charles Darwin’s theory of
evolution by natural
selection. Please indulge me

for a minute as I repeat
myself. Theoretically,

competition takes
effect when there is a
high demand for
resources that are in

short supply. The cells of organisms, either in single-cell
form (like an amoeba) or multicelled form (like a
sycamore tree) demand resources from their
environment. As they multiply in their local area, they
eventually can create a situation where there is greater
demand than there are resources. Hence, competition
becomes established and the environment is more
stressful. According to Darwin’s theory, in a stressful
world, some individuals of a kind of living thing (a
particular, individual sycamore tree, for example) may
be better able to survive the stressful circumstances
than other individuals (for example, because this
particular tree has bigger roots). Those that survive long
enough to reproduce, pass on their attributes to their
offspring. As innovative features appear in each new
generation, they are tested in the competitive world
created by life itself. Sometimes innovations are
successful, and living things become slightly more
diverse. Sometimes these innovations help living things
to spread and live in new environments where others
cannot follow — partially because cells hungrily
demand to be fed.

14.7 Cells support the development of very large,
multicelled organisms

I have a special interest in how large, multicelled
organisms contributed to planetary changes. This is
because the colonization of the continents by land
plants (starting about 360 million years ago), very
significantly increased the overall presence of life and
its influence on the environment. Big living things
developed big structures with which to “scoop” bigger
portions of resources from the planet. Before land
plants, the continents were occupied by a veneer of
single-celled bacteria, some filamentous fungi and some
small lichens (a neighborly combination of a fungi and a
cyanobacteria). Plants are large, multicelled organisms
made from trillions and trillions of cells. Because plants
use atmospheric carbon to build themselves, plant-
based continental ecosystems probably speeded up the
removal of atmospheric carbon dioxide. Their
photosynthetic activities also probably increased the
production of oxygen. David Schwartzman and Tyler
Volk have pointed out that land plants also transformed

the land by creating and holding on to soil. This had the
effect of increasing the rate of rock weathering and the
removal of carbon dioxide from the atmosphere. And
Mark McMenamin, in his sweeping Hypersea theory,
argues that the large roots of land plants aggressively
penetrated deep into the earth to pump up the chemical
substances needed for life on the dry continental
landscape. According to Hypersea theory, by bringing
water and other earthly substances to the surface, life
was able to spread onto the continents in a very big
way. Urban sprawl invaded the continents as dense
cities of cells sprang up in their tree-shaped high-rise
condominiums (fig. 14.4).

The big living things on land are made possible by the
development of big structures — namely roots, tree
trunks, branches and leaves. These structures cannot
be constructed as a single cell since cells must remain
small (see the sidebar on the next page). Instead, they
must be built by clusters of cells. Later in this chapter I
discuss why one kind of cell (the eukaryotic cell) may
have been a better candidate for multicelled life than
simpler cell designs.

For now, I want to describe the two basic kinds of cells,
how they are constructed and how they process the
Earth’s materials.

Figure 14.4. A human city scene is blended with a grove of trees
to make  a point. The trees are great congregations of cells, like
cities are accumulations of offices and apartments.
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There are two main benefits to being
small. First, the smaller the cell, the more
efficiently diffusion works. Second, the
smaller the cell, the more surface area
the cell has relative to its internal volume.

Diffusion and Cell Size

The benefits of diffusion have helped
keep cells small. Diffusion is a physical
process that causes materials to spread
out. Basically, heat energy makes particles
bounce around, sort of like kernels of
corn in a popcorn maker. The more heat,
the more bouncing. Diffusion helps move
stuff in and out of the cell, and within the
cell at no expense to the cell. Therefore,
cells can conserve their energy resources.
But diffusion has its limitations. It works
best over extremely short distances. Its
effectiveness decays exponentially with
distance. For example, if it takes one
second to travel one millimeter, it will
take four seconds to travel 2 millimeters,
and 10,000 seconds to travel 100
millimeters. So, by staying small, cells can
benefit from diffusion and stay vigorous. If
they get too big, diffusion becomes
ineffective, and the cell will become
sluggish and less competitive. The smaller
you are, the better diffusion works. Why
can�t cells keep on getting smaller and
smaller?

Surface Area and Cell Size

Cell to increase their opportunities to
exchange materials with its surrounding
environment by having a large surface
area relative to their internal volume.
They achieve this by being small. The
space inside the cell is f illed with
equipment that needs raw materials.
Also, during the production process,
many wastes are produced. The quicker
the cell can obtain needed materials and
get rid of wastes the better. Materials and
wastes are exchanged with the cell�s
surrounding environment through the
cell membrane. The more entryways and
exits a cell has, relative to its internal
volume, the more materials can move
into and out of the cell. One way to
evaluate a cell�s materials exchange
efficiency is to examine the surface area
of the cell membrane relative to the cell�s
internal volume.

A very desirable situation would be a cell
with an extremely large surface area
compared to the volume of the cell. This
would mean abundant access to the
outside. No waiting to get in or out. An
undesirable situation would be a cell that
has a very small surface area compared
to the volume of the cell. In this case, the
cell�s interior activities would starve
because the materials would not be able
to get into the cell fast enough. And
wastes would build up inside because

they would not be able to get out of the
cell fast enough. Clearly, it is best to have
a large surface area relative to volume.
Which brings us to the topic of cell size.

There is an interesting geometric
relationship between surface area and
volume. What happens is that the ratio of
surface area to volume gets larger as the
size of an object gets smaller. For
example, if we take a cube that is 4 inches
on a side (f ig. 5.9), we can calculate its
surface area as 4 x 4 x 6 = 96 square
inches. The volume of this cube can be
calculated very simply. It�s 4 x 4 x 4 = 64
cubic inches. The ratio of surface area to
volume is 96/64 = 1.5 : 1. Now lets divide
the cube into one-inch cubes and do the
calculation again. The one-inch cube has a
surface area of 1 x 1 x 6 = 6 square
inches. The volume is 1 x 1 x 1 = 1 cubic
inch. For the smaller cube, the surface
area to volume ratio is 6/1 = 6 : 1. So we
can see from this simple demonstration
that even a modest reduction in size can
lead to large increases in the surface area
to volume ratio. When we do the same
calculation for an object the size of a cell,
the surface area to volume ratio works
out to be about 9000 : 1. There is no
doubt that the smaller a cell is, the
greater is its ability to exchange materials
with its surrounding environment. In the
movie, Honey, I Expanded the Kids (or
something), why would the little kid not
have survived after he turned into a giant?

Sur fa c e  a re a  fo r  o ne  c ub e  =  ( 1 "x 1 " )  x  6  = 6  s q .  in.
V o lum e  = 1 "x 1 "x 1 "  = 1  c u.  in .
Sur fa c e  a re a  /  V o lum e  = 6  /  1  =  6  :  1

4.0 inches

Sur fa c e  a re a  =  ( 4 "x 4 " )  x  6  =  9 6  s q .  in.
V o lum e  = 4 "x 4 "x 4 "  = 6 4  c u.  in .
Sur fa c e  a re a  /  V o lum e  = 9 6  /  6 4  =  1 . 5  :  1

Panel 14.2 Why are cells so small?
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14.8 There are two main cell designs, prokaryotic and
eukaryotic

There are two major designs for cells on Earth. First,
were cells of much simpler arrangement, the
prokaryotic cells. Later, the more complicated
eukaryotic cells appeared. Prokaryotes have no nucleus,
and lack discrete internal organelles (special
compartments that perform specific functions, like
mitochondria and chloroplasts). Despite their simpler
design, prokaryotic cells are still powerful life forms.
Without them, advanced life as we know it might not be
possible.

14.9 Prokaryotic cells were the first kinds of cells on
Earth

Today, organisms with prokaryotic cells are the bacteria,
and the cyanobacteria. The modern prokaryotic cell
embodies the simpler of the two major cell design
strategies (fig. 14.5). In general, “Prokaryotic”, means
“before nucleus”. As the name implies, prokaryotic cells
have no nucleus. In addition to the absence of a
nucleus, prokaryotic cells differ from eukaryotic cells in
a number of ways. For example, nearly all prokaryotic
cells are surrounded by a rugged cell wall. Just inside
the cell wall lies the cell membrane that, as with
eukaryotes, regulates the border crossings of materials
in and out of the cell.

The interior of a prokaryotic cell is not
compartmentalized like eukaryotic cells are. Still, there
are special regions. The cell’s DNA is clustered together
in an interior region of the cell. The arrangement of the

DNA in prokaryotic cells is different
from that of eukaryotic cells. In
prokaryotic cells, the DNA consists of
a single strand that, when stretched
out, is connected at both ends, in a
sort of circle.

Special kinds of prokaryotic
organisms called a cyanobacteria are
photosynthetic. Cyanobacteria have
elaborate internal membranes to
which chlorophyll and other
components needed for
photosynthesis attach.

Prokaryotic cells are simpler than
eukaryotic cells, but they appear in
more diverse forms than eukaryotic
cells. The high variety of prokaryotic
cells has enabled them to live in
nearly every imaginable environment
on Earth. And some prokaryotic cells
perform certain biological tasks that
eukaryotic cells depend on. For

example, soil bacteria remove nitrogen gas from the
atmosphere and convert it into a form that can be used
by plants. Plants can’t remove nitrogen in this way and
are utterly dependent upon bacteria to do it for them. If
we instantly removed prokaryotes from the planet,
complex eukaryotic life would fail soon after. I will
provide a more detailed comparison of prokaryotic cells
and eukaryotic cells in the next chapter. For now, think
of prokaryotic cells as being present on Earth in many
diverse forms. Yet individual prokaryotic cells are not as
versatile as eukaryotic cells.

14.10 Eukaryotic cells are much larger than prokaryotic
cells and have special compartments that divide up
the cell�s business

Eukaryotic cells make up most of the living things on
the planet. Protozoans, algae, mushrooms, plants and
animals are made up of eukaryotic cells. The eukaryotic
cell isolates its internal functions into diverse and
highly organized compartments called organelles.
Rather than have the possibility of different cellular
activities “running into one another”, the organelles
provide special places where the necessary equipment
and molecules can get the cell’s work done with as little
distraction as possible.

Eukaryotic cells are much larger and more complex
than prokaryotic cells, and this added complexity may
account for their greater amount of DNA. The added
amount of DNA presents two problems to eukaryotic
cells: 1)getting at the information quickly and efficiently;
and 2) copying the DNA promptly in preparation for cell

Nucleoid (with the DNA)

Cell wall

Cell membrane

Figure 14.5. A drawing of a bacterium. Bacteria are single-celled, prokaryotic organisms.
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Cell membrane

Nucleus
Lysosome

Mitochondria

Endoplasmic
reticulum

Golgi
apparatus

Cytoplasm

Ribosomes(b)

Cytoplasm

Ribosomes

Cell membrane
Nucleus

Lysosome

Mitochondria

Endoplasmic
reticulum

Golgi
apparatus

Cell Wall

Chloroplasts
Vacuole

(a)

Figure 14.6. (a), A plant cell. Note the cell wall and chloroplasts. (b) An animal cell. Note the
absence of the cell wall and chloroplasts. I have purposely left out many other cell
components
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division. The solution? Instead of keeping all of the DNA
on a single strand (like in prokaryotes), eukaryotic cells
distribute the DNA onto several new kinds of structures
called chromosomes. Add more lanes to the freeway.

The eukaryotic cell is finely organized into discrete
components, each with a special cellular function (fig.
14.6). Below is a summary of the cell parts that are
relevant to the main theme of the book. I have
purposely left out many cellular components and terms
because they are not important to us right now. If you
want a more complete description of cells and all their
components, please consult almost any other biology
textbook or any good encyclopedia.

14.11 (Security and confinement)
The cell membrane helps confine the cell�s contents
and separates the inside from the outside

The cell’s contents are enveloped within a very thin, and
very fluid membrane. The cell membrane confines the
cell’s activities and helps the cell to control the comings
and goings of molecules. All of the gases, enzymes, food
molecules and wastes pass into and out of the cell
through the membrane. In essence, the cell membrane
protects the internal chemistry of the cell.

In eukaryotic cells, the cell membrane mainly is
composed of a double layer of opposing fat molecules
called phospholipids (fig. 14.7). The fatty (lipid) part of
this molecule repels water. Yet the phospho end is
attracted to water. These two extremely opposite
preferences exist at opposite ends of the same molecule.
This is very good for making a membrane because when
mixed together they organize themselves based upon
their opposite preferences. The phospho ends align with
one another. The lipid ends avoid the phospho ends and
line up in their own group. In other words, the cell

membrane self-assembles from existing phospholipid
molecules. The result is a double row of phospholipid
molecules that forms a cell membrane. Soap bubbles
form in very much the same way.

In addition to the phospholipids, there are special
protein molecules in the membrane. They help the cell
communicate with the outside world, regulate the flow
of materials across its borders, connect the cell to an
adjacent cell, or simply use the membrane as a space to
set up shop to conduct enzyme activities. Membrane
proteins occupy as much as half of the cell membrane
for many cell types. And they are distributed
asymmetrically inside, within, and outside the
membrane.

Finally, the whole construction of the cell membrane is
underlain with a meshwork of protein fibers for added
structural support.

I want to stress here that the membrane is a very fluid
structure in which the membrane molecules jostle
around very much like tightly packed Cheerios floating
on milk. It is not a rigid structure by any means. Also,
we know the membrane is highly folded and has deep
pockets. Although the cell membrane provides chemical
protection, it provides little mechanical protection. It is
about as flimsy as a soap bubble. Added structural
support is provided by cell walls, in plants.

Phospho end
(likes water, 
hates fat)

Phospho end
(likes water,
hates fat)

Lipid middle
(like fat, 
hates water) Phospholipid

molecules

Membrane
proteins

Underlying
protein
fibersFigure 14.7. Section of the eukaryotic cell membrane.



180 Chapter 14

Copyright© 1999 by Tom E. Morris. http://www.planetarybiology.com

This chapter is an excerpt from Principles of Planetary Biology, by Tom E. Morris.

14.12 (Building strong walls)
In plants, the cell wall provides strong structural
support

Most plants have a rigid cell wall that is secreted by the
cell itself (fig. 6.6a). Of the eukaryotic organisms, only
plants have a cell wall. Cell walls provide structural
support for the cell, and collectively, the whole plant
(fig. 14.8). The wood of trees is nothing less than cell
walls. It is very strong and durable. The cell wall
actually is a combination of two wall types, but for our
purposes we will think of them as a single unit. Its
construction is similar to a wall of reinforced concrete
(except that materials move freely through the cell wall).
Cellulose is a long, stringy molecule made by chaining
individual sugar molecules together. The cell wall is
reinforced by bundles of cellulose molecules, like a
concrete wall is reinforced with rebar. The cellulose
strands are set in a matrix (cement) of three kinds of
proteins and cellulose-like molecules.

14.13 (Library and copying service)
The nucleus houses and protects the eukaryotic cell�s
DNA

DNA occurs in the cell
in two main places: 1)
the nucleus; and 2)
the chloroplasts and
mitochondria. The
DNA in the nucleus is
called nuclear DNA
and it is the main
DNA we are concerned
with right now. The
cell’s nuclear DNA is
bound up in large,
complex molecules
called chromosomes.
These are held inside
the cell nucleus. The

nucleus is shielded from the rest of the cell by a double-
layered membrane of its own, similar in design to the
cell membrane. In general, all of the information needed
for the operation and replication of the cell is contained
in the chromosomes.

Multicelled organisms grow,
maintain themselves and repair
themselves by adding new
cells. The new cells come
from the division of existing
cells. When a cell divides, it
splits into two smaller cells.
The DNA in the original cell
gets copied so that each new
cell has an exact copy of the
DNA. This process is
repeated thousands of times
in plants, animals, algae,
and fungi. So large,
multicellular, resource-
hungry organisms are
possible by DNA’s self-
copying abilities.

14.14 (Stirring it up in a mixing bowl)
The cytoplasm is a turbulent mixing arena, speeding
up the cell�s chemistry

The cytoplasm is all the material inside the cell
membrane, and outside the nucleus. It is a watery bath
that contains all of the cell’s non-nuclear internal
components (such as chloroplasts and mitochondria).
This is a turbulent world where the watery plasma of
the cell circulates somewhat like a circular stream in
what is called cytoplasmic streaming. Biologists think
the streaming is caused by movements of the
cytoskeleton. The cytoskeleton is a three-dimensional

Books store information in human
code (the alphabet and human
language). DNA stores chemical
information. Books are stored in a
library. DNA is stored in the cell
nucleus.

Humans use a copying
machine to reproduce
information. DNA can make
copies of itself.

Figure 14.8. (a) A construction crew builds a
wall reinforced with strips of steel. (b) A
tree's cell builds a wall reinfoced with
cellulose.

(a)

(b)
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lattice of interconnecting filaments. The filaments have
the ability to contract like tiny muscles. As the
cytoplasm circulates, organelles rapidly spin and dance
about, increasing their materials exchange
opportunities with the cytoplasm. It is sort of like a tiny
mixing bowl. Cytoplasmic streaming is roughly
equivalent to stirring your coffee after you put in the
sugar. It helps distribute the sugar much faster, than if
the coffee remained unstirred. We will see later that
cytoplasmic streaming may be very important in making
eukaryotic cells, and multicelled life possible.

14.15 (Energy capture and storage)
Chloroplasts help make sugar and convert nitrate to
ammonia

The chloroplast is the place where photosynthesis
happens in green plants and other photosynthetic
eukaryotes, like algae (fig 14.6a). Not all plant cells
contain chloroplasts. Which parts of a tree do you think
do and do not have chloroplasts? The chloroplast has a
special design that supports the ‘capture’ of sunlight
energy which is used to support carbon fixation and the
synthesis of sugar. In order to make sugars, the
chloroplasts need building materials. So they consume
H2O, and CO2. In the process, they release O2 as a waste
product. The O2 exits the chloroplast and, if the O2

doesn’t immediately flow toward mitochondria in the
same cell, it is eventually released to the atmosphere,
available now for your mitochondria.

Chloroplasts also are the place where assimilative
nitrate reduction happens. This is a biosynthetic
process where nitrate is ‘transformed’ into ammonia.
Ammonia is a vehicle that makes nitrogen available for
other biosynthetic reactions that use it.

14.16 (Making energy available � right now!)
The mitochondria help consume sugar and oxygen, and
distribute energy for all the cell�s activities

All eukaryotic cells have
mitochondria (including
plant cells). The
mitochondria are very
specialized organelles
that play an important
role in extracting energy
from sugar. In the
process, they use up
molecular oxygen (O2).

Let’s follow O2 and CO2

through your body for a
moment. When you
inhale, the O2 taken in by
your lungs makes it way
into the blood, and then

to the cells of the body. Once inside the cell, the O2

enters the mitochondria, combines with waste hydrogen
atoms to become H2O. When you exhale, your breath
has an elevated amount of CO2 in it. The CO2 comes
from the final breakdown of sugar in the mitochondria.
The CO2 makes its way out of the mitochondria, out of
the cell and into your blood where it is released to the
atmosphere by your lungs. This is how exercise helps
you lose weight, by releasing more CO2 to the
atmosphere.

Biologist, Lynn Margulis of the University of
Massachusetts has proposed a theory arguing that
chloroplasts and mitochondria were one time free-living
bacteria. At one point in their history, they became
engulfed and enslaved by eukaryotic cells. According to
her serial endosymbiosis theory, eukaryotic cells came
from bacteria by the development of cooperative living
arrangements. That is, certain kinds of bacteria took up
housekeeping inside the larger, eukaryotic cell. It is a
reasonable idea since chloroplasts and mitochondria
are very much like bacteria. Chloroplasts and
mitochondria possess their own unique DNA, and they
divide on their own, independent of their host cell. The
organization of such cooperative living conditions was a
very significant step in the development of eukaryotic
cells, and multicelled life. I will elaborate on this issue
in the next chapter.

14.17 (Home improvement and manufacturing for export)
Proteins and fats are assembled in the endoplasmic
reticulum

The endoplasmic reticulum is a complex system of
membranes that is the manufacturing center of the cell.
This is where most of the deep biosynthesis happens in
eukaryotic cells. Cells make things mainly for internal
use. They also make substances for export. The types of
molecules that are made here are proteins (usually
enzymes), and fats.
Proteins are
assembled in the
rough endoplasmic
reticulum and fats
are assembled in the
smooth endoplasmic
reticulum. Enzymes
exert a powerful
controlling influence
over the cell’s
business activities.
Sugar reserves too
low? The
endoplasmic
reticulum will
synthesize an
enzyme that

A cook prepares a meal on a kitchen
counter. The kitchen to humans is
much like an endoplasmic reticulum to
cells. It's a place where the ingredients
of life come together and are
assembled into something new.
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increases the uptake of sugar across the cell
membrane. Where do the plans for making this enzyme
come from? The DNA in the nucleus.

Note that DNA carries information for the construction
of important regulatory molecules like enzymes. That
coded information is copied in the nucleus, then this
message is delivered to the endoplasmic reticulum.
There, the code is used code to assemble amino acids in
the correct order making an enzyme. Enzymes greatly
speed up chemical reactions (therefore resources
consumption) inside the cell. The endoplasmic
reticulum provides a workspace for enzymes to be
synthesized. That is, the endoplasmic reticulum plays
an integral role in increasing the cell’s level of activity
and demand for resources.

14.18 (Shipping department)
The golgi apparatus packages and ships products like
enzymes, hormones, and mucus

The cell needs an
efficient way to
package and ship its
products. The golgi
apparatus is a folded
system of
membranes that are
arranged like a
bunch of flattened
sacs. The
endoplasmic
reticulum feeds
products to these
sacs where they are
packaged and
shipped outside of
the cell membrane.
Sometimes the golgi
apparatus packages
products for internal
use. Such an
example would be the packaging of powerful protein-
eating enzymes into a new internal cell component
called a lysosome.

Cell products that are shipped by golgi apparatus
include such substances as saliva, mucus, tears,
digestive enzymes in the gut, bile from the liver, skin
oils and skin pigments (fig. 14.9).

14.19 (Housekeeping and recycling)
Lysosomes digest engulfed resources and recycle
worn out parts

The lysosome helps recycle aged or unused cellular
components. The lysosome itself is a package of
enzymes that has the potential of dismantling every
kind of molecule in the cell. But the cell at large is
protected from the destructive chemicals of the
lysosome because it has a double-layered membrane.
Sometimes certain organelles fall prey to the lysosome’s
recycling tendencies. For example, when the cell has
more mitochondria than it needs, the lysosomes engulf
them and digest them. The digested remains are then
released back into the cytoplasm where they are used
again to make new molecules and new organelles.

A restaurant worker delivers food
prepared by the cook. In our human
world, products we consume are
packaged. This protects the product
and makes it easier to move. In cells
the golgi apparatus packages cellular
products and ships them out.

Figure 14.9. The saliva glands of the human body. The glands are
made up of cells whose endoplasmic reticula make lots of
digestive enzymes. The enzymes are packaged in the golgi
apparatus, shipped out of the cell where they enter a saliva duct.
When you eat something the saliva flows and its enzymes start
the digestion process.
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14.20 Considering the abilities of eukaryotic cells in the
support of large living things

The remaining part of this chapter is devoted to
understanding the beauty of the eukaryotic cell
architecture as it relates to the requirements of
constructing macroorganisms (large living things).

The world’s continents are covered with large
organisms, especially plants. This observation is
important because large living things greatly contribute
to life’s overall influence on the environment. They
consume huge amounts of resources to build, operate,
and maintain themselves. Macroorganisms also support
large numbers of single-celled organisms in a complex
ecological network.

Eukaryotic cells have played a crucial role in the
development of large organisms. Vastly greater
demands for resources and territory accompanied the
appearance of eukaryotic cells as they consumed the
smaller prokaryotic cells. In theory eukaryotic cells
actually are a community of prokaryotic cells that have
evolved to lived together inside the cell — thus forming
a new kind of cell altogether, the eukaryotic cell. The
presence of macroorganisms, made from trillions of
eukaryotic cells, stepped up competition for resources
in a big way. The versatile eukaryotic cell architecture
helped support the development of newer kinds of
macroorganisms capable of surviving in the dry
frontiers of the continents.

But why are macroorganisms constructed of eukaryotic
cells and not prokaryotic cells? The answer pursued in
this chapter has a lot to do with versatility and size.
Biologists have observed that
macroorganisms generally contain
hundreds and even thousands of
times more DNA than do single-celled
organisms like bacteria. Based upon
this evidence it may be that lots of
DNA is required to make a
macroorganism. And a very large cell
is needed in order to store the DNA.
Prokaryotic cells are not good
candidates for multicelled life largely
because they are too small to house
the large amounts of DNA needed.
But eukaryotic cells are thousands of
times larger than most prokaryotic
cells. How they are able to achieve
this feat has much to do with their
basic architecture, compartmental
design features, and unique ways of
handling their large amounts of DNA.
Nonetheless, being small has its
advantages.

14.21 Prokaryotic cells have exploited the advantages of
being small

Prokaryotic cells and eukaryotic cells both are highly
evolved biological structures. However, they have
achieved success in very different ways. Prokaryotic
cells are much smaller and simpler than eukaryotic
cells. They are only about a tenth as long as eukaryotic
cells and fill only about 1/1000 of the volume of a
eukaryotic cell (fig. 7.3). Also, they don’t have the
complex interior that eukaryotic cells have. There are
advantages to being small and simple. For example,
diffusion works better on smaller cells. Their simple
design speeds up the cell division process and hurries
the growth of new cells. So, prokaryotic cells grow and
divide much faster than eukaryotic cells. The much
studied bacteria, E. coli (it lives in your intestines)
divides about once every 20 minutes. Some
Staphylococcus bacteria (that cause staph infections)
divide about every 25 minutes. This kind of growth can
be sustained as long as there is food, and as long as
bacterial wastes don’t build up too high to become toxic.
If we follow a staph infection in an ideal situation, we
can see how you can get a sore throat in such a short
period of time. Figure 14.10 shows how fast bacteria
can grow. The curve goes up quickly. If a single
Staphylococcus cell becomes established, you will have
over 16 million Staphylococcus bacteria in your throat in
about 10 hours (hypothetically). With this kind of
reproductive speed, bacteria can quickly dominate a
new environment.
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Figure 14.10. A drawing of a microscope view of cells, superimposed on a graph showing
how fast bacteria poulations can grow. Notice the Amoeba (a kind of eukaryotic cell) is
much larger than the many bacteria.  On the graph, can you see how long it took to reach
2 million? How many bacteria will be present after 10 hours and 25 minutes?
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Being small and relatively uncomplicated helps the
prokaryotes to deploy rapidly when nutrients
periodically become available. They quickly colonize
surfaces where nutrients may be sparse and short-
lived. And producing such large numbers helps reduce
their risk to extinction. Prokaryotic cells do produce
wastes such as acids and toxins, but no real products
for export. Since they do not build macroorganisms,
they rarely manufacture products for use elsewhere. So,
prokaryotic cells spend the bulk of their energy simply
growing, then dividing and growing some more.
Prokaryotic cells are simple in design and “single-
minded” in their lifestyles. They are very efficient, but
they are not individually versatile.

14.22 Prokaryotic cells are more efficient and more
biochemically diverse than eukaryotic cells

There is a myth amongst some biologists that
compartmentalization makes eukaryotic cells more
efficient than prokaryotes. This view is probably wrong.
Prokaryotic cells are far more efficient than eukaryotic
cells. They grow faster, they divide faster, they consume
resources faster and they produce wastes faster than
eukaryotic cells. The small size of prokaryotic cells
helps them achieve this efficiency. Materials move
across short spaces inside, making diffusion more
efficient. They have a large surface area-to-volume ratio
that increases their relative contact with the
environment. Therefore, materials are exchanged
efficiently. So, despite their compartmentalization,
eukaryotic cells are not as efficient as prokaryotic cells.
Still, there is value in the compartmental approach. It
helps the cell to be larger and more versatile.

14.23 As a whole, prokaryotic cells are more biochemically
diverse than eukaryotic cells, but individually they
have a narrow repertoire

Prokaryotic cells are a very diverse group of highly
specialized individuals. If we compare the whole group
of prokaryotic cells with the whole group of eukaryotic
cells, the prokaryotic cells are more biochemically
diverse. We discussed their diverse biosynthetic abilities
in chapter 7.

As a whole, prokaryotic cells do some things eukaryotic
cells cannot. For example, some kinds of prokaryotic
cells can remove nitrogen from the atmosphere. Other
prokaryotes return nitrogen to the atmosphere. Special
kinds of prokaryotic cells can use sulfur as an energy
source. And they can ferment sugar into more kinds of
chemicals (like methane) than eukaryotic cells can. Yet
individual prokaryotic cells have very narrow
repertoires. They are dedicated primarily to exploiting
their current environmental conditions in such a way as
to maximize their rate of growth and reproduction.
There are very few, if any, additional internal activities

of significance. This miniaturization, specialization,
rapid growth, and reproduction is the road prokaryotic
cells have followed. Their ability to narrowly specialize
has enabled them to occupy even the most extremely
hot, cold, dry, and acid habitats. They cover the Earth,
but not as complex, macroorganisms. Although
specializaton does have its benefits, it also comes at the
expense of individual versatility. In a cell-to-cell
comparison, individual eukaryotic cells are far more
versatile and capable than individual prokaryotic cells.
And this may have better supported the development of
macroorganisms.

14.24 Increased internal versatility and larger cell size
supported the development of macroorganisms

Apparently, macroorganisms are better supported by
cells that have the internal ability to do many different
things simultaneously.

Perhaps it has to do with the dual life they lead, as was
pointed out by Matthias Jacob Schleiden about 150
years ago. He recognized that plant cells must
contribute to the growth, operation and maintenance of
the whole plant, as well as themselves. Individual cells
in macroorganisms have a much more complicated life
than bacteria cells do. In addition to keeping themselves
alive, they must be “productive members of society”.
The society being the whole organism of which they are
a part. The society of cells in macroorganisms is not
“laid back.” It is a fast-paced world that places huge
demands on its members. It may be that the complexity
we see in eukaryotic cells supported the development of
cells that could engage in this connected, networked
and busy life. This high complexity may have been
better supported in cells larger than the prokaryotic
kind. In addition, one of the prices of macroorganismal
life is the high overhead of carrying around huge
amounts of DNA.

Organism

Number of Base Pairs

in the DNA

(times 1 million)

Prokaryotes

Small mycoplasma 1.6

E. coli 4

Large cyanobacterium 16

Eukaryotic organelle

Baker�s yeast mitochondrian 2-3

Eukaryotes

Small yeast species 5

Baker�s yeast 12-20

Range in mammals 2800-5300

Range in protozoa 55-320,000

Table 14.1. A comparison of the amounts of DNA in different kinds
of cells. Can you see a general trend?
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Eukaryotic cells generally have much more DNA than
do prokaryotic cells. Table 14.1 lists some examples of
prokaryotes, eukaryotes, and a mitochondrion
(remember mitochondria have their own DNA). The table
indicates that mammals (fur-bearing animals) have
hundreds and even thousands times more DNA than
prokaryotes. There is a striking difference in the obvious
functionality of the DNA when comparing prokaryotes
and eukaryotes. In prokaryotes, nearly all of the DNA
has a coding function. That is, their DNA is filled with
useful information without excess nonsense. Noting this
characteristic, biologist, Walter Gilbert described
prokaryotic DNA as “streamlined.” However, in
eukaryotes, most of the DNA is non-coding. In other
words, the nucleus of eukaryotes is filled mostly with
“junk DNA” that contains no obvious information.
Biologists debate why more complex organisms have so
much non-coding DNA, and there is no solid answer.
For now, I will adopt the notion that the extra DNA was
somehow important in the evolutionary development of
eukaryotic cells and the macroorganisms they build.

So, building a macroorganism was probably a very
unlikely possibility for prokaryotes. Their small size is
too cramped for the more massive internal hardware
and DNA we see in macroorganisms. The development
of macroorganisms became the province of eukaryotes.
Still, the prokaryotes were not entirely left behind in the
march toward more complex life forms. We will see later
that prokaryotic cells contributed to the development of
eukaryotic cells. Today, eukaryotic cells are the
beneficiaries of prokaryotic efficiency in more ways than
one.

14.25 How eukaryotic cell architecture supports the
demands of macro-life

Being larger has two main benefits:
1) having the space for the equipment that lets the cell

do more things simultaneously
2) having the space for the much greater amounts of

DNA that accompany macroorganisms

All macroorganisms are composed of eukaryotic cells.
One of the more satisfying benefits of being bigger is
that eukaryotic cells can engulf and consume
prokaryotic cells outright. Thus, eukaryotic cells can
obtain concentrated supplies of nutrients with little
expenditure of energy. Fungus biologist, Michael Carlile,
made the enlightening comparison of prokaryotes and
eukaryotes by depicting them as aircraft with distinctly
different missions. Figure 14.11 (next page) and much
of this chapter, for that matter is inspired by Carlile’s
work. Study this drawing and its caption. Also, Lynn
Margulis proposed that the development of the
eukaryotic cell actually got started by prokaryotic cells
engulfing other prokaryotic cells. Her idea is called the
Serial Endosymbiosis Theory. More about it later.

The greater versatility of eukaryotic cells may have been
a prerequisite for the construction of the great
community of cells in macroorganisms. Internal
versatility is achieved by specialized cellular “hardware”
such as chloroplasts, the endoplasmic reticulum and
other internal structures I discussed earlier. However,
this added equipment requires lots of space. Also,
coming together to form multicellular macroorganisms
was accompanied by much more DNA. Both the internal
hardware and the greater amounts of DNA take up lots
of cell space. Eukaryotic cells provide the space for
these features.

While there are benefits to being larger, there are also
penalties, such as:
1) longer growth and development times, and slower

reproduction cycles
2) greater resource demand, but slower diffusion rates

because of greater distances and lower surface-to-
volume ratio

3) greater quantities of DNA, which present special
copying problems at the time of cell division

Eukaryotic cells have incorporated special innovations
that help them overcome some of these potential
shortcomings. The following sections describe these
unique eukaryotic features.

14.26 Eukaryotic cells speed up resource uptake and
diffusion in the cell with the use of a highly folded and
pocketed membrane, the ability to engulf, and
cytoplasmic streaming

The biggest disadvantage eukaryotic cells have
compared to prokaryotic cells is a much smaller
surface-to-volume ratio. This is simply a function of
geometry. The larger the cell, the smaller the surface
area-to-volume ratio, and the harder it is for the cell to
get the things it needs from the surrounding
environment. Also, the larger the cell, the longer it takes
for materials to travel from the cell membrane to cell
center. This is because diffusion loses its efficiency as
distances increase. The bigger cells clearly are at a
disadvantage in this area when compared to prokaryotic
cells. But eukaryotic cells have a few tricks that help
them improve the movement of materials.

One way to improve the uptake of materials (and the
disposal of wastes) is to increase the cell surface area-
to-volume ratio. Prokaryotic cells have a relatively
smooth cell membrane, but the membrane is highly
folded in eukaryotes. The folds significantly increase the
cell’s overall surface area while not increasing its
volume. Lately, biologists have learned that the
eukaryotic cell membrane is still more complicated. For
example, Thomas Landh of the State University of New
York at Buffalo has described pockets in the membrane
that fold in such complex ways that it took him two
years and some sophisticated mathematics before he
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could visualize them. He calls the pockets “cubic
membranes” which are structures made from what
mathematicians call “periodic minimal surfaces” (fig.
14.12). The interesting property of cubic membrane
structures is that they partition space with the
maximum surface area-to-volume ratio. Landh’s
observations appear to be consistent with those made
by biologists Richard Anderson and Michael Lisanti.

They have discovered what appear to be “caves” in the
cell membrane. They have found that these tiny
structures can open, take in materials, then close. This
could be a way to transport materials into the cell. The
point is that the cell membrane in eukaryotes is highly
complicated. Still, there are more aggressive ways of
getting materials inside.

Figure 14.11
This drawing depicts a large “mother ship” in a struggle with smaller aircraft. The mother ship has a broad diversity of internal capability, and
represents a eukaryotic cell. The planes flying around it are smaller, have far less individual capability but occur in many different forms. They
represent the prokaryotic cells. Notice that one of the planes has been captured by the mother ship. This is a major advantage of being big.
Eukaryotic cells can eat prokaryotic cells. See the pizza chefs running around? He represents the many mitochondria that provide immediate
energy for the cell’s activities. According to the Serial Endosymbiosis theory, the mitochondria are descended from bacteria that were once
captured by the larger cell. They took up refuge inside the cell and continue to provide this useful service. So, the mitochondria, like the pizza
chef is a tireless captive. Notice also that while one part of the ship is capturing planes, other parts of the cell are simultaneously engaged in
other activities such as photosynthesis, manufactiring, shipping, and security. (Inspired by Michael Carlile)
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Eukaryotic cells
don’t have to wait
around for nutrients
to slowly diffuse into
them. They can
simply engulf them
(fig. 14.13). You may
be familiar with the
single-celled
Amoeba. Watching
this organism gives
a good
demonstration of
how the engulfing
process works.
(Note, biologists have
about three or four different terms to describe this
process, but we will just refer to it as “engulfing.”)
During this process the cytoplasm and cell wall
surround the food item. Once surrounded, it’s no longer
outside the cell, it’s inside. The act of engulfing is
performed by re-shaping the cell. Reshaping is
accomplished by moving the cytoplasm around. This is

a mechanical process accomplished by movements in
the cell’s delicate and flexible cytoskeleton. The ability
to move cytoplasm around also helps stir things up
inside the cell in another important cellular process
called cytoplasmic streaming.

Cytoplasmic
streaming very
simply is the
somewhat vigorous
and circular
movement of the
cytoplasm (fig
14.14). It is
especially visible in
plant cells.
Biologists think
cytoplasmic
streaming is caused
by contractile
movements of the
cell’s fine

cytoskeleton. As the cytoskeleton moves, it carries
cytoplasm components with it, such as mitochondria
and chloroplasts. The advantage of cytoplasmic
streaming is that it acts to stir up the cytoplasm which
increases the speed in which molecules encounter and
react with each other inside the cell. Although the
cytoplasm is a turbulent place, it is not necessarily
chaotic. The reason is compartmentation.

14.27 Compartments of specialized activity help improve
efficiency inside eukaryotic cells.

The internal activities of eukaryotic cells have special
places for them, as we saw in the previous chapter. My
favorite examples of such compartments are the
mitochondria and the chloroplast. But there are many
more. Compartmentation helps the cell do two main
things:
1) counteract losses in cell efficiency due to greater

size
2) organize and segregate the complex inner workings

of cells that are engaged in a variety of activities
simultaneously

Compartmentation does not make the eukaryotic cell
more efficient than the smaller prokaryotic cell. But
compartmentation does make the large eukaryotic cell
more efficient than it would be without
compartmentation. In other words, compartmentation
improves cellular efficiency such that the large cell can
survive. For example, the chloroplast establishes a
place for photosynthesis to happen. Inside the
chloroplast are all the enzymes in just the right
amounts that are needed to keep the process going.
These enzymes are not simply floating around in the
cytoplasm. They are concentrated inside the
chloroplast. Compartmentation improves the efficiency
of cellular processes by confining the chemicals of life
such that they are more likely to react at optimum
levels.

Compartmentation also is important in segregating the
different activities. Eukaryotic cells have so much going
on. There are thousands of reactions happening each
second. If there was not some way to keep the cell’s
chemicals from randomly moving about, they would end
up interfering with the cell’s overall chemistry. In other
words, the product of one reaction could be a poison to
another reaction. If these two are not separated, the cell
could fail. One shouldn’t pour the dish water into the
soup. So, compartmentation supports the high variety
of simultaneous activities in eukaryotic cells by keeping
them separate.

Two of the special “compartments” inside the cell are
the chloroplasts and the mitochondria. In addition, the
fine, contractile filaments make up the cytoskeleton,
and flagella (whip-like structures that propel the cell).
How they came to occupy eukaryotic cells is an
interesting story, covered next.

Figure 14.12. A drawing that tries to
represent a cross-section of the
eukaryotic cell membrane as
envisioned by Thomas Landh's work
on cubic membranes. Notice that the
folds substantially increase the surface
area while the increase in volume is
negligible. Why is this good for a cell?

a. b. c.

Figure 14.13. Prokaryotic cells can't do this. An Amoeba engulfs a
bacterium. Flexing of the cytoskeleton directs the movement of the
cytoplasm around the bacterium. Your white blood cells work like
this to fight infection.

Figure 14.14. A cross-section of the
cell showing cytoplasmic streaming.
This movement is expensive because
it requires energy. Wouldn't the cell be
better off conserving its energy instead
of using it to stir up the cytoplasm?
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Panel 14.3 The Serial Endosymbiosis Theory

Plants
Animals Fungi

Kingdom
Protoctista
(Algae,
Protozoans)

Ancestral, free-living
Cyanobacteria.
Source of modern
chloroplasts.

Ancestral, free-living
spirochete bacteria.
Source of contractile
filaments used in
cytoskeleton.

Ancestral, free-living
Thermoplasma
bacteria.
Source of nucleus
and cytoplasm.

Ancestral, free-living,
oxygen-respiring
bacteria.
Source of modern
mitochondria.

Intermediate stage

The Serial Endosymbiosis Theory (SET)
was contributed in the 1970s by Lynn
Margulis of the University of
Massachusetts. It attempts to explain how
eukaryotic cells came about at a time in
the Earth�s history when the world was
dominated by prokaryotic cells. Before
SET, the prevailing view was that
prokaryotic cells somehow evolved into
eukaryotic cells. Margulis was unsatisfied
with this view. Her studies on
microorganisms led her to see the
remarkable similarities of bacteria and
certain eukaryotic cell components. One
of the most inexplicable things about the
chloroplasts and mitochondria in
eukaryotic cells is that they have their
own DNA, and it is separate from the
nuclear DNA. They move very
independently, and divide very
independently. It�s as if they are, well,
independent. Despite the conventional
wisdom to the contrary, Margulis could
not ignore this situation. So, she made
the startling prediction that mitochondria
and chloroplasts in modern eukaryotic
cells are really the descendants of once
free-living bacteria that were engulfed by
a larger cell, survived digestive assaults,
and took up permanent residence inside
the cell. As a result, the larger cell
prospered by the energy management
abilities of these new inhabitants. And so,
they lived together (symbiosis). The
drawing at right shows the paths the
mitochondria, nucleus, cytoplasm,

cytoskeleton, and chloroplasts may have
taken to result in modern eukaryotic
cells. SET is now gaining widespread
acceptance by biologists.

So, eukaryotic cells are not entirely new
kinds of cells. Instead, they are a
community of diverse prokaryotic cells
living together and achieving remarkable
biological success. The cells inside you
and I are filled with mitochondria that are
descended from free-living bacteria.
Prokaryotic cells were not left out of the
macroorganism game. They built it.

There are two lessons from this story: 1)
a person with a vision, backed by
powerful evidence can overturn
conventional ways of looking at the
world; and 2) life has produced amazingly
complex organisms and whole
ecosystems by seasoning competition-
based evolution with sprinkles of spicy
cooperation.

Drawing below adapted from Margulis, Lynn, 1992,
Biodiversity: molecular biological domains,
symbiosis and kingdom origins. Biosystems ( 27),
39-51.
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14.28 Eukaryotic cells are big houses in which special
prokaryotic cells have taken up residence

Microsoft Corporation is the world’s largest computer
software company. It struggled for years to develop a
computer program that would help people like you and
me manage our checkbook and do simple financial
tasks. Their best attempt was called Microsoft Money
and it never caught on. This was partly due to the fact
that its program had been preceded by one produced by
a competitor. The competitor was called Intuit
Corporation and its product was called Quicken. One
day in 1994, Microsoft decided they would be better off
if they simply bought Intuit Corporation. This would be
good for Microsoft since it then would own Quicken and
could enjoy the benefits of the revenue it generates. It
also would be good for Intuit Corporation since it would
mean greater security and the availability of more
resources for the future development of its programs,
like Quicken. So, what does this little story have to do
with cells?

The purpose of the above story is to demonstrate that
sometimes the best way to get more of what you want is
to form alliances. We see this often in biology. For
example, your whole body is a collective of cells who
have ‘agreed’ not to compete with one another but to
cooperate. Cooperation can lead to greater things. Also,
this story points out the advantages of large entities
acquiring smaller entities. Because this is how
biologists think the nucleus, cytoskeleton,
mitochondria, and chloroplasts came to be incorporated
into eukaryotic cells.

The origin of the nucleus, cytoskeleton, mitochondria,
and chloroplasts, in eukaryotic cells long has puzzled
biologists. Chloroplasts and mitochondria move and act
very independently inside the cell. They have their own
DNA that is far different from the DNA inside the cell’s
nucleus. In the late 1970s biologist Lynn Margulis
wondered about these structures. She proposed that all
of these components were not developed “in-house” by
the evolving eukaryotic cell. Instead they were acquired.
In her initially controversial, and now widely accepted
‘Serial Endosymbiosis Theory’, Margulis has outlined
how bacteria with beneficial specialties have come to
reside inside eukaryotic cells. According to her theory

(Panel 14.3), all eukaryotic cells and the
living beings they construct harbor and are
thus dependent upon the internal activities
of prokaryotes. In other words, eukaryotic
cells are principally a cooperative
community of prokaryotic cells that benefit
by living together (symbiosis).

The primary consequence of the activities
of endosymbionts like mitochondria and
chloroplasts is that they maintain
themselves. The secondary consequence of
the activities of endosymbionts is that they
provide services and products to the cell at
large. The ultimate consequence is that the
endosymbionts and the whole cell thrive.

14.29 Eukaryotic cells use mitosis as a
way of reliably duplicating their huge quantities
of nuclear DNA

As I mentioned earlier, eukaryotic cells
have much more DNA than do prokaryotic
cells. This represents a huge amount of
molecular code. The DNA of prokaryotes
and the nuclear DNA of eukaryotes are
part of larger molecules called
chromosomes. Recall that the DNA holds
the coded information that helps build,
operate, and maintain the cell. It also has
the ability make copies of its code either for

1.  Cell in growing phase.
DNA is spread out.

2.  Cell in preparation for
cell division. DNA has
been copied, and begins
coil up into compact
chromosomes.

3.  Copied chromosomes
line up at cell equator.
Getting ready to separate.

4.  Each half of the copied
chromosome is pulled
in opposite directions.

5.  The cell membrane
starts to pinch in and
form two new cells.
The chromosomes start
to unravel.

6.  Two smaller cells result.
Each one is an exact copy
of the original cell.

Figure 14.15. Some of the essentials of mitosis. This process is not found in
prokaryotic cells. It is important in eukaryotic cells since they have so much DNA. It
could become hopelessly tangled during cell division. Mitosis makes the process
orderly and neat so that the DNA is reliably copied, separated and moved to the new
cells.
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the operation of the cell or for cell reproduction. This is
all fine except that there is so much of it in eukaryotic
cells. Some mammals have as many as five billion base
pairs.

The problem is how to move such huge amounts of
tangled DNA during cell division without breakage. As
the size of the chromosome increases, it is more difficult
to move during cell reproduction. One feature that helps
with this problem is that the DNA in eukaryotic cells is
placed not on a single huge chromosome, but on
separate chromosomes. For example, the DNA inside
each of your cells exists on 23 pairs of chromosomes.
Your dog has 39 pairs of chromosomes. Prokaryotic
cells have a single chromosome. It is easier and more
reliable to move several smaller chromosomes than a
single gigantic chromosome. But putting the DNA on
several chromosomes is the first step. The next question
is how to move these chromosomes without getting all
tangled up.

It is simple to visualize the difficulty in untangling a
plate of spaghetti 5 miles across, while not breaking a
single noodle. Mitosis is a cellular process in which the
chromosomes are reliably copied and moved during cell
division (fig. 14.15, previous page). One of the key
features of mitosis is very similar to eating a plate of
spaghetti. Most of us spin the noodles around our fork,
then eat it. Mitosis handles the long, stringy DNA in
much the same way. Instead of a fork, the DNA is
wrapped around spherical protein molecules. These are
further coiled into tight packages that are easily and
reliably moved without breakage. Mitosis only happens
in eukaryotes. Because it helps in the reproduction and
movement of large amounts of DNA, it is one more
feature that has supported the colonization of the
continents by large organisms.

14.30 DNA replication occurs at many points simultaneously
in eukaryotic cells

Before chromosomes and their DNA can be moved
during cell reproduction, the DNA must be copied.
Prokaryotic cells start the DNA copying process at a
single point on the inside of the cell membrane. This is
efficient enough since prokaryotes have such a small
amount of DNA. However, the DNA molecules in
eukaryotic cells have many points in which the
replication process can start. So in preparation for cell
division, the DNA of eukaryotic cells is busy copying
itself at many different locations simultaneously. This
helps speed up the replication process a great deal. It
reduces time between cell division, thereby increasing
the rate of growth of macroorganisms. If DNA did not
replicate itself at many different locations, the process
would be so slow that eukaryotic cells and
macroorganisms might not be possible.

14.31 Summary Remarks

The main purpose of the second half of this chapter was
to help you to understand how the eukaryotic cell
architecture is relevant to life’s greater influence on the
planet. Without eukaryotic cells, it is uncertain if Earth
would have forests filled with trees, flowers, insects and
jaguars. Although animals existed in the sea for at least
200 million years before there were any plants, it was
the plants that moved life onto dry land in great
measure. As they spread, plants increased life’s overall
influence on the global atmosphere twofold. But the
success of plants depended upon a series of prior
biological developments that all began with the way the
cell was put together.

In Panel 14.4, I have summarized the main steps in cell
design that led to the colonization of the continents. Use
this drawing to help you better visualize the
relationships between the topics I presented in this
chapter.
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The colonization of the continents by
plants is a good example of life�s
tendency to exploit the Earth in more
aggressive ways. The continents
presented special opportunities and
obstacles to life. Although
microorganisms (single-celled organisms
like bacteria and protozoans) were
extremely successful in the sea, they
achieved only limited success on the
continents. Life more fully exploited
opportunities on the land by the
development of plants. But this took
several steps. This drawing summarizes

these steps as a daisy chain of
evolutionary changes that f inally enabled
life to maximize its colonization of the
continents.

I have arranged the chain so it can be
used to trace the steps forwards or
backwards. The point is to understand
the significance of eukaryotic cells in the
context of the bigger picture of life�s
overall influence on the planet.

Panel 14.4 Daisy chain of steps leading to the colonization of the continents and life's greater planetary infuence

Maximization of life's infuence on the 
atmosphere

Maximization of life's presence on the 
continents

Simultaneous access to sun & 
atmosphere, and underground water 
and nutrients

The development of large living things

The development of multicellularity. 
Living things made from many cells

Cells that are more internally versatile 
and can hold more DNA

The development of larger cells

Internal compartmentation for greater 
internal efficiency

Improvements in ways to get materials 
in and out of the cell

Improvements in organization, 
replication, and movement of DNA
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