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Area of Research

Structure of membrane channels
Introduction of C. elegans

as a model organism

Apoptosis in C. elegans
Electrospray ionization in MS
MALDI in MS
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Protein trafficking
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Mobile elements in the genome

Structure of nucleic acid-protein complexes
Recombinant DNA technology

DNA sequencing technology

Major histocompatibility complex

Restriction endonuclease technology

Chemiosmotic mechanism of oxidative
phosphorylation

Prion-based diseases
Reverse transcriptase and tumor virus activity

Structure and function of internal components of cells

Immunoglobulin structure

Relationship between primary and tertiary structure

of proteins
Mechanism of hormone action and cyclic AMP
Nerve impulse propagation and transmission

Role of sugar nucleotides in carbohydrate synthesis

Genetic structure of viruses

Genetic code
Transfer RNA structure

Tumor viruses
Bacterial operons wand messenger RNA
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Three-dimensional structure of globular proteins
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photosynthesis

Clonal selection theory of antibody formation
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Primary structure of proteins

391, 392,394
55
692,723
728

684

723

176

63
633

262

678

60

590, 595, 596
160

273

23,380

722-723

439

632
406, 456

717
160

374-377

56

213,214-215

666

518,523

405-406
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*In a few cases, corecipients whose research was in an area outside of cell and molecular biology have been omitted

from this list.

**Physiology denotes the Nobel Prize in Physiology or Medicine
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ics of Human Interest

NOTE: Anf after a page denotes a figure; t denotes a table; fn denotes a footnote; HP denotes
a Human Perspective; EP denotes an Experimental Pathway.

Acquired immun deficiency syndrome.
See AIDS
Acute lymphoblastic leukemia (ALL), 755,
765, 766, Chapter 16
Acute myeloid leukemia (AML), 759, 764,
765, 766, Chapter 16
Adaptive (acquired) immune response,
777,779, 780, 781, 789, Chapter 17
Adenoviruses, 22HP, 27, 28f, 187HP, 495,
497,741, 753, Chapter 1, Chapter 4,
Chapter 11, Chapter 16
Adrenoleukodystrophy (ALD), 236HP,
Chapter 5
African populations, genomes of,
454-455, 473HP, Chapter 10
Agammaglobulinemia, 780, Chapter 17
Aging
Down syndrome (trisomy 21) and,
680HPf, 681HP, Chapter 14
mitochondrial disorders and, 235HP,
Chapter 5
premature (progeria), 544, 635,
Chapter 12, Chapter 13
radicals and, 42-43HP, Chapter 2
telomeres and, 553, 562, 562f, 563, 564f,
564, 565, 565fn, 566, 604, Chapter 12
AIDS (acquired immune deficiency
syndrome)
helper T cells and, 786, 789fn, 796, 801,
806, Chapter 17
resistance, 720, 777f, 781, 797, 810,
Chapter 15, Chapter 17
resistance to drugs, 74, 101-102HP,
Chapter 2, Chapter 3
therapies for, 433HP, Chapter 11
ALD (adrenoleukodystrophy), 236HP,
Chapter 5
ALL (Acute lymphoblastic leukemia), 755,
765, 766, Chapter 16
Alzheimer’s disease (AD), 76HP, 78f, 98,
197, Chapter 2, Chapter 4
AML (Acute myeloid leukemia), 759, 764f,
765, 766f, Chapter 16
Anesthetics, 193, 196, Chapter 4
Aneuploidy, 666, 680HP, 755f, 757, 763f,
740fn, Chapter 14, Chapter 16
Antacid medications, 154, Chapter 4
Antibiotics, 118-121HP
modes of, in clinical use, 119HPt, Chapter 3
penicillin, 120, 120f, 121, Chapter 3
Antibiotic resistance, 118, Chapter 3
Antidepressants, 197, Chapter 4
Anti-inflammatory drugs, and cancer,
742, Chapter 16
Antioxidants, 43HP, Chapter 2
Appetite, 132, 197, Chapter 3, Chapter 4
Arthritis, rheumatoid, 785-786HP,
Chapter 17

Xviii
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Artificial fertilizer, 52, Chapter 2
Atherosclerosis, 361, Chapter 8
Autoimmune diseases, 782, 784-786HP,
790, 805, Chapter 17
Graves’ disease and thyroiditis, 785HP,
Chapter 17
inflammatory bowel diseases (IBDs),
785HP, Chapter 17
multiple sclerosis (MS), 784HP, Chapter 17
rheumatoid arthritis, 785HP, Chapter 17
systemic lupus erythematosus (SLE),
785HP, Chapter 17
treatment of, 785-786HP, Chapter 17
type 1 diabetes (T1D), 785HP, Chapter 17

Bacterial toxins, 695HP, 697, Chapter 15
Bacteriophage therapy, 27, 29f, Chapter 1
Benign tumors, 748, 765, Chapter 16
Biofilms, 14, 186f, 685, Chapter 1,
Chapter 4, Chapter 15
Blistering diseases, 284, 402, 402fn,
Chapter 7, Chapter 9
Blood-brain barrier, 296, Chapter 7
Blood cell differentiation, 780f, Chapter 17
Blood clots, 57, 60, 276, 277, 280, 280f, 281,
337,361, 362, 689, 462, Chapter 2,
Chapter 7, Chapter 8, Chapter 10,
Chapter 15
Blood glucose, 704, 709, 717, 718, 720,
Chapter 15
Blood-group antigens, 122-123, 123f, 398,
797, Chapter 4, Chapter 10, Chapter 17
Bone marrow, 18HP-22HP, 236HP,
Chapter 1, Chapter 5, Chapter 7,
Chapter 8, Chapter 10, Chapter 12,
Chapter 17
Bone marrow transplantation, 18HP,
236HP, 288HP, Chapter 1, Chapter 5,
Chapter 7
Booster shots, 787, Chapter 17
Breast cancer
BRCA1 and, 605, 605f, 631, 751t, 751fn,
757, 757f, 764f, 772, 773, Chapter 13,
Chapter 16
cause of, 757, Chapter 16
gene-expression analysis, 763, Chapter 16
genetic mutations in, 747, 761, 763f,
Chapter 16
genetics and, 755, Chapter 16
immunotherapy for, 768, 769, 770, 774,
Chapter 16
karyotype of cell from, 740F, 751, 757,
Chapter 16
new cases and deaths in USin 2019, 739f,
Chapter 16
PI3K pathway in, 759fn, 763, Chapter 16
Preventive mastectomy, 512, Chapter 13
protein-inhibiting drugs for, 770, Chapter 16

PSA determinations for detecting, 774,
Chapter 16

research efforts, 738, Chapter 16

tumor-suppressor genes in, 749, 749f,
750, 751t, 753, 755, 756, 757, 761, 765,
Chapter 16

tyrosine phosphorylation in cells, 688,
689f, 689, 712, 718, 719, Chapter 15

Burkitt’s lymphoma, 741, 759, Chapter 16

Calorie-restricted diet, life span and, 742,
Chapter 16, 132-133HP, Chapter 3
Cancer, 737-774, Chapter 16
cancer genome, 761-763, Chapter 16
causes of, 741-746, Chapter 16
cells, properties of, 738-741, Chapter 16
aneuploidy, 740, 740fn, 750f, 755f, 757,
763, Chapter 16
cells of origin of malignant tumors,
748f, Chapter 16
effects of serum deprivation on
growth of, 740f, Chapter 16
growth rate, 629, 629f, Chapter 16
metastasis, 738, Chapter 16
combating, strategies for, 768-774,
Chapter 16
angiogenesis, 773-774, Chapter 16
cancer stem cells, 773, 773fn, Chapter 16
chemotherapy, 738, 747, 755, 760, 765,
767,768,769, 773, Chapter 16
immunotherapy, 774, 768-770,
Chapter 16
inhibiting activity of cancer-promoting
proteins, 770-773, Chapter 16
targeted therapies, 773, 738, 768, 771t,
772, Chapter 16
diet and, 742, Chapter 16
gene-expression analysis, 763-765,
Chapter 16
as genetic disorder, 747-767, Chapter 16
microRNAs, 761, Chapter 16
multiple myeloma, 791, 792, Chapter 17
mutator phenotype, 760-761, Chapter 16
new cases and deaths in US in 2019, 739f,
Chapter 16
oncogenes, 761,762, 765, 770, 772,
742-T46EP, Chapter 16
activation of proto-oncogene to, 749,
750f, Chapter 16
discovery of, 742-745EP, Chapter 16
overview of, 749-750, 749f, Chapter 16
research efforts, 738, Chapter 16
tumor-suppressor genes, 749-765, 638f,
640t, Chapter 16
APC genes, 756, 761-762, Chapter 16
BRCA1/BRCA2 genes, 605, 605f, 631,
757, 757f, 764, 772, 773, Chapter 13,
Chapter 16
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overview of, 738-741, Chapter 16
PTEN gene, 757, Chapter 16
RB gene, 750-753, 752f, Chapter 16
TP53 gene, 753-756, 754f, Chapter 16
Carcinogens, 741, 742EP, 754, Chapter 16
Cell-mediated immunity, 779, 780, 784HP,
Chapter 17
Cell replacement therapy, 18-22HP
Chapter 1
adult stem cells, 19HP, 19HPf, Chapter 1
direct cell reprogramming, 21-22HP,
Chapter 1
embryonic stem cells, 19-20HP, 20HPf,
Chapter 1
induced pluripotent stem cells, 21HP,
Chapter 1
Cervical cancer, 631, 632, 637, 637f, 660,
Chapter 17
Chemotherapy, 738, 747, 755, 760, 765,
767-769, 773, 774, Chapter 16
Cholera, 695EP, 695EPf, 696EP, 697, 736,
Chapter 15
Cholesterol
in cell membranes, 59, Chapter 2
in membrane lipids, 142, 143f, Chapter 4
in phospholipids, 144, 146f, Chapter 4
simple sugars and, 54, Chapter 2
as steroid, importance of, 49f, 59, Chapter 2
structure of, 49, 49f, 60, Chapter 2
Chromosomes
aberrations and human disorders,
560HP, Chapter 12
as carriers of genetic information, 436,
Chapter 10
compaction, 642-643EP, 651, 653, 654,
662,677, Chapter 14
premature, 640, Chapter 14
defined, 435, Chapter 10
discovery of, 434f, 435, Chapter 10
fertilization, process of, 435, 436, 439,
441EP, Chapter 10
giant, 439, 440, 440f, Chapter 10
heterochromatin, 553, 554, 555f, 556,
Chapter 12
homologous, 434f, 437-438, 437f-439f,
441, 458-460, 469, 475, Chapter 10
mitotic, structure of, 553, 553f, 554, 558,
559f, 564, 565, 565f, Chapter 12
polytene, 440, 440f, 441, Chapter 10
X chromosome inactivation, 554-556,
554fn, 591, Chapter 12
Chronic lymphocytic leukemia (CLL),
761, Chapter 16
Chronic myelogenous leukemia (CML),
90,91, 91f, 761, 770, Chapter 2,
Chapter 16
Ciliopathies, 393HP, 394HP, Chapter 9
Climate change, 260, Chapter 6
CLL (chronic lymphocytic leukemia), 761,
Chapter 16
Clonal selection theory applied to B
cells, 781, Chapter 17
Cloning of animals, 570f, Chapter 12
CML (chronic myelogenous leukemia),
90, 91, 91f, 761, 770, Chapter 2,
Chapter 16
Cochlear implants, 199, Chapter 4
Cockayne syndrome (CS), 634HP, Chapter 13
Collagen, diseases of, 268f, 271-273,
270f-273f, 275f, 277, 278, 279f, 279t,
280, 282f, 283, 284, 284f, 289, 306,
Chapter 7
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Colon cancer
cause of, 742f, 763f, 756-757, Chapter 16
genetic mutations in, 763f, 658, Chapter 16
NSAIDs and, 742, Chapter 16
research efforts, 762f, Chapter 16
tumor-suppressor genes, 754t, Chapter 16
Color blindness, 555, 698HPt, Chapter 12,
Chapter 15
Congenital Disorders of Glycosylation
(CDGs), 326, Chapter 8
Creutzfeld-Jakob disease (CJD), 76HP,
76HPfn, T7THP, 98, Chapter 2
Cystic fibrosis (CF), 184-187, 185t, 186f, 328,
532, Chapter 4, Chapter 8, Chapter 11

Deafness, myosin mutations and, 410,
Chapter 9
Diabetes
congenital nephrogenic diabetes
insipidus, 170, Chapter 4
Hemoglobin Alc and, 54, Chapter 2
type 1, 720, 732, 785HP, Chapter 15,
Chapter 17
type 2,720, 721, Chapter 15
Diarrhea, 169, 695EP, Chapter 4, Chapter 15
Diet, cancer and, 742, Chapter 16
DNA fingerprinting, 454, 454f, 474, Chapter 10
DNA repair, 605, 606, 610, 617, 625, 628,
629, 630f, 634HP, 635HP, Chapter 13
Down syndrome (trisomy 21), 680HPf,
681HP, Chapter 14
Drug development, 91f, 509HP, Chapter 2,
Chapter 3, Chapter 11
Dwarfism, 273, 634HP, Chapter 7, Chapter 13

Embryonic development
cadherins in, 289HP, 291, 293, Chapter 7,
Chapter 9
changes in cell shape during, 291, 429
Embryonic stem cells, 19HP, 20HP, 20HPf,
21HP, 861, Chapter 1, Chapter 18
Enzyme replacement therapy, 342HP,
343HP, Chapter 8
Epstein-Barr virus, 741, 759, Chapter 16
Exercise, 203, 213HP, 214HP, 234HP,
Chapter 5

Fabry’s disease, 343HPt, Chapter 8

Fragile X syndrome, 455, 455HPf, 456,
Chapter 10

Free radicals, aging and, 42, 42HP, 43HP,
Chapter 2

Gamma knife, 44, Chapter 2

Gaucher’s disease, 342HP, 343HPt, 343,
Chapter 8

Gene number, 459, 460f, 465, 467, Chapter 10

Gene therapy, 29, 187HP, 236HP, 858,
Chapter 1, Chapter 4, Chapter 5,
Chapter 18

Genome analysis, 459, Chapter 10

Gleevec, 90, 91, 91f, 92, 122, 770, 771t, 773,
774, Chapter 2, Chapter 3, Chapter 16

Glycolipids, diseases of, 141f, 143f, 144,
145t, 146, 147, 324, 330, 342HPf,
Chapter 4, Chapter 8

Graft rejection, 797, Chapter 17

Graves’ disease and thyroiditis, 785HP,
Chapter 17

Heart attack/heart disease, 19HP, 133HP,
277,280, 287HP, 355EP, 361, 362, 362f,

544, Chapter 1, Chapter 3, Chapter 7,
Chapter 8, Chapter 12

Heartburn, 21HP, 184, 184f, 472HP,
Chapter 1, Chapter 4, Chapter 10

Heart muscle, 92, 214HP, 300, 730,
Chapter 2, Chapter 5, Chapter 7,
Chapter 15

Hemolytic anemias, 166, Chapter 4

Hemophilia, 462, Chapter 10

Herceptin, 769, Chapter 16

Herpes virus (HHV-8), 741, Chapter 16

HIV (human immunodeficiency virus),
25f, 27, 28, 28f, 29f, 121, 122, Chapterl,
Chapter 3, Chapter 11

azidothymidine (AZT) and, 621, Chapter 13
Ty cells and, 789, Chapter 17

Human Genome Project, 470, 473HP, 853,
855, Chapter 10, Chapter 18

Human immunodeficiency virus. see HIV
(human immunodeficiency virus)

Human papilloma virus (HPV), 741, 753,
Chapter 16

Humoral immunity, 779, 780, Chapter 17

Huntington’s disease, 455, 455HP, 471HP,
Chapter 10

Hydrocephalus, 289, 393HP, Chapter 7,
Chapter9

Hypertension, 121, Chapter 3

I-cell disease, 342HP, 367, Chapter 8
Immune response, 775-777, 77Tf,
778-783, 784HP-786HP, 789, T91t,
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Preface to the Ninth Edition

For over two decades, Dr. Gerald Karp wrote, and continuously
revised, Cell and Molecular Biology: Concepts and Experiments.
During this time, he maintained a consistent focus on combin-
ing rigor with accessibility, so that even students without prior
training in cell biology, molecular biology, or biochemistry
have been able to learn cell biology not just as a collection of
facts but as a process of discovery. The value of this approach
is that the lessons learned extend far beyond the field of cell
biology, and provide a way for students to learn how science
works, how new experiments can overturn previous dogmas,
and how new techniques can lead to groundbreaking discov-
ery. This approach makes cell biology come alive.

After seven editions, Dr. Karp was ready to move on to
other adventures. We were excited to take on the challenge of
continuing Dr. Karp’s unique approach to teaching cell biolo-
gy, while continuing to put students first. Our goal has been to
build upon Karp’s hallmark experimental approach by bringing
in our own unique perspectives and harnessing today’s tech-
nology. With our new Experimental Walkthrough feature, avail-
able in WileyPLUS Learning Space, students can see first-hand
how key experimental techniques are performed in the lab.
These offer a mix of video, which show how researchers carry
out experiments, and 3D animations that show a molecular-
level view of how the experiments work. These Walkthroughs
provide context and a visual explanation that helps make these
important experimental techniques more concrete.

One key feature of the past editions was to highlight how
cell biology impacts our daily lives, in terms of medicine and
other areas of society. The Human Perspectives sections high-
light human interest stories to reinforce and review basic cell
biology, and also provide examples of how fundamental dis-
coveries have progressed into clinical practice. We have ex-
panded this feature so that now every chapter has at least one
Human Perspectives section. As part of this feature we report
on the latest clinical trials for various cell biology-based ther-
apies and drugs, a feature that we hope will inspire students
who are pursuing careers in health sciences fields. In addition
to the full Human Perspectives sections, each chapter is now
introduced with a short “chapter opener” designed to gener-
ate enthusiasm about the science in each chapter through
provocative issues or questions. We hope that this will give our
readers the opportunity to think more about the links between
science, society, and our place in the universe.

In the ninth edition we have introduced two new sections
for each chapter. Green Cells sections highlight important
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features of plant cell biology that underscore central concepts
from each chapter and illustrate how the study of plants has
informed our understanding of cells in general. Engineering
Linkages sections address the interface between cell biology
and biomedical engineering and are intended to make the cell
biology material more accessible for engineering students
while introducing biology students to important trends in
bioengineering.

Working on the 9" edition has given us renewed admiration
for Dr. Karp’s writing and his ability to keep track of the cutting
edge in the full range of topics that comprise cell and molecular
biology. In this and future editions of Karp’s Cell and Molecular
Biology: Concepts and Experiments, we are dedicated to carry-
ing out Dr. Karp’s original mission of providing an interesting,
modern and readable text that is grounded in the experimental
approach. We welcome your ideas and feedback as we continue
our work on this text, so please feel free to get in touch.

Janet lwasa (jiwasa@biochem.utah.edu)
Wallace Marshall (Wallace.Marshall@ucsf.edu)

WileyPLUS

WileyPLUS connects the text to carefully selected video, ani-
mations, and diagrams, and provides students many oppor-
tunities for self-study and practice. Instructors can customize
their course content for students, create online homework
and quizzes, and have insight into student activity through
data analytics and reporting features. To try it, visit www
.wileyplus.com. Here are some of the resources available in
WileyPLUS:

o Experimental Walkthrough Videos
¢ Quantitative Tutorial Videos

Cell View Animations

Video Library
 Biology Basics Animations

Instructor’s Manual

o Clicker Questions

o Lecture PowerPoint Presentations

Testbank and Answer Key
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CHAPTER 1

Introduction to
the Study of Cell
and Molecular
Biology

We Are Cells

We are made of cells. Cells make up our skin, our organs, and
our muscles. The brain, the seat of our thoughts and desires, is
made of cells. Our blood vessels teem with cells. Fertilization
is no more or less than a joining of two separate cells to pro-
duce a single new cell, which then multiplies to produce the
embryo. When we grow from a tiny embryo into a large adult,
we do so by adding more and more cells. When we get sick, it
is often because our cells have run amok. And when we grow
old, it is because our cells gradually give up the ghost. After we
die and are buried, soon the only remnants of our existence are
bones, teeth, and hair, structures that were sculpted in life by
the ceaseless activity of cells. Many medicines work by chang-
ing how cells behave, and in recent years cells themselves are
being used as medicines to cure sick people. Because all liv-
ing things are made up of one or more cells, the origin of life

NS

Source: Adapted from the works of Ramon y Cajal.

s

Diagram of nerve cells from the cat brain, hand-drawn by Santiago
Ramon y Cajal. Ramén y Cajal was the first to recognize that the brain
is made up of huge numbers of individual cells, rather than a continu-
ous connected network as proposed by his competitor, Camillo Golgi.
Ramon y Cajal and Golgi fought a protracted battle over this point, but
eventually the meticulous detail of Ramén y Cajal’s work convinced
the world that the brain is indeed a collective of individual cells.

corresponds to the origin of cells. Starting with this chapter, we
explore what cells are and how they work, themes that will be
expanded throughout this book.

CHAPTER OUTLINE

1.1 The Discovery of Cells
1.2 Basic Properties of Cells

1.3 Two Fundamentally Different
Classes of Cells

The Human Perspective:
The Prospect of Cell Replacement Therapy
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1.5 Green Cells: Volvox, an Experiment
in Multicellularity

1.6 Engineering Linkage: Tissue Engineering
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2 CHAPTER1

1.1

The Discovery of Cells

Cells, and the structures they comprise, are too small to be
seen, heard, or touched directly. In spite of this tremendous
handicap, cells are the subject of hundreds of thousands of
publications each year, with virtually every aspect of their
minuscule structure coming under scrutiny. In many ways,
the study of cell and molecular biology stands as a tribute to
human curiosity for seeking discoveries and to human cre-
ative intelligence for devising the complex instruments and
elaborate techniques that allow these discoveries to be made.
This is not to imply that cell and molecular biologists have
a monopoly on these noble traits. At one end of the scientific
spectrum, astronomers are utilizing an orbiting telescope
to capture images of primordial galaxies that are so far from
Earth they appear to us today as they existed more than 13
billion years ago, only a few hundred million years after the
Big Bang. At the other end of the spectrum, nuclear physicists
have forced protons to collide with one another at velocities
approaching the speed of light, confirming the existence of a
hypothesized particle—the Higgs boson—that is proposed to
endow all other subatomic particles with mass. Clearly, our
universe consists of worlds within worlds, all aspects of which
make for fascinating study.

As will be apparent throughout this book, cell and molec-
ular biology is reductionist; it is based on the view that know!-
edge of the parts of the whole can explain the character of the
whole. When viewed in this way, our feeling for the wonder
and mystery of life may be replaced by the need to explain
everything in terms of the workings of the “machinery” of the
living system. Although we may feel less of a sense of wonder,
it is hoped that this loss can be replaced by an equally strong
appreciation for the beauty and complexity of the mechanisms
underlying cellular activity.

Microscopy

Because of their small size, cells can only be observed with the
aid of a microscope, an instrument that provides a magnified
image of a tiny object. We do not know when humans first dis-
covered the remarkable ability of curved-glass surfaces to bend
light and form images. Spectacles were first made in Europe in
the thirteenth century, and the first compound (double-lens)
light microscopes were constructed by the end of the sixteenth
century. By the mid-1600s, a handful of pioneering scientists
had used their handmade microscopes to uncover a world that
would never have been revealed to the naked eye. The discov-
ery of cells (Figure 1.1a) is generally credited to Robert Hooke,
an English microscopist who, at age 27, was awarded the posi-
tion of curator of the Royal Society of London, England’s fore-
most scientific academy. One of the many questions Hooke
attempted to answer was why stoppers made of cork (part of
the bark of trees) were so well suited to holding air in a bottle.

c01IntroductionToTheStudyOfCellAndMolecularBiology.indd 2

Introduction to the Study of Cell and Molecular Biology

(b)

Source: (a) The Granger Collection, New York; inset Science & Society
Picture Library/SSPL/Getty Images; (b) Bettmann/Getty Images.

m The discovery of cells. (a) One of Robert Hooke’s more
ornate compound (double-lens) microscopes. (Inset) Hooke’s drawing

of a thin slice of cork, showing the honeycomb-like network of “cells.”

(b) Single-lens microscope used by Antonie van Leeuwenhoek to observe
bacteria and other microorganisms. The biconvex lens, which was capable
of magnifying an object approximately 270 times and providing a resolu-
tion of approximately 1.35 um, was held between two metal plates.

As he wrote in 1665: “| took a good clear piece of cork, and with
a Pen-knife sharpen’d as keen as a Razor, | cut a piece of it off,
and...then examining it with a Microscope, me thought | could
perceive it to appear a little porous. .. much like a Honeycomb.”
Hooke called the pores cells because they reminded him of the
cells inhabited by monks living in a monastery. In actual fact,
Hooke had observed the empty cell walls of dead plant tissue,
walls that had originally been produced by the living cells they
surrounded.

Meanwhile, Antonie van Leeuwenhoek, a Dutchman
who earned a living selling clothes and buttons, was spend-
ing his spare time grinding lenses and constructing simple
microscopes of remarkable quality (Figure 1.1b). For 50 years,
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Leeuwenhoek sent letters to the Royal Society of London
describing his microscopic observations—along with a ram-
bling discourse on his daily habits and the state of his health.
Leeuwenhoek was the first to examine a drop of pond water
under the microscope and, to his amazement, observe the
teeming microscopic “animalcules” that darted back and forth
before his eyes. He was also the first to describe various forms
of bacteria, which he obtained from two sources: water in
which pepper had been soaked and scrapings from his teeth.
His initial letters to the Royal Society describing this previously
unseen world were met with such skepticism that the society
dispatched its curator, Robert Hooke, to confirm the observa-
tions. Hooke did just that, and Leeuwenhoek was soon a world-
wide celebrity, receiving visits in Holland from Peter the Great
of Russia and the queen of England.

Cell Theory

It was not until the 1830s that the widespread importance of
cells was realized. In 1838, Matthias Schleiden, a German law-
yer turned botanist, concluded that, despite differences in
the structure of various tissues, plants were made of cells and
the plant embryo arose from a single cell. In 1839, Theodor
Schwann, a German zoologist and colleague of Schleiden’s,
published a comprehensive report on the cellular basis of ani-
mal life. Schwann concluded that the cells of plants and
animals are similar structures and proposed these two tenets
of cell theory:

« All organisms are composed of one or more cells.

e The cell is the structural unit of life.

Schleiden and Schwann’s ideas on the origin of cells proved to
be less insightful; both agreed that cells could arise from non-
cellular materials. Given the prominence that these two sci-
entists held in the scientific world, it took a number of years
before observations by other biologists demonstrating that
cells did not arise in this manner any more than organisms
arose by spontaneous generation were accepted. By 1855,
Rudolf Virchow, a German pathologist, had made a convincing
case for the third tenet of cell theory:

o Cells can arise only by division from a preexisting cell.

Since the discovery of DNA as the genetic material, a fourth
tenet of cell theory is sometimes added:

o Cells contain genetic information in the form of DNA, and
that information is passed from parent to daughter cell.

When you think about the cell as the structural unit of life, you
might be tempted to think that cells are small and simple, like
LEGO bricks. While most cells are microscopic, some are large
enough to see with the human eye (see Section 1.3). As for
cells being simple, the rest of this book should convince you
otherwise.
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Review

1. When Robert Hooke first described cells, what was he
actually looking at?

2. What are the three main components of cell theory?

12 | Basic Properties of Cells

Justas plantsand animals are alive, so too are cells. Life, in fact,
is the most basic property of cells, and cells are the smallest
units to exhibit this property. Unlike the parts of a cell, which
simply deteriorate if isolated, whole cells can be removed
from a plant or animal and cultured in a laboratory where they
will grow and reproduce for extended periods of time. If mis-
treated, they may die. Death can also be considered one of the
most basic properties of life, because only a living entity faces
this prospect. Remarkably, cells within the body generally die
“by their own hand”—the victims of an internal program that
causes cells that are no longer needed or those that pose a risk
of becoming cancerous to eliminate themselves.

The first culture of human cells was begun by George and
Martha Gey of Johns Hopkins University in 1951. The cells were
obtained from a malignant tumor and named Hela cells after
the donor, Henrietta Lacks. Hela cells—descended by cell divi-
sion from this first cell sample—are still being grown in labora-
tories around the world today (Figure 1.2). Because they are so
much simpler to study than cells situated within the body, cells
grown in vitro (i.e., in culture, outside the body) have become
an essential tool of cell and molecular biologists. In fact, much
of the information that will be discussed in this book has been
obtained using cells grown in laboratory cultures.

We begin our exploration of cells by examining a few of
their most fundamental properties.

Cells Are Highly Complex and
Organized

Complexity is a property that is evident when encountered,
but difficult to describe. For the present, think of complexity in
terms of order and consistency. The more complex a structure,
the greater the number of parts that must be in their proper
place, the less tolerance for errors in the nature and inter-
actions of the parts, and the more regulation or control that
must be exerted to maintain the system. Cellular activities can
be remarkably precise. DNA duplication, for example, occurs
with an error rate of less than one mistake for every ten mil-
lion nucleotides incorporated—and most of these are quickly
corrected by an elaborate repair mechanism that recognizes
the defect.

During the course of this book, we will have occasion to
consider the complexity of life at several different levels. We will
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Source: Dr. Torsten Wittmann/Science Source.

m Hela cells, such as the ones pictured here, were the
first human cells to be kept in culture for long periods of time and

are still in use today. Unlike normal cells, which have a finite lifetime
in culture, these cancerous Hela cells can be cultured indefinitely as
long as conditions are favorable to support cell growth and division.

discuss the organization of atoms into small-sized molecules;
the organization of these molecules into giant polymers; and the
organization of different types of polymeric molecules into com-
plexes, which in turn are organized into subcellular organelles
and finally into cells. As will be apparent, there is a great deal
of consistency at every level. Each type of cell has a consistent
appearance when viewed under a high-powered electron micro-
scope; that is, its organelles have a particular shape and location,
from one individual of a species to another. Similarly, each type
of organelle has a consistent composition of macromolecules,
which are arranged in a predictable pattern. Consider the cells
lining your intestine that are responsible for removing nutrients
from your digestive tract. Figure 1.3 illustrates the many differ-
ent levels of organization present in such a tissue.

The epithelial cells that line the intestine are tightly con-
nected to each other like bricks in a wall (Figure 1.3 inset 1).
The apical ends of these cells, which face the intestinal chan-
nel, have long processes (microvilli) that facilitate absorption
of nutrients (inset 2). The microvilli are able to project outward
from the apical cell surface because they contain an internal
skeleton made of filaments, which in turn are composed of
protein (actin) monomers polymerized in a characteristic array
(inset 3). At their basal ends, intestinal cells have large numbers
of mitochondria (inset 4) that provide the energy required to fuel
various membrane transport processes. Each mitochondrion is
composed of a defined pattern of internal membranes, which in
turn are composed of a consistent array of proteins, including
an electrically powered ATP-synthesizing machine that projects
from the inner membrane like a ball on a stick (insets 5-7).
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One of the truly fascinating aspects of cells is that they
achieve organization at many different scales using physical pro-
cesses that are essentially random. Even though living cells are
highly complex and ordered, it has become increasingly evident
in recent years that random (stochastic) events play a critical
role in all cellular activities. Many of the molecules within living
cells are in a constant state of random movement, propelled by
thermal energy they acquire from their environment. Cells have
evolved the capacity to utilize this movement in highly directed
ways. Consider one example of this phenomenon, keeping in
mind that many other cases could be described. Proteins are
complex molecules often consisting of hundreds of amino acid
building blocks and attaining molecular masses over one hun-
dred thousand Daltons. Despite their huge size, proteins consist
of a polypeptide chain that must fold into a precisely defined
three-dimensional (native) structure. If it fails to fold properly,
the protein will lack meaningful function. In 1969, Cyrus Levin-
thal of Columbia University identified certain features of this
folding process that became known as Levinthal’s paradox.
Levinthal noted that, if protein folding depended solely on ran-
dom molecular movements, it would require a period of time
greater than the age of the universe for a protein to fold into its
native structure. Compare the time it would take for a protein
to fold properly to the period required for a monkey sitting at a
piano to compose one of Beethoven’s concertos. The paradox
inherent in protein folding becomes evident with the knowl-
edge that, despite their enormous complexity, proteins actu-
ally acquire their native structures within fractions of a second.
How is the paradox resolved? Even though folding of a protein
is driven by random thermal motion, the process occurs in step-
wise fashion; the protein folds along pathways in which less
structured intermediates guide the formation of better formed
subsequent intermediates. In other words, the folding pathway
allows proteins to rapidly “jump” from one step to the next until
the native structure is reached. Returning to the monkey at the
piano, it would be as if every time the monkey tapped an appro-
priate key, that note would be recorded, allowing the monkey
to move toward the next note in the concerto. As long as the
monkey was an active player, the composition of the concerto
could be accomplished quite rapidly. It can be said that these
types of events are biased. They depend on random activities,
but lead to directed outcomes because they select for interme-
diate stages that lie on the path leading to the desired outcome.

Fortunately for cell and molecular biologists, evolution has
moved rather slowly at the levels of biological organization with
which they are concerned. Whereas a human and a cat, for exam-
ple, have very different anatomical features, the cells that make
up their tissues, and the organelles that make up their cells, are
very similar. The actin filament portrayed in Figure 1.3, inset 3,
and the ATP-synthesizing enzyme of inset 6 are virtually identical
in such diverse organisms as humans, snails, yeast, and redwood
trees. Information obtained by studying cells from one type of
organism often has direct application to other forms of life. Many
of the most basic processes, such as the synthesis of proteins,
the conservation of chemical energy, and the construction of a
membrane, are remarkably similar in all living organisms.
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Villus of the small intestinal wall
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Source: Dr. Cecil H. Fox/Science Source; inset 1 Courtesy of Dr. Shakti P. Kapur, Georgetown University Medical
Center; inset 2 ©1975 M S Mooseker & L G Tilney. Originally published in The Journal of Cell Biology. https://doi.
org/10.1083/jcb.67.3.725; inset 3 Courtesy of Kenneth C. Holmes; inset 4 K.R. Porter/Science Source; inset 5 ©1964
H. Fernandez-Moran et al. Originally published in The Journal of Cell Biology. https://doi.org/10.1083/jcb.22.1.63;
inset 6 Courtesy of Dr. Roderick A. Capaldi; inset 7 from Wolfgang Junge. Protons, Proteins and ATP from Photosynthesis
Research, Kluwar Academic, Jan 1, 2004. ©2004. Reprinted with permission from Springer nature.

m Levels of cellular and molecular organization. The to the cell. Inset 2 shows the apical microvilli; each microvillus contains
brightly colored photograph of a stained section shows the microscopic a bundle of actin filaments. Inset 3 shows the actin protein subunits that
structure of a villus of the wall of the smallintestine, as seen through the make up each filament. Inset 4 shows an individual mitochondrion similar
light microscope. Inset 1 shows an electron micrograph of the epithelial to those found in the basal region of the epithelial cells. Inset 5 shows a
layer of cells that lines the inner intestinal wall. The apical surface of each portion of an inner membrane of a mitochondrion, including the stalked
cell, which faces the channel of the intestine, contains a large number of particles that project from the membrane and correspond to the sites
microvilli involved in nutrient absorption. The basal region of each cell where ATP is synthesized. Insets 6 and 7 show molecular models of the
contains large numbers of mitochondria, where energy is made available ATP-synthesizing machinery, which is discussed at length in Chapter 5.

c01IntroductionToTheStudyOfCellAndMolecularBiology.indd 5 18/12/19 7:23 PM



6 CHAPTER1

20 um

Source: Courtesy of Jonathan van Blerkom.

m Cellreproduction. This mammalian oocyte has
recently undergone a highly unequal cell division in which most of the

cytoplasm has been retained within the large oocyte, which has the
potential to be fertilized and develop into an embryo. The other cell
is a nonfunctional remnant that consists almost totally of nuclear
material (indicated by the blue-staining chromosomes, arrow).

Cells Possess a Genetic Program
and the Means to Use It

Organisms are built according to information encoded in a col-
lection of genes, which are constructed of DNA. If converted to
words, the human genetic program would contain enough infor-
mation to fill millions of pages of text. Remarkably, this vast
amount of information is packaged into a set of chromosomes
that occupies the space of a cell nucleus—hundreds of times
smaller than the dot on this i.

Genes are more than storage lockers for information: They
constitute the recipes for constructing cellular structures, the
directions for running cellular activities, and the program for
making more of themselves. The molecular structure of genes
allows for changes in genetic information (mutations) that lead
to variation among individuals, which forms the basis of bio-
logical evolution. Discovering the mechanisms by which cells
use and transmit their genetic information has been one of the
greatest achievements of science during the last century.

Cells Are Capable of Producing
More of Themselves

Just as individual organisms are generated by reproduction, so
too are individual cells. Cells reproduce by division, a process
in which the contents of a mother cell are distributed into two
daughter cells. Prior to division, the genetic material is faithfully
duplicated, and each daughter cell receives a complete and equal
share of genetic information. In most cases, the two daughter
cells have approximately equal volume. In some cases, how-
ever, as occurs when a human oocyte undergoes division, one
of the cells can retain nearly all of the cytoplasm, even though it
receives only half of the genetic material (Figure 1.4).
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Cells Acquire and Utilize Energy

Every biological process requires the input of energy. Virtually
all of the energy utilized by life on the Earth’s surface arrives in
the form of electromagnetic radiation from the sun. The energy
of light is trapped by light-absorbing pigments present in the
membranes of photosynthetic cells (Figure 1.5). Light energy
is converted by photosynthesis into chemical energy that is
stored in energy-rich carbohydrates, such as sucrose or starch.
For most animal cells, energy arrives prepackaged, often in the
form of the sugar glucose. In humans, glucose is released by the
liver into the blood, where it circulates through the body deliv-
ering chemical energy to all the cells. Once in a cell, the glucose
is disassembled in such a way that its energy content can be
stored in a readily available form (usually as ATP) that is later
put to use in running all of the cell’s myriad energy-requiring
activities. Cells expend an enormous amount of energy simply
breaking down and rebuilding the macromolecules and organ-
elles of which they are made. This continual turnover maintains
the integrity of cell components in the face of inevitable wear
and tear and enables the cell to respond rapidly to changing
conditions.

Cells Carry Out a Variety
of Chemical Reactions

Cells function like miniaturized chemical plants. Even the sim-
plest bacterial cell is capable of hundreds of different chemi-
cal transformations, none of which occurs at any significant
rate in the inanimate world. Virtually all chemical changes
that take place in cells require enzymes—molecules that
greatly increase the rate at which a chemical reaction occurs.
The sum total of the chemical reactions in a cell represents
that cell’s metabolism.

Source: M. I. Walker/Science Source.

m Acquiring energy. A living cell of the filamentous
alga Spirogyra. The ribbon-like chloroplast, which is seen to zigzag

through the cell, is the site where energy from sunlight is captured
and converted to chemical energy during photosynthesis.
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Cells Engage in Mechanical Activities

Cells are sites of bustling activity. Materials are transported
from place to place, structures are assembled and then rap-
idly disassembled, and, in many cases, the entire cell moves
itself from one site to another. These types of activities are
based on dynamic, mechanical changes within cells, many
of which are initiated by changes in the shape of motor pro-
teins. Motor proteins are just one of many types of molecu-
lar “machines” employed by cells to carry out mechanical
activities.

Cells Are Able to Respond to Stimuli

Some cells respond to stimuli in obvious ways; a single-celled
protist, for example, moves away from an object in its path or
moves toward a source of nutrients. Cells within a multicellu-
lar plant or animal respond to stimuli less obviously. Most cells
are covered with receptors that interact with substances in the
environment in highly specific ways. Cells possess receptors
to hormones, growth factors, and extracellular materials, as
well as to substances on the surfaces of other cells. Receptors
provide pathways through which external stimuli can evoke
specific responses in target cells. Cells may respond to specific
stimuli by altering their metabolic activities, moving from one
place to another, or even committing suicide.

Cells Are Capable of Self-Regulation

In recent years, a new term has been used to describe cells:
robustness. Cells are robust, that is, hearty or durable, because
they are protected from dangerous fluctuations in composi-
tion and behavior. Should such fluctuations occur, specific
feedback circuits are activated that serve to return the cell to
the appropriate state. In addition to requiring energy, main-
taining a complex, ordered state requires constant regulation.
The importance of a cell’s regulatory mechanisms becomes
most evident when they break down. For example, failure
of a cell to correct a mistake when it duplicates its DNA may
result in a debilitating mutation, or a breakdown in a cell’s
growth-control safeguards can transform the cell into a can-
cer cell with the capability of destroying the entire organism.
We are gradually learning how a cell controls its activities, but
much more is left to discover.

Consider the following experiment conducted in 1891 by
Hans Driesch, a German embryologist. Driesch found that he
could completely separate the first two or four cells of a sea
urchin embryo and each of the isolated cells would proceed to
develop into a normal embryo (Figure 1.6). How can a cell that
is normally destined to form only part of an embryo regulate its
own activities and form an entire embryo? How does the iso-
lated cell recognize the absence of its neighbors, and how does
this recognition redirect the entire course of the cell’s develop-
ment? How can a part of an embryo have a sense of the whole?
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Normal development

Experimental result

m Self-regulation. The left panel depicts the normal
development of a sea urchin in which a fertilized egg gives rise to a

single embryo. The right panel depicts an experiment in which the
cells of an early embryo are separated after the first division, and each
cellis allowed to develop in isolation. Rather than developing into
half of an embryo, as it would if left undisturbed, each isolated cell
recognizes the absence of its neighbor, regulating its development to
form a complete (although smaller) embryo.

We are not able to answer these questions much better today
than we were more than a hundred years ago when the experi-
ment was performed.

Throughout this book we will be discussing processes that
require a series of ordered steps, much like the assembly-line
construction of an automobile in which workers add, remove,
or make specific adjustments as the car moves along. In the
cell, the information for product design resides in the nucleic
acids, and the construction workers are primarily proteins.
It is the presence of these two types of macromolecules that,
more than any other factor, sets the chemistry of the cell apart
from that of the nonliving world. In the cell, the workers must
act without the benefit of conscious direction. Each step of a
process must occur spontaneously in such a way that the next
step is triggered automatically. In many ways, cells operate
in a manner analogous to the orange-squeezing contraption
discovered by “The Professor” and shown in Figure 1.7. Each
type of cellular activity requires a unique set of highly com-
plex molecular tools and machines—the products of eons of
natural selection and biological evolution. A primary goal of
biologists is to understand the molecular structure and role of
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INVENTIONS OF PROFESSOR LUCIFER BUTTS
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Professor Butts steps into an open elevator
shaft and when he lands at the bottom he
finds a simple orange squeezing machine.

Milk man takes empty milk bottle (A) pulling

string (B) which causes sword (C) to sever
cord (D) and allow guillotine blade (E) to

to yell in agony, thereby releasing prune
and allowing diver’s boot (M) to drop and
step on sleeping Octopus (N). Octopus
awakens in a rage and seeing diver’s

face which is painted on orange, attacks
it and crushes it with tentacles, thereby

Source: GRANGER/GRANGER — All rights reserved.

AW A Cellular activities are often

analogous to this Rube Goldberg machine
(named after a cartoonist famous for drawing this
type of complicated machine) in which one event
“automatically” triggers the next eventina
reaction sequence.

drop and cut rope (F) which releases battering
ram (G). Ram bumps against open door (H)
causing it to close. Grass sickle (1) cuts a slice
off end of orange (J) at the same time spike
(K) stabs“prune hawk” (L) he opens his mouth

causing all the juice in the orange to
run into glass (0).
Later on you can use the log to build
a log cabin where you can raise your
son to be president like Abraham Lincoln.

each component involved in a particular activity, the means
by which these components interact, and the mechanisms by
which these interactions are regulated.

Cells Evolve

How did cells arise? Of all of the major questions posed by biol-
ogists, this one may be the least likely ever to be answered. It
is presumed that cells evolved from some type of precellular
life form, which in turn evolved from nonliving organic materi-
als that were present in the primordial seas. Whereas the origin
of cells is shrouded in near-total mystery, the evolution of cells
can be studied by examining organisms that are alive today. If
you were to observe the features of a bacterial cell living in the
human intestinal tract (see Figure 1.18a) and a cell that is part
of the lining of that tract (Figure 1.3), you would be struck by
the differences between the two cells. Yet both of these cells, as
well as all other cells that are present in living organisms, share
many features, including a common genetic code, a plasma
membrane, and ribosomes. According to one of the tenets of
modern biology, all living organisms have evolved from a sin-
gle, common ancestral cell that lived more than three billion
years ago. Because it gave rise to all of the living organisms
that we know of, this ancient cell is often referred to as the last
universal common ancestor (or LUCA). We examine some of the
events that occurred during the evolution of cells in the Exper-
imental Pathways feature in Section 1.4. Future chapters will
explore biochemical aspects of the origin of life. Keep in mind
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that evolution is not simply an event of the past, but an ongo-
ing process that continues to modify the properties of cells that
will be present in organisms that have yet to appear. For exam-
ple, evolution of drug resistance in bacteria is a major health
concern and is discussed in The Human Perspective feature in
Section 3.2.

Review

1. List the fundamental properties shared by all cells.
Describe the importance of each of these properties.

2. Describe the features of cells suggesting that all living
organisms are derived from a common ancestor.

3. What is the source of energy that supports life on
Earth? How is this energy passed from one organism
to the next?

13 | Two Fundamentally
Different Classes of Cells

Once the electron microscope became widely available,
biologists were able to examine the internal structure of a
wide variety of cells. It became apparent from these studies
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that there were two basic classes of cells—prokaryotic and structurally more complex eukaryotic cells include protists,
eukaryotic—distinguished by their size and the types of inter- fungi, plants, and animals.!

nal structures, or organelles, they contain (Figure 1.8). The

existence of two distinct classes of cells, without any known

Int.ermedIa'fe.s’.reprgsents Ol.qe Of_the most fundamental evo- 'Those interested in examining a proposal to do away with the concept of
lutionary divisions in the biological world. The structurally prokaryotic versus eukaryotic organisms can read a brief essay by N. R.
simpler prokaryotic cells include bacteria, whereas the Pace in Nature 441:289, 2006.
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m The structure of cells. Schematic diagrams of a “generalized” bacterial (a), plant (b),
and animal (c) cell. Note: Organelles are not drawn to scale.

(continued)
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We are not sure when prokaryotic cells first appeared on
Earth. Evidence of prokaryotic life has been obtained from
rocks approximately 2.7 billion years of age. Not only do
these rocks contain what appear to be fossilized microbes,
they contain complex organic molecules that are character-
istic of particular types of prokaryotic organisms, including
cyanobacteria. It is unlikely that such molecules could have
been synthesized abiotically, that is, without the involve-
ment of living cells. Cyanobacteria almost certainly appeared
by 2.4 billion years ago, because that is when the atmo-
sphere became infused with molecular oxygen (0,), which is
a by-product of the photosynthetic activity of these prokary-
otes. The dawn of the age of eukaryotic cells is also shrouded
in uncertainty. Complex multicellular animals appear rather
suddenly in the fossil record approximately 600 million years
ago, but there is considerable evidence that simpler eukary-
otic organisms were present on Earth more than one billion
years earlier. The estimated time of appearance on Earth
of several major groups of organisms is depicted in Figure
1.9. Even a superficial examination of Figure 1.9 reveals how
“quickly” life arose following the formation of Earth and
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cooling of its surface and how long it took for the subsequent
evolution of complex animals and plants.

Characteristics That Distinguish
Prokaryotic and Eukaryotic Cells

The following brief comparison between prokaryotic and
eukaryotic cells reveals many basic differences between the
two types, as well as many similarities (see Figure 1.8). The sim-
ilarities and differences between the two types of cells are listed
in Table 1.1. The shared properties reflect the fact that eukary-
otic cells almost certainly evolved from prokaryotic ancestors.
Because of their common ancestry, both types of cells share
an identical genetic language, a common set of metabolic
pathways, and many common structural features. For exam-
ple, both types of cells are bounded by plasma membranes
of similar construction that serve as a selectively permeable
barrier between the living and nonliving worlds. Both types
of cells may be surrounded by a rigid, nonliving cell wall that
protects the delicate life form within. Although the cell walls of
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m Earth’s biogeologic clock. A portrait of the past five
billion years of Earth’s history showing a proposed time of appearance

of major groups of organisms. Complex animals (shelly invertebrates)
and vascular plants are relatively recent arrivals. The time indicated
for the origin of life is speculative. In addition, photosynthetic bacteria
may have arisen much earlier, hence the question mark. The geologic
eras are indicated in the center of the illustration.

prokaryotes and eukaryotes may have similar functions, their
chemical composition is very different.

Internally, eukaryotic cells are much more complex—both
structurally and functionally—than prokaryotic cells (Figure
1.8). The difference in structural complexity is evident in the
electron micrographs of a bacterial and an animal cell shown
in Figure 1.18a and Figure 1.10, respectively. Both contain
a nuclear region that houses the cell’s genetic material, sur-
rounded by cytoplasm. The genetic material of a prokaryotic
cell is present in a nucleoid: a poorly demarcated region of
the cell that lacks a boundary membrane to separate it from
the surrounding cytoplasm. In contrast, eukaryotic cells pos-
sess a nucleus: a region bounded by a complex membra-
nous structure called the nuclear envelope. This difference in
nuclear structure is the basis for the terms prokaryotic (pro =
before, karyon = nucleus) and eukaryotic (eu = true, karyon =
nucleus). Prokaryotic cells contain relatively small amounts of
DNA; the DNA content of bacteria ranges from about 600,000
base pairs to nearly 8 million base pairs and encodes between
about 500 and several thousand proteins.? Although a “simple”
baker’s yeast cell has only slightly more DNA (12 million base
pairs encoding about 6200 proteins) than the most complex
prokaryotes, most eukaryotic cells contain considerably more
genetic information. Both prokaryotic and eukaryotic cells

2Eight million base pairs is equivalent to a DNA molecule nearly 3 mm long.
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have DNA-containing chromosomes. Eukaryotic cells possess
a number of separate chromosomes, each containing a single
linear molecule of DNA. In contrast, nearly all prokaryotes that
have been studied contain a single, circular chromosome. More
importantly, the chromosomal DNA of eukaryotes, unlike that
of prokaryotes, is tightly associated with proteins to form a
complex nucleoprotein material known as chromatin.

The cytoplasm of the two types of cells is also very dif-
ferent. The cytoplasm of a eukaryotic cell is filled with a great
diversity of structures, as is readily apparent by examining an
electron micrograph of nearly any plant or animal cell (Figure
1.10). Even yeast, the simplest eukaryote, is much more com-
plex structurally than an average bacterium, even though these
two organisms have a similar number of genes. Eukaryotic cells

A Comparison of Prokaryotic
and Eukaryotic Cells

Features held in common by the two types of cells:

« Plasma membrane of similar construction

+ Genetic information encoded in DNA using identical genetic code

« Similar mechanisms for transcription and translation of genetic
information, including similar ribosomes

« Shared metabolic pathways (e.g., glycolysis and TCA cycle)

« Similar apparatus for conservation of chemical energy as ATP
(located in the plasma membrane of prokaryotes and the
mitochondrial membrane of eukaryotes)

« Similar mechanism of photosynthesis (between cyanobacteria
and green plants)

« Similar mechanism for synthesizing and inserting membrane
proteins

» Proteasomes (protein-digesting structures) of similar
construction (between archaebacteria and eukaryotes)

« Cytoskeletal filaments built of proteins similar to actin and
tubulin

Features of eukaryotic cells not found in prokaryotes:

« Division of cells into nucleus and cytoplasm, separated by a
nuclear envelope containing complex pore structures

« Complex chromosomes composed of DNA and associated
proteins that are capable of compacting into mitotic structures

« Complex membranous cytoplasmic organelles (includes

endoplasmic reticulum, Golgi complex, lysosomes, endosomes,

peroxisomes, and glyoxisomes)

Specialized cytoplasmic organelles for aerobic respiration

(mitochondria) and photosynthesis (chloroplasts)

» Complex cytoskeletal system (including actin filaments,

intermediate filaments, and microtubules) and associated motor

proteins

Complex flagella and cilia

Ability to ingest particulate material by enclosure within plasma

membrane vesicles (phagocytosis)

« Cellulose-containing cell walls (in plants)

« Cell division using a microtubule-containing mitotic spindle that
separates chromosomes

« Presence of two copies of genes per cell (diploidy), one from each
parent

« Presence of three different RNA-synthesizing enzymes (RNA

polymerases)

Sexual reproduction requiring meiosis and fertilization

TABLE 1.1
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contain an array of membrane-bound organelles. Eukaryotic
organelles include mitochondria, where chemical energy is
made available to fuel cellular activities; an endoplasmic retic-
ulum, where many of a cell’s proteins and lipids are manufac-
tured; Golgi complexes, where materials are sorted, modified,
and transported to specific cellular destinations; and a variety
of simple membrane-bound vesicles of different dimensions.
Plant cells contain additional membranous organelles, includ-
ing chloroplasts, which are the sites of photosynthesis, and
often a single large vacuole that can occupy most of the volume
of the cell. Taken as a group, the membranes of the eukaryotic
cell serve to divide the cytoplasm into compartments, within
which specialized activities can take place. In contrast, the
cytoplasm of prokaryotic cells is essentially devoid of membra-
nous structures. The complex photosynthetic membranes of
the cyanobacteria are a major exception to this generalization
(see Figure 1.15).

The cytoplasmic membranes of eukaryotic cells form a sys-
tem of interconnecting channels and vesicles that function in
the transport of substances from one part of a cell to another,
as well as between the inside of the cell and its environment.
Because of their small size, directed intracytoplasmic commu-
nication is less important in prokaryotic cells, where the nec-
essary movement of materials can be accomplished by simple
diffusion.

Eukaryotic cells also contain numerous structures lack-
ing a surrounding membrane. Included in this group are the
elongated tubules and filaments of the cytoskeleton, which
participate in cell contractility, movement, and support. It
was thought for many years that prokaryotic cells lacked any
trace of a cytoskeleton, but primitive cytoskeletal filaments
have been found in bacteria (see Section 9.13). It is still fair
to say that the prokaryotic cytoskeleton is much simpler,
both structurally and functionally, than that of eukaryotes.
Both eukaryotic and prokaryotic cells possess ribosomes,
which are nonmembranous particles that function as
“workbenches” on which the proteins of the cell are manu-
factured. Even though ribosomes of prokaryotic and eukary-
otic cells have considerably different dimensions (those of
prokaryotes are smaller and contain fewer components),
these structures participate in the assembly of proteins by
a similar mechanism in both types of cells. Figure 1.11 is a
colorized electron micrograph of a portion of the cytoplasm
near the thin edge of a single-celled eukaryotic organism.
This is a region of the cell where membrane-bound organ-
elles tend to be absent. The micrograph shows individual
filaments of the cytoskeleton (orange) and other large
macromolecular complexes of the cytoplasm (turquoise).
Most of these complexes are ribosomes. It is evident from
this type of image that the cytoplasm of a eukaryotic cell is
extremely crowded, leaving very little space for the soluble
phase of the cytoplasm, called the cytosol.

Other major differences between eukaryotic and pro-
karyotic cells can be noted. Eukaryotic cells divide by a com-
plex process of mitosis in which duplicated chromosomes
condense into compact structures that are segregated by an
elaborate microtubule-containing apparatus (Figure 1.12).
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Source: From Ohad Medalia et al., Science 298:1211, 2002, Figure 3a.
©2002, reprinted with permission from AAAS. Photo provided courtesy of
Wolfgang Baumeister.

m The cytoplasm of a eukaryotic cellis a crowded
compartment. This colorized electron micrographic image shows

a small region near the edge of a single-celled eukaryotic organism
that had been quickly frozen prior to microscopic examination.

The three-dimensional appearance is made possible by capturing
two-dimensional digital images of the specimen at different angles
and merging the individual frames using a computer. Cytoskeletal
filaments are shown in orange, macromolecular complexes (primarily
ribosomes) are turquoise, and portions of cell membranes are blue.

4 um

Source: Photograph by Dr. Conly L. Rieder, Wadsworth Center, Albany,
New York 12201-0509.

m Cell division in eukaryotes requires the assembly
of an elaborate chromosome-separating apparatus called the mitotic

spindle, which is constructed primarily of microtubules. The microtu-
bules in this micrograph appear green because they are bound by an
antibody that is linked to a green fluorescent dye. The chromosomes,
which were about to be separated into two daughter cells when this
cell was fixed, are stained blue.
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This apparatus, called a mitotic spindle, allows each daughter
cell to receive an equivalent array of genetic material. In pro-
karyotes, there is no mitotic spindle to separate the genome
copies after replication. It was once thought that the two copies
are separated by attaching the DNA to the cell surface, allowing
the growth of the cell membrane to pull them apart. However,
live cellimaging showed that the DNA separates faster than the
cell grows, and the precise mechanism by which prokaryotes
segregate their genomes remains an open question. Some cur-
rent models are based on regulated compaction or folding of
the DNA so that the two copies would fold into two separate
masses.

For the most part, prokaryotes are nonsexual organ-
isms. They contain only one copy of their single chromo-
some and have no processes comparable to meiosis, gamete
formation, or true fertilization. Even though true sexual
reproduction is lacking among prokaryotes, some are capa-
ble of conjugation, in which a piece of DNA is passed from
one cell to another (Figure 1.13). However, the recipient
almost never receives a whole chromosome from the donor,
and the condition in which the recipient cell contains both
its own and its partner’s DNA is fleeting. The cell soon reverts
back to possession of a single chromosome. Although pro-
karyotes may not be as efficient as eukaryotes in exchanging
DNA with other members of their own species, they are more
adept than eukaryotes at picking up and incorporating for-
eign DNA from their environment, which has had consider-
able impact on microbial evolution (Experimental Pathways
feature in Section 1.4).

Eukaryotic cells possess a variety of complex locomo-
tor mechanisms, whereas those of prokaryotes are rela-
tively simple. The movement of a prokaryotic cell may be
accomplished by a thin protein filament, called a flagellum,
which protrudes from the cell and rotates (Figure 1.14a).
The rotations of the flagellum, which can exceed 1000
times per second, exert pressure against the surround-
ing fluid, propelling the cell through the medium. Certain
eukaryotic cells, including many protists and sperm cells,
also possess flagella, but the eukaryotic versions (Figure
1.14b) are much more complex than the simple protein fil-
aments of bacteria, and they generate movement by a dif-
ferent mechanism.

Many of the most important differences between the
prokaryotic and eukaryotic levels of cellular organization
have been mentioned in the preceding paragraphs. We will
elaborate on many of these points in later chapters. Before
you dismiss prokaryotes as inferior, keep in mind that these
organisms have remained on Earth for more than three billion
years, and at this very moment, trillions of them are clinging
to the outer surface of your body and feasting on the nutrients
within your digestive tract. We think of these organisms as
individual, solitary creatures, but recent insights have shown
that they live in complex, multispecies communities called
biofilms. The layer of plaque that grows on our teeth is an
example of a biofilm. Different cells in a biofilm may carry out
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Source: Courtesy of Charles C. Brinton, Jr., and Judith Carnahan.

HIAASWEN Bacterial conjugation. Electron micrograph
showing a conjugating pair of bacteria joined by a structure of the

donor cell, termed the F pilus, through which DNA is thought
to be passed.

different specialized activities, not unlike the cellsin a plantor
an animal. Consider also that, metabolically, prokaryotes are
very sophisticated, highly evolved organisms. For example,
a bacterium, such as Escherichia coli, a common inhabitant
of both the human digestive tract and the laboratory culture
dish, has the ability to live and prosper in a medium contain-
ing one or two low-molecular-weight organic compounds and
a few inorganic ions. Other bacteria are able to live on a diet
consisting solely of inorganic substances. One species of bac-
teria has been found in wells more than a thousand meters
below the Earth’s surface living on basalt rock and molecu-
lar hydrogen (H,) produced by inorganic reactions. In con-
trast, even the most metabolically talented cells in your body
require a variety of organic compounds, including a number
of vitamins and other essential substances they cannot make
on their own. In fact, many of these essential dietary ingre-
dients are produced by the bacteria that normally live in the
large intestine.
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Source: (a) From Bernard R. Gerber, Lewis M. Routledge, and Shiro
Takashima, J. Mol. Biol., 71: 317-323, ©1972, with permission from
Elsevier; (b) Juergen Berger/Science Source Inset: Don W. Fawcett/
Science Source.

m The difference between prokaryotic and eukary-
otic flagella. (a) The bacterium Salmonella with its numerous

flagella. Inset shows a high-magnification view of a portion of a single
bacterial flagellum, which consists largely of a single protein called
flagellin. (b) Each of these human sperm cells is powered by the
undulatory movements of a single flagellum. The inset shows a cross
section of the central core of a mammalian sperm flagellum. The fla-
gella of eukaryotic cells are so similar that this cross section could just
as well have been taken of a flagellum from a protist or green alga.
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Types of Prokaryotic Cells

The distinction between prokaryotic and eukaryotic cells is
based on structural complexity (as detailed in Table 1.1) and
not on phylogenetic relationship. Prokaryotes are divided into
two major taxonomic groups, or domains: the Archaea (or
archaebacteria) and the Bacteria (or eubacteria). Members of
the Archaea are more closely related to eukaryotes than they
are to the other group of prokaryotes (the Bacteria). The exper-
iments that led to the discovery that life is represented by three
distinct branches are discussed in the Experimental Pathways
feature in Section 1.4.

Domain Archaea and Domain Bacteria The
domain Archaea includes several groups of organisms; their
evolutionary ties are revealed by similarities in the nucleotide
sequences of their nucleic acids. The best known Archaea are
species that live in extremely inhospitable environments; they
are often referred to as extremophiles. Included among the
Archaea are the methanogens [prokaryotes capable of convert-
ing CO, and H, gases into methane (CH,) gas]; the halophiles
(prokaryotes that live in extremely salty environments, such
as the Dead Sea or certain deep sea brine pools that possess a
salinity equivalent to 5M MgCL ); acidophiles (acid-loving pro-
karyotes that thrive ata pH as low as 0, such as that found in the
drainage fluids of abandoned mine shafts); and thermophiles
(prokaryotes that live at very high temperatures). Included in
this last-named group are hyperthermophiles, which live in the
hydrothermal vents of the ocean floor. The latest record holder
among this group has been named “strain 121” because it is
able to grow and divide in superheated water at a temperature
of 121°C, which just happens to be the temperature used to
sterilize surgical instruments in an autoclave. Recent analyses
of soil and ocean microbes indicate that many members of the
Archaea are also at home in habitats of normal temperature,
pH, and salinity.

All other prokaryotes are classified in the domain Bac-
teria. This domain includes the smallest known cells, the
mycoplasma (0.2 pm diameter), which are the only known
prokaryotes to lack a cell wall and to contain a genome with
fewer than 500 genes. Bacteria are present in every conceiv-
able habitat on Earth, from the permanent ice shelf of the
Antarctic to the driest African deserts, to the internal con-
fines of plants and animals. Bacteria have even been found
living in rock layers situated several kilometers beneath
the Earth’s surface. Some of these bacterial communities
are thought to have been cut off from life on the surface for
more than one hundred million years. The most complex
prokaryotes are the cyanobacteria. Cyanobacteria contain
elaborate arrays of cytoplasmic membranes, which serve
as sites of photosynthesis (Figure 1.15a). The membranes
of cyanobacteria are very similar to the photosynthetic
membranes present within the chloroplasts of plant cells.
As in eukaryotic plants, photosynthesis in cyanobacteria is
accomplished by splitting water molecules, which releases
molecular oxygen.
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(b)

Source: (a) Courtesy of Norma J. Lang. (b) Courtesy Zoological Society of
San Diego.

m Cyanobacteria. (a) Electron micrograph of a

cyanobacterium showing the cytoplasmic membranes that carry
out photosynthesis. These concentric membranes are very similar
to the thylakoid membranes present within the chloroplasts of
plant cells, a reminder that chloroplasts evolved from a symbiotic
cyanobacterium. (b) Cyanobacteria living inside the hairs of
these polar bears are responsible for the unusual greenish color
of their coats.

Many cyanobacteria are capable not only of photo-
synthesis but also of nitrogen fixation, the conversion of
nitrogen (N,) gas into reduced forms of nitrogen (such as
ammonia, NH,), which can be used by cells in the synthesis
of nitrogen-containing organic compounds, including amino
acids and nucleotides. Those species capable of both photo-
synthesis and nitrogen fixation can survive on the barest of
resources—light, N, CO,, and H,O. It is not surprising, there-
fore, that cyanobacteria are usually the first organisms to col-
onize the bare rocks rendered lifeless by a scorching volcanic
eruption. Another unusual habitat occupied by cyanobacteria
is illustrated in Figure 1.15b.
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Prokaryotic Diversity For the most part, microbiol-
ogists are familiar only with those microorganisms that they
are ableto growin a culture medium. When a patient suffering
from a respiratory or urinary tract infection sees a physician,
one of the first steps often taken is to culture the pathogen.
Once it has been cultured, the organism can be identified and
the proper treatment prescribed. It has proven relatively easy
to culture most disease-causing prokaryotes, but the same is
not true for those living free in nature. The problem is com-
pounded by the fact that prokaryotes are barely visible in a
light microscope and their morphology is often not very dis-
tinctive. To date, roughly 6000 species of prokaryotes have
been identified by traditional techniques, which is less than
one-tenth of 1 percent of the millions of prokaryotic species
thought to exist on Earth! Our appreciation for the diversity
of prokaryotic communities has increased dramatically in
recent years with the use of molecular techniques that do not
require the isolation of a particular organism.

Suppose that you wanted to learn about the diversity
of prokaryotes living in the upper layers of the Pacific Ocean
off the coast of California. Rather than trying to culture such
organisms, which would prove largely futile, a researcher
could concentrate the cells from a sample of ocean water,
extract the DNA, and analyze certain DNA sequences pres-
ent in the preparation. All organisms share certain genes,
such as those that code for the RNAs present in ribosomes
or the enzymes of certain metabolic pathways. Even though
all organisms may share such genes, the sequences of the
nucleotides that make up the genes vary considerably from
one species to another. This is the basis of biological evo-
lution. By using techniques that reveal the variety of DNA
sequences of a particular gene in a particular habitat, you
learn directly about the diversity of species living in that
habitat. Recent sequencing techniques have become so rapid
and cost-efficient that virtually all of the genes present in the
microbes of a given habitat can be sequenced, generating a
collective genome, or metagenome. This approach can pro-
vide information about the types of proteins these organisms
manufacture and thus about many of the metabolic activities
in which they engage.

These same molecular strategies are being used to explore
the remarkable diversity among the trillions of “unseen pas-
sengers” that live on or within our own bodies, in habitats such
as the intestinal tract, mouth, vagina, and skin. This collec-
tion of microbes, which is known as the human microbiome,
is the subject of several international research efforts aimed
at identifying and characterizing these organisms in people
of different ages, diets, geographies, and states of health. It
has already been demonstrated, for example, that obese and
lean humans have markedly different populations of bacteria
in their digestive tracts. As obese individuals lose weight, their
bacterial profile shifts toward that of the leaner individuals.
One study of fecal samples taken from 124 people of varying
weight revealed the presence within the collective population
of more than 1000 different species of bacteria. Taken together,
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Number and Biomass of Prokaryotes
TABLE 1.2

in the World
No. of prokaryotic PgofCin
Environment cells, x 108 prokaryotes’
Aquatic habitats 12 2.2
Oceanic subsurface 355 303
Soil 26 26
Terrestrial subsurface 25-250 22-215
Total 415-640 353-546

*1 petagram (Pg) = 10%°g.

Source: From W. B. Whitman et al., Proc. Nat’l. Acad. Sci. U.S.A. 95: 6578, 1998.
©1998 National Academy of Sciences, U.S.A. Reproduced with permission of
National Academy of Sciences.

these microbes contained more than 3 million distinct genes—
approximately 150 times as many as the number present in
the human genome. Among the functions of proteins encoded
by these microbial genomes are the synthesis of vitamins, the
breakdown of complex plant sugars, and the prevention of
growth of pathogenic organisms.

By using sequence-based molecular techniques, biolo-
gists have found that most habitats on Earth are teeming
with previously unrecognized prokaryotic life. One estimate
of the sheer numbers of prokaryotes in the major habitats of
Earth is given in Table 1.2. It is noteworthy that more than
90 percent of these organisms are now thought to live in the
subsurface sediments well beneath the oceans and upper
soil layers. Nutrients can be so scarce in some of these
deep sediments that microbes living there are thought to
divide only once every several hundred years! Table 1.2
also provides an estimate of the amount of carbon (C) that
is sequestered in the world’s prokaryotic cells. To put this
number into more familiar terms, it is roughly comparable
to the total amount of carbon present in all of the world’s
plant life.

Types of Eukaryotic Cells

In many regards, the most complex eukaryotic cells are not
found inside of plants or animals, but rather among the single-
celled (unicellular) protists, such as those pictured in
Figure 1.16. All of the machinery required for the complex
activities in which this organism engages—sensing the envi-
ronment, trapping food, expelling excess fluid, evading preda-
tors—is housed within the confines of a single cell.

Cell Differentiation cComplex unicellular organ-
isms represent one evolutionary pathway. An alternate path-
way has led to the evolution of multicellular organisms in
which different activities are conducted by different types of
specialized cells. Specialized cells are formed by a process
called differentiation. A fertilized human egg, for example,
will progress through a course of embryonic development
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that leads to the formation of approximately 250 distinct
types of differentiated cells. Some cells become part of a
particular digestive gland, others part of a large skeletal
muscle, others part of a bone, and so forth (Figure 1.17).
The pathway of differentiation followed by each embryonic
cell depends primarily on the signals it receives from the sur-
rounding environment; these signals in turn depend on the
position of that cell within the embryo. As discussed in the
Human Perspective feature, researchers are learning how to
control the process of differentiation in the culture dish and
are applying this knowledge to the treatment of complex
human diseases.

As a result of differentiation, different types of cells
acquire a distinctive appearance and contain unique materials.
Skeletal muscle cells contain a network of precisely aligned
filaments composed of unique contractile proteins; cartilage

Source: Carolina Biological/Medical Images

m Vorticella, a complex ciliated protist. A number of
these unicellular organisms are seen here; most have withdrawn their

“heads” due to shortening of the blue-stained contractile ribbon in
the stalk. Each cell has a single large nucleus, called a macronucleus
(arrow), which contains many copies of the genes.
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Pathways of cell differentiation. A few of the types of differentiated cells present
in a human fetus.

The Human Perspective

The Prospect of Cell Replacement Therapy

Many human diseases result from the deaths of specific types of
cells. Type 1 diabetes, for example, results from the destruction of
beta cells in the pancreas; Parkinson’s disease occurs with the loss
of dopamine-producing neurons in the brain; and heart failure can
be traced to the death of cadiac muscle cells (cardiomyocytes) in
the heart. Imagine the possibilities if we could isolate cells from
a patient, convert them into the cells that are needed, and then
infuse them back into the patient to restore the body’s lost func-
tion. Recent studies have given researchers hope that one day this
type of therapy will be commonplace. To better understand the
concept of cell replacement therapy, consider a procedure used
‘L widely in current practice, known as bone marrow transplantation,
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in which cells are extracted from the pelvic bones of a donor and
infused into the body of a recipient.

Bone marrow transplantation is used most often to treat lym-
phomas and leukemias, cancers that affect the nature and number of
white blood cells. To carry out the procedure, the patient is exposed
to a high level of radiation and/or toxic chemicals; this kills the cancer
cells, but also kills all of the cells involved in the formation of red and
white blood cells. The treatment has this effect because blood-form-
ing cells are particularly sensitive to radiation and toxic chemicals.
Once a person’s blood-forming cells have been destroyed, they are
replaced by bone marrow cells transplanted from a healthy donor.
Bone marrow can regenerate the blood tissue of the transplant recipi-
ent because it contains a small percentage of cells that can proliferate
and restock the patient’s blood-forming bone marrow tissue.! These
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blood-forming cells in the bone marrow, termed hematopoietic stem
cells (or HSCs), were discovered in the early 1960s by Ernest McCulloch
and James Till at the University of Toronto. HSCs are responsible for
replacing the millions of red and white blood cells that age and die
every minute in our bodies (see Figure 17.6). Amazingly, a single HSC
is capable of reconstituting the entire hematopoietic (blood-forming)
system of an irradiated mouse. An increasing number of parents are
saving the blood from the umbilical cord of their newborn baby as
a type of “stem-cell insurance policy” in case that child should ever
develop a disease that might be treated by administration of HSCs.
Now that you understand one type of cell replacement therapy, we
can consider several other types with much wider therapeutic poten-
tial. We divide these potential therapies into four types.

Adult Stem Cells

Hematopoietic stem cells in the bone marrow are an example of an
adult stem cell. Stem cells are defined as undifferentiated cells that
are (1) capable of self-renewal, that is, production of more cells like
themselves, and (2) multipotent, capable of differentiating into two
or more mature cell types. HSCs of the bone marrow are only one
type of adult stem cell. Most, if not all, of the organs in a human
adult contain stem cells that are capable of replacing the particular
cells of the tissue in which they are found. Even the adult brain,
which is not known for its ability to regenerate, contains stem cells
that can generate new neurons and glial cells (the supportive cells
of the brain). Figure 1a shows an isolated stem cell present in adult
skeletal muscle; these satellite cells are thought to divide and dif-
ferentiate as needed for the repair of injured muscle tissue. Fig-
ure 1b shows a culture of adipose (fat) cells that have differentiated
in vitro from adult stem cells present within fat tissue.

The adult human heart contains stem cells that are capable of dif-
ferentiating into the cells that form both the muscle tissue of the heart
(the cardiomyocytes of the myocardium) and the heart’s blood vessels.
It had been hoped that these cardiac stem cells might have the poten-
tialto regenerate healthy heart tissue in a patient who had experienced
a serious heart attack. This hope has apparently been realized, based
on the appearance of two landmark reports in late 2011. In clinical tri-
als of patients who had suffered significant heart-tissue damage fol-
lowing heart attacks, stem cells were harvested during heart surgeries,
expanded in number through in vitro culture, and then infused back
into the heart. Over the next few months, a majority of treated patients
experienced significant replacement (e.g., 50 percent) of the damaged
heart muscle by healthy tissue derived from the infused stem cells.
This regeneration of heart tissue was accompanied by a clear improve-
ment in quality of life compared to patients in the placebo group, who
did not receive stem cells. Adult stem cells are an ideal system for cell
replacement therapies because they represent an autologous treat-
ment; that is, the cells are taken from the same patient in which they
are used. Consequently, these stem cells do not face the prospect of
immune rejection. These dramatic results with cardiac stem cells
rekindled interest in adult stem cells, which had waned after a number
of failed attempts to direct stem cells isolated from bone marrow to
regenerate diseased tissues. The great majority of adult stem cell ther-
apies under development use a type of adult stem cell known as a mes-
enchymal stem cell (MSC). These can be obtained from bone marrow
but they are different from the HSCs discussed previously; they do not
produce blood cells but rather a variety of other cell types found in var-
jous tissues and organs. MSCs can also be obtained from fat tissue col-
lected during liposuction procedures. Currently there are well over 100
controlled clinical trials underway for treating a wide range of diseases
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(a) (b)

Source: (a) From Charlotte A. Collins et al., Cell 122:291, 2005; with
permission of Elsevier; (b) Reprinted by permission from Springer
Nature: Nathan Blow. Nature 451, pages 856-858, 2008.

m An adult muscle stem cell. (a) A portion of a mus-
cle fiber, with its many nuclei stained blue. A single stem cell
(yellow) is seen to be lodged between the outer surface of the
muscle fiber and an extracellular layer (or basement membrane),
which is stained red. The undifferentiated stem cell exhibits this
yellow color because it expresses a protein that is not present in
the differentiated muscle fiber. (b) Adult stem cells undergoing dif-
ferentiation into adipose (fat) cells in culture. Stem cells capable of
this process are present in adult fat tissue and also bone marrow.

with MSC-derived cells, including heart disease, diabetes, and immune
diseases such as Lupus and Crohn’s disease. An MSC-based therapy
called Prochymal became the first FDA-approved stem cell therapy. It
is used to treat Crohn’s disease and immune reactions in patients who
receive bone marrow transplants.

Embryonic Stem Cells

Much of the excitement that has been generated in the field
over the past decade or two has come from studies on embry-
onic stem (ES) cells, a type of stem cell isolated from very young
mammalian embryos (Figure 2a). These are the cells in the early
embryo that give rise to all of the various structures of the mam-
malian fetus. Unlike adult stem cells, ES cells are pluripotent; that
is, they are capable of differentiating into every type of cellin the
body. In most cases, human ES cells have been isolated from
embryos provided by in vitro fertilization clinics. Worldwide, doz-
ens of genetically distinct human ES cell lines, each derived from
a single embryo, are available for experimental investigation.
The long-range goal of clinical researchers is to learn how to
coax ES cells to differentiate in culture into each of the many cell
types that might be used for cell replacement therapy. Consider-
able progress has been made in this pursuit, and numerous studies
have shown that transplants of differentiated, ES-derived cells can
improve the condition of animals with diseased or damaged organs.
The first trial in humans was begun in 2009 on patients who had
experienced debilitating spinal cord injuries. The trial utilized cells,
called oligodendrocytes, that produce the myelin sheaths which
become wrapped around nerve cells (see Figure 4.5). The oligoden-
drocytes transplanted into these patients were differentiated from
human ES cells cultured in a medium containing insulin, thyroid hor-
mone, and a combination of certain growth factors. This particular
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culture protocol had been found to direct the differentiation of ES
cells into oligodendrocytes rather than any other cell type. Unfor-
tunately, no significant improvement was reported in the treated
patients, and the company conducting the trial decided to cease fur-
ther involvement in the effort.

Embryonic stem cell therapy is currently under intense study
as a treatment for retinal degeneration diseases such as macular
degeneration. At the time of this writing, there are several
government-approved clinical trials using ES cells induced to differen-
tiate into retinal pigmented epithelial cells, a key cell type within the
retina, in an attempt to cure different forms of retinal degeneration.

The primary risk with the therapeutic use of ES cells is the
unnoticed presence of undifferentiated ES cells among the differ-
entiated cell population. Undifferentiated ES cells are capable of
forming a type of benign tumor, called a teratoma, which may con-
tain a bizarre mass of various differentiated tissues, including hair
and teeth. The formation of a teratoma within the central nervous
system could have severe consequences. The culture of ES cells
currently involves the use of nonhuman biological materials, which
also poses potential risks.

The ES cells used in these early trials were derived from cell
lines that had been isolated from human embryos unrelated to the
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patients being treated. Such cells face the prospect of immunologic
rejection by the transplant recipient. It may be possible, however, to
“customize” ES cells so that they possess the same genetic makeup
as the individual being treated. This may be accomplished one day
by a roundabout procedure called somatic cell nuclear transfer
(SCNT), shown in Figure 2b, that begins with an unfertilized egg—a
cell obtained from the ovaries of an unrelated woman donor. In this
approach, the nucleus of the unfertilized egg would be replaced by
the nucleus of a cell from the patient to be treated, to give the egg
the same chromosome composition as that of the patient. The egg
would then be allowed to develop to an early embryonic stage, and
the ES cells would be removed, cultured, and induced to differenti-
ate into the type of cells needed by the patient. Because this proce-
dure involves the formation of a human embryo that is used only as
a source of ES cells, major ethical questions must be settled before it
could be practiced routinely. In addition, the process is very expen-
sive and technically demanding, making it highly improbable that it
could ever be practiced as part of any routine medical treatment. If
ES cell-based therapy is ever practiced, it would more likely depend
on the use of a bank of hundreds or thousands of different ES cells.
Such a bank could contain cells that are close enough as a tissue
match to be suitable for use in the majority of patients.

Blood cells

(a)

Source: Phanie/SuperStock.

(b)

m Embryonic stem cells; their isolation and potential
use. (a) Micrograph of a mammalian blastocyst, an early stage
during embryonic development, showing the inner cell mass,
which is composed of pluripotent ES cells. Once isolated, such cells
are readily grown in culture. (b) A potential procedure for obtain-
ing differentiated cells for use in cell replacement therapy. A small
piece of tissue is taken from the patient, and one of the somatic
cells is fused with a donor oocyte (egg) from which the nucleus was
previously removed. The resulting oocyte, with the patient’s cell
nucleus, is allowed to develop into an early embryo, and the ES
cells are harvested and grown in culture. A population of ES cells
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are induced to differentiate into the required cells, which are sub-
sequently transplanted into the patient to restore organ function.
(At the present time, it has not been possible to obtain blastocyst
stage embryos, that is, ones with ES cells, from any primate species
by the procedure shown here, although it has been accomplished
using an oocyte from which the nucleus is not first removed. The
ES cells generated in such experiments are triploid; that is, they
have three copies of each chromosome—one from the oocyte and
two from the donor nucleus—rather than two, as would normally
be the case. Regardless, these triploid ES cells are pluripotent and
capable of transplantation.)

18/12/19 7:24 PM



Induced Pluripotent Stem Cells

It had long been thought that the process of cell differentiation in
mammals was irreversible; once a cell had become a fibroblast,
or white blood cell, or cartilage cell, it could never again revert to
any other cell type. This belief was shattered in 2006 when Shinya
Yamanaka and co-workers of Kyoto University announced a stun-
ning discovery; his lab had succeeded in reprogramming a fully
differentiated mouse cell—in this case, a type of connective tissue
fibroblast—into a pluripotent stem cell. They accomplished the feat
by introducinginto the mouse fibroblast the genes that encoded four
key proteins that are characteristic of ES cells. These genes (Oct4,
Sox2, KIf4, and Myc, known collectively as OSKM) are thought to play
a key role in maintaining the cells in an undifferentiated state and
allowing them to continue to self-renew. The genes were introduced
into cultured fibroblasts using gene-carrying viruses, and those rare
cells that became reprogrammed were selected from the others in
the culture by specialized techniques. They called this new type of
cells induced pluripotent stem cells (iPS cells) and demonstrated that
they were indeed pluripotent by injecting them into a mouse blasto-
cystand finding that they participated in the differentiation of all the
cells of the body, including eggs and sperm. Within the next year or
so, the same reprogramming feat had been accomplished in several
labs with human cells. So researchers now have available to them an
unlimited supply of pluripotent cells that can be directed to differ-
entiate into various types of body cells using experimental protocols
similar to those already developed for ES cells.

Indeed, iPS cells have already been used to correct certain
disease conditions in experimental animals, including sickle cell
anemia in mice as depicted in Figure 3. Based on the promising
results of animal experiments, attempts to use iPS cells in patients
are beginning. Small-scale clinical trials of iPS cell-based thera-
pies have been carried out, mostly to determine whether there are
harmful side effects. Based on promising results from these studies,
larger-scale clinical trials are now being launched in several coun-
tries, including the United States. Similar to ongoing embryonic
stem cell trials mentioned earlier, these trials are testing the use of
iPS cell-derived retinal pigmented epithelial cells to treat macular
degeneration.

The utility of iPS cells may extend far beyond cell replacement
therapy. iPS cells have also been prepared from adult cells taken
from patients with a multitude of genetic disorders. Researchers
are then able to follow the differentiation of these iPS cells in cul-
ture into the specialized cell types that are affected by the particu-
lar disease. Itis hoped that such studies will reveal the mechanisms
of disease formation as it unfolds in a culture dish just as it would
normally occur in an unobservable way deep within the body.
These “diseased iPS cells” have been referred to as “patients in a
Petri dish.” The clinical relevance of these cells can be illustrated by
an example. iPS cells derived from patients with a heart disorder
called long QT syndrome differentiate into cardiac muscle cells that
exhibit irregular contractions (beats) in culture. This disease-specific
phenotype seen in culture can be corrected by several medicines
normally prescribed to treat this disorder. Moreover, when cardio-
myocytes that had differentiated from the diseased iPS cells were
exposed to the drug cisapride, the irregularity of their contractions
increased. Cisapride, a drug that was used to treat heartburn, was
pulled from the market in the United States after it was shown to
cause heart arrhythmias in certain patients. Results of this type
suggest that differentiated cells derived from diseased iPS cells
will serve as valuable targets for screening potential drugs for their
effectiveness in halting disease progression.
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Unlike ES cells, the generation of iPS cells does not require the
use of an embryo. This feature removes all of the ethical reserva-
tions that accompany work with ES cells and also makes it much
easier to generate these cells in the lab. However, as research on
iPS cells has increased, the therapeutic potential of these cells has
become less clear. For the first several years of study, it was thought
that iPS cells and ES cells were essentially indistinguishable. How-
ever, recent studies have shown that iPS cells lack the “high qual-
ity” characteristic of ES cells and that not all iPS cells are the same.
For example, iPS cells exhibit certain genomic abnormalities that
are not present in ES cells, including the presence of mutations and
extra copies of random segments of the genome. In addition, the
DNA-containing chromatin of iPS cells retains certain traces of the
original cells from which they were derived, which means that they
are not completely reprogrammed into ES-like, pluripotent cells.
This residual memory of their origin makes it is easier to direct iPS
cells toward differentiation back into the cells from which they were
derived than into other types of cells. It may be that these apparent
deficiencies in iPS cells will not be a serious impediment in their use
to treat diseases that affect adult tissues, but it has raised import-
ant questions. There are other issues with iPS cells as well. It will be
important to develop efficient cell reprogramming techniques that
do not use genome-integrating viruses because such virus-infected
cells carry the potential of developing into cancers. Progress has
been made in this regard, but the efficiency of iPS cell formation
typically drops when other procedures are used to introduce genes.

Like ES cells, undifferentiated iPS cells also give rise to
teratomas, so it is essential that only fully differentiated cells are
transplanted into human subjects. Also like ES cells, the iPS cells in
current use have the same tissue antigens as the donors who orig-
inally provided them, so they would stimulate an immune attack
if they were transplanted into other human recipients. Compared
with the difficulties inherent in the formation of ES cells, how-
ever, clinicians will find it much easier to generate personalized,
tissue-compatible iPS cells, because they can be derived from a
simple skin biopsy. Still, as with ES cells, it does take considerable
time, expense, and technical expertise to generate a population of
iPS cells from a specific donor. Consequently, if iPS cells are ever
developed for widespread therapeutic use, they would likely come
from a large cell bank that could provide cells that are close tissue
matches to most potential recipients. One day it may also be possi-
ble to remove all of the genes from iPS cells that normally prevent
them from being transplanted into random recipients.

Direct Cell Reprogramming

In 2008, the field of cellular reprogramming took another unex-
pected turn with the announcement that one type of differentiated
cell had been converted directly into another type of differentiated
cell, a case of transdifferentiation. In this report, the acinar cells of
the pancreas, which produce enzymes responsible for digestion of
food in the intestine, were transformed into pancreatic beta cells,
which synthesize and secrete the hormone insulin. The reprogram-
ming process occurred directly, in a matter of a few days, without
the cells passing through an intermediate stem cell state—and it
occurred while the cells remained in their normal residence within
the pancreas of a live mouse. This feat was accomplished by injec-
tion of viruses that carried three genes known to be important in
differentiation of beta cells in the embryo. In this case, the recipi-
ents of the injection were diabetic mice, and the transdifferentia-
tion of a significant number of acinar cells into beta cells allowed
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m Steps taken to generate induced pluripotent The iPS cells are then treated so as to replace the defective
stem (iPS) cells for use in correcting the inherited disease (globin) gene with a normal copy, and the corrected iPS cells are
sickle cell anemia in mice. Skin cells are collected from the caused to differentiate into normal blood stem cells in culture.
diseased animal, reprogrammed in culture by introducing the These blood stem cells are then injected back into the diseased
four required genes that are ferried into the cells by viruses, and mouse, where they proliferate and differentiate into normal
allowed to develop into undifferentiated pluripotent iPS cells. blood cells, thereby curing the disorder.
the animals to regulate their blood sugar levels with much lower that play a role in the normal embryonic differentiation of the other
doses of insulin. It is also noteworthy that the adenoviruses used cell type. Itis too early to know whether direct cell reprogramming
to deliver the genes in this experiment do not become a perma- has therapeutic potential, but it certainly raises the prospect that
nent part of the recipient cell, which removes some of the concerns diseased cells needing to be replaced might be formed directly
about the use of viruses as gene carriers in humans. Since this ini- from other types of cells within the same organ.
tial report, a number of laboratories have developed in vitro tech-
niques to directly convert one type of differentiated cell (typically a Reference
fibroblast) into another type of cell, such as a neuron, cardiomyo- 1. Bone marrow transplantation can be compared to a simple
cyte, or blood-cell precursor, in culture, without passing through a blood transfusion in which the recipient receives differentiated
pluripotent intermediate. In all of these cases, transdifferentiation blood cells (especially red blood cells and platelets) present in the
occurs when the original cells are forced to express certain genes circulation.
cells become surrounded by a characteristic matrix containing Model Organisms Living organisms are highly

polysaccharides and the protein collagen, which together pro-
vide mechanical support; red blood cells become disk-shaped
sacks filled with a single protein, hemoglobin, which trans-
ports oxygen; and so forth. Despite their many differences, the
various cells of a multicellular plant or animal are composed
of similar organelles. Mitochondria, for example, are found in
essentially all types of cells. In one type, however, they may
have a rounded shape, whereas in another they may be highly
elongated and thread-like. In each case, the number, appear-
ance, and location of the various organelles can be correlated
with the activities of the particular cell type. An analogy might
be made to a variety of orchestral pieces: all are composed of
the same notes, but varying arrangements give each its unique
character and beauty.
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diverse, and the results obtained from a particular exper-
imental analysis may depend on the particular organism
being studied. As a result, cell and molecular biologists have
focused considerable research activities on a small number of
representative or model organisms. It is hoped that a com-
prehensive body of knowledge built on these studies will pro-
vide a framework to understand those basic processes that
are shared by most organisms, especially humans. Many other
organisms are widely used in the study of cell and molecular
biology. Nevertheless, six model organisms—one prokaryote
and five eukaryotes—have captured much of the attention: a
bacterium, E. coli; a budding yeast, Saccharomyces cerevisiae;
a flowering plant, Arabidopsis thaliana; a nematode, Caenor-
habditis elegans; a fruit fly, Drosophila melanogaster; and
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a mouse, Mus musculus. Each of the organisms pictured in
Figure 1.18 has specific advantages that make it particu-
larly useful as a research subject for answering certain types
of questions. A few of their advantages as research systems
are described in the accompanying legend. We concentrate
in this text on results obtained from studies on mammalian
systems—mostly on the mouse and on cultured mamma-
lian cells—because these findings are most applicable to
humans. Because a large portion of what we know about
mammalian cells was first discovered by experiments in
other model organisms that are easier to study, on many
occasions we describe research carried out on the cells of
other species. You may be surprised to discover how similar
you are to these much smaller and simpler organisms at the
cell and molecular level.

The Sizes of Cells and Their
Components

Figure 1.19 shows the relative size of a number of structures
of interest in cell biology. Two units of linear measure are
most commonly used to describe structures within a cell: the
micrometer (um) and the nanometer (nm). One pm is equal to
10-°* meters, and one nm is equal to 10~° meters. The angstrom
(A), whichisequalto one-tenth of an nm,is commonly employed
by molecular biologists for atomic dimensions. One angstrom
is roughly equivalent to the diameter of a hydrogen atom. Large
biological molecules (i.e., macromolecules) are described in
either angstroms or nanometers. Myoglobin, a typical globu-
lar protein, is approximately 4.5 nm X 3.5 nm X 2.5 nm; highly
elongated proteins (such as collagen or myosin) are over
100 nm in length; and DNA is approximately 2.0 nm in width.
Complexes of macromolecules, such as ribosomes, micro-
tubules, and microfilaments, are between 5 and 25 nm in
diameter. Despite their tiny dimensions, these macromolecular
complexes constitute remarkably sophisticated “nanomachines”
capable of performing a diverse array of mechanical, chemical,
and electrical activities.

Cells and their organelles are more easily defined in
micrometers. Nuclei, for example, are approximately 5-10 pm
in diameter, and mitochondria are approximately 2 pm in
length. Prokaryotic cells typically range in length from about
1 to 5 pm, eukaryotic cells from about 10 to 30 pm. There are
a number of reasons most cells are so small. Consider the
following.

» Most eukaryotic cells possess a single nucleus that con-
tains only two copies of most genes. Because genes serve
as templates for the production of information-carrying
messenger RNAs, a cell can only produce a limited num-
ber of these messenger RNAs in a given amount of time.
The greater a cell’s cytoplasmic volume, the longer it will
take to synthesize the number of messages required by
that cell.
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e As a cell increases in size, the surface area/volume ratio
decreases.® The ability of a cell to exchange substances
with its environment is proportional to its surface area.
If a cell were to grow beyond a certain size, its surface
would not be sufficient to take up the substances
(e.g., oxygen, nutrients) needed to support its metabolic
activities. Cells specialized for absorption of solutes, such
as those of the intestinal epithelium, typically possess
microvilli, which greatly increase the surface area avail-
able for exchange (see Figure 1.3). The interior of a large
plant cell is typically filled by a large, fluid-filled vacuole
rather than metabolically active cytoplasm (see Fig-
ure 8.37b).

o A cell depends to a large degree on the random move-
ment of molecules (diffusion). Oxygen, for example, must
diffuse from the cell’s surface through the cytoplasm to
the interior of its mitochondria. The time required for dif-
fusion is proportional to the square of the distance to be
traversed. For example, O, requires only 100 microseconds
to diffuse a distance of 1 pm, but requires 10° times as long
to diffuse a distance of 1 mm. As a cell becomes larger
and the distance from the surface to the interior becomes
greater, the time required for diffusion to move substances
in and out of a metabolically active cell becomes prohibi-
tively long.

Despite these constraints, some eukaryotic cells can be
extremely large. The free-living single-celled organism Stentor
coeruleus, which lives in freshwater ponds, grows to be more
than a millimeter long, and the giant single-celled green
alga Acetabularia is more than 10 cm long. The gargantuan
single-celled green alga Caulerpa can grow to a length of sev-
eral meters and contains millions of nuclei in a common cyto-
plasm. Examples of large cell size are not restricted to such
strange organisms, however. Indeed, we have some examples
in our own bodies. Neurons send out extremely long processes;
motor neurons in the human spinal cord, for example, send out
axons that can be as long as one meter.

The fact that cells are collections of nanomachines has
inspired a research field known as synthetic biology, with the
ultimate goal of creating some minimal type of living cell in the
laboratory out of the same types of component parts found
in real cells. Synthetic biology uses the molecules, molecular
complexes, and organelles of a cell as buiding blocks, as sug-
gested by the cartoon in Figure 1.20. One motivation of these
researchers is simply to accomplish the feat and, in the pro-
cess, demonstrate that life at the cellular level emerges spon-
taneously when the proper constituents are brought together
from chemically synthesized materials. At this point in time,

3You can verify this statement by calculating the surface area and volume
of a cube with sides 1 cm in length versus a cube with sides 10 cm in
length. The surface area/volume ratio of the smaller cube is considerably
greater than that of the larger cube.
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(f)

Source: (a) Biophoto Associates/Science Source; (b) STEVE GSCHMEISSNER/Science Photo Library/Getty Images;
(c) ISM/Jean-Claude REVY/Medical Images; (d) Courtesy of Erik Jorgensen, Department of Biology, University of
Utah. From Trends Genetics, Vol. 14, cover #12. ©1998, with permission from Elsevier; (e) David Scharf/Science

Source; (f) Ted Spiegel/Getty Images.

m Six model organisms. (a) Escherichia coliis a

rod-shaped bacterium that lives in the digestive tract of humans
and other mammals. Much of what we discuss about the basic
molecular biology of the cell, including the mechanisms of replica-
tion, transcription, and translation, was originally worked out on
this one prokaryotic organism. The relatively simple organization
of a prokaryotic cell isillustrated in this electron micrograph.

(b) Saccharomyces cerevisiae, more commonly known as baker’s
yeast or brewer’s yeast, is the least complex of the eukaryotes
commonly studied, yet it contains a surprising number of proteins
that are homologous to proteins in human cells. Such proteins
typically have a conserved function in the two organisms. The spe-
cies has a small genome encoding about 6200 proteins; it can be
grown in a haploid state (one copy of each gene per cell rather than
two as in most eukaryotic cells); and it can be grown under either
aerobic (0,-containing) or anaerobic (O,-lacking) conditions. It is
ideal for the identification of genes through the use of mutants.

(c) Arabidopsis thaliana, a weed (called the thale cress) related to
mustard and cabbage, has an unusually small genome (120 million
base pairs) for a flowering plant, a rapid generation time, and large
seed production, and grows to a height of only a few inches.
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(d) Caenorhabditis elegans, a microscopic-sized nematode, consists
of a defined number of cells (roughly 1000), each of which develops
according to a precise pattern of cell divisions. The animal is eas-
ily cultured, can be kept alive in a frozen state, has a transparent
body wall, a short generation time, and facility for genetic analysis.
This micrograph shows the larval nervous system, which has been
labeled with the green fluorescent protein (GFP). (e) Drosophila
melanogaster, the fruit fly, is a small but complex eukaryote that is
readily cultured in the lab, where it grows from an egg to an adult in
a matter of days. Drosophila has been a favored animal for the study
of genetics, the molecular biology of development, and the neuro-
logical basis of simple behavior. Certain larval cells have giant chro-
mosomes, with individual genes that can be identified for studies
of evolution and gene expression. In the mutant fly shown here, a
leg has developed where an antenna would be located in a normal
(wild type) fly. (f) Mus musculus, the common house mouse, is eas-
ily kept and bred in the laboratory. Thousands of different genetic
strains have been developed, many of which are stored simply as
frozen embryos due to lack of space to house the adult animals.
The “nude mouse” pictured here develops without a thymus gland
and, therefore, is able to accept human tissue grafts.
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biologists have only begun the first steps in this direction. Such
work holds the potential to illuminate the possible origins of
life and to launch an entirely new approach to biotechnology.
However, creating life may raise interesting moral and even reli-
gious questions. A more modest goal of synthetic biology is to
develop novel life forms, using existing organisms as a starting
point, that have a unique value in medicine and industry, or in
cleaning up the environment.

If, as most biologists would argue, the properties and
activities of a cell spring from the genetic blueprint of that
cell, then it should be possible to create a new type of cell by
introducing a new genetic blueprint into the cytoplasm of an
existing cell. This feat was accomplished by J. Craig Venter
and colleagues in 2007, when they replaced the genome of
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one bacterium with a genome isolated from a closely related
species, effectively transforming one species into the other.
By 2010, after overcoming a number of stubborn technical
roadblocks, the team was able to accomplish a similar feat
using a copy of a bacterial genome that had been assembled
(inside a yeast cell) from fragments of DNA that had been
chemically synthesized in the laboratory. The synthetic copy
of the donor genome, which totaled approximately 1.1
million base pairs of DNA, contained a number of modifica-
tions introduced by the researchers. The modified copy of the
genome (from Mycoplasma mycoides) was transplanted into
a cell of a closely related bacterial species (M. capricolum),
where it replaced the host’s original genome. Following
genome transplantation, the recipient cell rapidly took on
the characteristics of the species from which the donor DNA
had been derived. In effect, these researchers have produced
cells containing a “genetic skeleton” to which they can add
combinations of new genes taken from other organisms.

Researchers around the world are attempting to genet-
ically engineer organisms to possess metabolic pathways
capable of producing pharmaceuticals, hydrocarbon-based
fuel molecules, and other useful chemicals from cheap, sim-
ple precursors. Several companies are growing genetically
engineered cyanobacteria capable of producing diesel fuel
from sunlight, water, and CO,. Researchers at one company
have genetically engineered the common lab bacterium
E. coli to ferment the complex polysaccharides present in
seaweed into the biofuel ethanol. This feat required the
introduction into E. coli of a combination of genes derived
from three other bacterial species. Work has also begun on
“rewriting” the yeast genome, signifying that eukaryotic
cells have also become part of the effort to design geneti-
cally engineered biological manufacturing plants.

In principle, the work described in the Human Perspective
feature, in which one type of cell is directed into the formation
of an entirely different type of cell, is also a form of synthetic
biology. As a result of these many efforts, biologists are no lon-
ger restricted to studying cells that are available in nature, but
are turning their attention to cells that can become available
through experimental manipulation.

Review

1. Compare prokaryotic and eukaryotic cells on the
basis of their structural, functional, and metabolic
differences.

2. Which group of prokaryotes is best known for con-
taining many extremophiles?

3. What is the importance of cell differentiation?
4. Why are cells almost always microscopic?

5. If a mitochondrion were 2 pm in length, how many
angstroms would it be? How many nanometers? How
many millimeters?
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Source: Courtesy of Jakob C. Schweizer.

m The synthetic biologist’s toolkit of the future? Such a toolkit would presumably
contain nucleic acids, proteins, lipids, and many other types of biomolecules.

14 | \/iruses and Viroids

By the end of the nineteenth century, the work of Louis Pas-
teur and others had convinced the scientific world that infec-
tious diseases of plants and animals were due to bacteria. But
studies of tobacco mosaic disease in tobacco plants and hoof-
and-mouth disease in cattle pointed to the existence of another
type of infectious agent. It was found, for example, that sap
from a diseased tobacco plant could transmit mosaic disease
to a healthy plant, even when the sap showed no evidence of
bacteria in the light microscope. To gain further insight into
the size and nature of the infectious agent, Dmitri Ivanovsky, a
Russian biologist, forced the sap from a diseased plant through
filters with pores so small that they retarded the passage of
the smallest known bacterium. The filtrate was still infective,
causing lvanovsky to conclude in 1892 that certain diseases
were caused by pathogens that were even smaller, and presum-
ably simpler, than the smallest known bacteria. These patho-
gens became known as viruses.

In 1935, Wendell Stanley of the Rockefeller Institute
reported that the virus responsible for tobacco mosaic dis-
ease could be crystallized and that the crystals were infec-
tive. Substances that form crystals have a highly ordered,
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well-defined structure and are vastly less complex than the
simplest cells. Stanley mistakenly concluded that tobacco
mosaic virus (TMV) was a protein. In fact, TMV is a rod-
shaped particle consisting of a single molecule of RNA sur-
rounded by a helical shell composed of protein subunits
(Figure 1.21).

Viruses are responsible for dozens of human diseases,
including acquired immunodeficiency syndrome (AIDS), polio,
influenza, ebola, measles, and a few types of cancer. Viruses
occur in a wide variety of very different shapes, sizes, and con-
structions, but all of them share certain common properties.
All viruses are obligatory intracellular parasites; that is, they
cannot reproduce unless present within a host cell. Depend-
ing on the specific virus, the host may be a plant, animal, or
bacterial cell. Outside a living cell, the virus exists as a particle,
or virion, which is little more than a macromolecular package.
The virion contains a small amount of genetic material that,
depending on the virus, can be single-stranded or double-
stranded, RNA or DNA. Remarkably, some viruses have as
few as three or four different genes, but others may have as
many as several hundred. The genetic material of the virion
is surrounded by a protein capsule, or capsid. Virions are
macromolecular aggregates, inanimate particles that by them-
selves are unable to reproduce, metabolize, or carry on any of
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Source: (a) Courtesy of Gerald Stubbs, Keuchi Namba, and Donald Caspar;
(b) Courtesy of M.K. Corbett.

m Tobacco mosaic virus (TMV). (a) Model of a portion

of a TMV particle. The protein subunits, which are identical along the
entire rod-shaped particle, enclose a single helical RNA molecule (red).
(b) Electron micrograph of TMV particles after phenol has removed the
protein subunits from the middle part of the upper particle and the
ends of the lower particle. Intact rods are approximately 300 nm long
and 18 nm in diameter.

the other activities associated with life. For this reason, viruses
are not considered to be organisms and are not described as
being alive.

Viral capsids are generally made up of a specific number
of subunits. There are numerous advantages to construction
by subunit, one of the most apparent being an economy of
genetic information. If a viral coat is made of many copies of
a single protein, as is that of TMV, or a few proteins, as are
the coats of many other viruses, the virus needs only one or
a few genes to code for its protein container. Many viruses
have a capsid with subunits organized into a polyhedron, that
is, a structure having planar faces. A particularly common
polyhedral shape of viruses is the 20-sided icosahedron. For
example, adenovirus, which causes respiratory infections in
mammals, has an icosahedral capsid (Figure 1.22a). In many
animal viruses, including the human immunodeficiency virus
(HIV) responsible for AIDS, the protein capsid is surrounded by
a lipid-containing outer envelope derived from the modified
plasma membrane of the host cell as the virus buds from the
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host-cell surface (Figure 1.22b). Bacterial viruses, or bacterio-
phages, are among the most complex viruses (Figure 1.22c¢).
They are also the most abundant biological entities on Earth.
The T bacteriophages (which were used in key experiments
that revealed the structure and properties of the genetic mate-
rial) consist of a polyhedral head containing DNA, a cylindrical
stalk through which the DNA is injected into the bacterial cell,
and tail fibers, which together cause the particle to resemble a
landing module for the moon (Figure 1.22¢).

Each virus has on its surface a protein that is able to bind
to a particular surface component of its host cell. For example,
the protein that projects from the surface of the HIV particle
(labeled gp120 in Figure 1.22b, which stands for glycoprotein
of molecular mass 120,000 daltons®) interacts with a specific
protein (called CD4) on the surface of certain white blood
cells, facilitating entry of the virus into its host cell. The inter-
action between viral and host proteins determines the speci-
ficity of the virus, that is, the types of host cells that the virus
can enter and infect. Some viruses have a wide host range,
being able to infect cells from a variety of different organs or
host species. The virus that causes rabies, for example, is able
to infect many different types of mammalian hosts, including
dogs, bats, and humans. Most viruses, however, have a rela-
tively narrow host range. This is true, for example, of human
cold and influenza viruses, which are generally able to infect
only the respiratory epithelial cells of human hosts.

A change in host-cell specificity can have striking con-
sequences. This point is dramatically illustrated by the 1918
influenza pandemic, which killed more than 30 million peo-
ple worldwide. The virus was especially lethal in young
adults, who do not normally fall victim to influenza. In fact,
the 675,000 deaths from this virus in the United States tem-
porarily lowered average life expectancy by several years. In
one of the most acclaimed—and controversial—feats of the
past few years, researchers have been able to determine the
genomic sequence of the virus responsible for this pandemic
and to reconstitute the virus in its full virulent state. This was
accomplished by isolating the viral genes (which are part of
a genome consisting of eight separate RNA molecules encod-
ing 11 different proteins) from the preserved tissues of victims
who had died from the infection 90 years earlier. The best
preserved samples were obtained from a Native American
woman who had been buried in the Alaskan permafrost. The
sequence of the 1918 virus suggested that the pathogen had
jumped from birds to humans. Although the virus had accu-
mulated a considerable number of mutations, which adapted
itto a mammalian host, it had never exchanged genetic mate-
rial with a human influenza virus as had been postulated.

Analysis of the sequence of the 1918 virus has pro-
vided some clues to explain why it was so deadly and how it
spread so efficiently from one human to another. Using the
genomic sequence, researchers reconstituted the virus into

“One dalton is equivalent to one unit of atomic mass, the mass of a single
hydrogen (*H) atom.
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m Virus diversity. The structures of (a) an adenovirus, (b) a human immunodeficiency virus
(HIV), and (c) a T-even bacteriophage. Note: These viruses are not drawn to the same scale.

infectious particles, which were found to be exceptionally
virulent in laboratory tests. Whereas laboratory mice nor-
mally survive infection by modern human influenza viruses,
the reconstituted 1918 strain killed 100 percent of infected
mice and produced enormous numbers of viral particles in
the animals’ lungs. Because of the potential risk to public
health, publication of the full sequence of the 1918 virus
and its reconstitution went forward only after approval by
governmental safety panels and the demonstration that
existing influenza vaccines and drugs protect mice from the
reconstituted virus.

There are two basic types of viral infection. (1) In most
cases, the virus arrests the normal synthetic activities of the
host and redirects the cell to use its available materials to
manufacture viral nucleic acids and proteins, which assem-
ble into new virions. Viruses, in other words, do not grow like
cells; they are assembled from components directly into the
mature-sized virions. Ultimately, the infected cell ruptures
(lyses) and releases a new generation of viral particles capa-
ble of infecting neighboring cells. An example of this type of
lytic infection is shown in Figure 1.23a. (2) In other cases,
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the infecting virus does not lead to the death of the host cell,
but instead inserts (integrates) its DNA into the DNA of the
host cell’s chromosomes. The integrated viral DNA is called
a provirus. An integrated provirus can have different effects
depending on the type of virus and host cell. For example,

« Bacterial cells containing a provirus behave normally until
exposed to a stimulus, such as ultraviolet radiation, that
activates the dormant viral DNA, leading to the lysis of the
cell and release of viral progeny.

« Some animal cells containing a provirus produce new
viral progeny that bud at the cell surface without lysing
the infected cell. Human immunodeficiency virus (HIV)
acts in this way; an infected cell may remain alive for a
period, acting as a factory for the production of new viri-
ons (Figure 1.23b).

« Some animal cells containing a provirus lose control
over their own growth and division and become malig-
nant. This phenomenon is readily studied in the labo-
ratory by infecting cultured cells with the appropriate
tumor virus.
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Source: (a) Courtesy of Jonathan King and Erika Hartwig; (b) Courtesy of Hans Gelderblom.

m Avirus infection. (a) Micrograph showing a late stage in the infection of a bacterial cell by
a bacteriophage. Virus particles are being assembled within the cell, and empty phage coats are still present
on the cell surface. (b) Micrograph showing HIV particles budding from an infected human lymphocyte.

Viruses are not without their virtues. Because the activ-
ities of viral genes mimic those of host genes, investigators
have used viruses for decades as a research tool to study the
mechanism of DNA replication and gene expression in their
much more complex hosts. In addition, viruses are now being
used as a means to introduce foreign genes into human cells,
a technique that will likely serve as the basis for the treat-
ment of human diseases by gene therapy. Last, insect- and
bacteria-killing viruses may play an increasing role in the war
against insect pests and bacterial pathogens. Bacteriophages
have been used for decades to treat bacterial infections in
eastern Europe and Russia, while physicians in the West have
relied on antibiotics. Given the rise in antibiotic-resistant bac-
teria, bacteriophages may be making a comeback on the heels
of promising studies on infected mice. Several biotechnology
companies are now producing bacteriophages intended to
combat bacterial infections and to protect certain foods from
bacterial contamination.

It came as a surprise in 1971 to discover that viruses
are not the simplest types of infectious agents. In that year,
T. O. Diener of the U.S. Department of Agriculture reported
that potato spindle-tuber disease, which causes potatoes to
become gnarled and cracked, is caused by an infectious agent
consisting of a small circular RNA molecule that totally lacks a
protein coat. Diener named the pathogen a viroid. The RNAs
of viroids range in size from about 240 to 600 nucleotides,

c01IntroductionToTheStudyOfCellAndMolecularBiology.indd 29

one-tenth the size of the smaller viruses. No evidence has
been found that the naked viroid RNA encodes any proteins.
Rather, any biochemical activities in which viroids engage
take place using host-cell proteins. For example, duplication
of the viroid RNA within an infected cell utilizes the host’s RNA
polymerase I, an enzyme that normally transcribes the host’s
DNA into messenger RNAs. Viroids are thought to cause dis-
ease by interfering with the cell’s normal path of gene expres-
sion. The effect on crops can be serious: A viroid disease called
cadang-cadang has devastated the coconut palm groves of
the Philippines, and another viroid has wreaked havoc on the
chrysanthemum industry in the United States. The discovery
of a different type of infectious agent even simpler than a
viroid is described in the Human Perspective feature on Pro-
tein Misfolding in Section 2.7.

Review

1. What properties distinguish a virus from a bacterium?

2. What types of infections are viruses able to cause?

3. Compare and contrast: nucleoid and nucleus; the fla-
gellum of a bacterium and that of a sperm; an archae-
bacterium and a cyanobacterium; nitrogen fixation
and photosynthesis; bacteriophages and tobacco
mosaic virus; a provirus and a virion.
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The Origin of Eukaryotic Cells

You have seen in this chapter that cells can be divided into two
groups: prokaryotic cells and eukaryotic cells. Almost from the
time this division of cellular life was proposed, biologists have
been fascinated by the question: What is the origin of the eukary-
otic cell? It is generally agreed that prokaryotic cells (1) arose
before eukaryotic cells and (2) gave rise to eukaryotic cells. The
first point can be verified directly from the fossil record, which
shows that prokaryotic cells were present in rocks approximately
2.7 billion years old (Section 1.3), which is roughly one billion
years before any evidence is seen of eukaryotes. The second point
follows from the fact that the two types of cells must be related to
one another because they share many complex traits (e.g., very
similar genetic codes, enzymes, metabolic pathways, and plasma
membranes) that could not have evolved independently in differ-
ent organisms.

Until about 1970, it was generally believed that eukaryotic
cells evolved from prokaryotic cells by a process of gradual evo-
lution in which the organelles of the eukaryotic cell became pro-
gressively more complex. Acceptance of this concept changed
dramatically about that time, largely through the work of Lynn
Margulis, then at Boston University. Margulis resurrected an idea
that had been proposed earlier, and dismissed, that certain organ-
elles of a eukaryotic cell—most notably the mitochondria and
chloroplasts—had evolved from smaller prokaryotic cells that
had taken up residence in the cytoplasm of a larger host cell.* This
hypothesis is referred to as the endosymbiont theory because
it describes how a single “composite” cell of greater complexity
could evolve from two or more separate, simpler cells living in a
symbiotic relationship with one another.

Our earliest prokaryotic ancestors were presumed to have
been anaerobic heterotrophic cells: anaerobic meaning they
derived their energy from food matter without employing molec-
ular oxygen (0,), and heterotrophic meaning they were unable to
synthesize organic compounds from inorganic precursors (such
as CO, and water), but instead had to obtain preformed organic
compounds from their environment. These prokaryotic ances-
tors are thought to have then acquired the ability to form inter-
nal membrane compartments, allowing formation of a nucleus
by containing the DNA within an internal membrane. This devel-
opment of internal membranes produced the first organism that
would be considered eukaryote-like in terms of having a nucleus
or other internal compartments (Figure 1). Because this is the
first organism that subsequently gave rise to all eukaryotes, it is
known as the first eukaryotic common ancestor (FECA). Although
the presence of internal membranes was once thought to be an
exclusively eukaryotic trait, it is now known that some bacteria
can in fact form extensive complex internal membrane systems.
The most dramatic example known to date is the bacterium
Gemmata obscuriglobus, which forms a variety of complex inter-
nal membranes (Figure 2). However, careful three-dimensional
reconstructions of G. obscuriglobus structure show that these
membranes do not form closed compartments like eukaryotic
organelles.? It thus appears that the key step in producing the
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Experimental Pathways

FECA was not formation of internal membranes per se, but the
further development of these membranes into closed internal
compartments, particularly a compartment surrounding the DNA
to produce a nucleus.

According to the endosymbiont theory, the next step in the
evolution of modern eukaryotes was when a descendant of the
FECA cell ingested a small, aerobic prokaryote which somehow
resisted digestion within the cytoplasm, taking up residence
as a permanent endosymbiont. As the host cell reproduced,
so did the endosymbiont, so that a colony of these composite
cells was soon produced. Over many generations, endosymbi-
onts lost many of the traits no longer required for survival, and
the once-independent oxygen-respiring microbes evolved into
precursors of modern-day mitochondria. A cell with ancestors
that had formed through the sequence of symbiotic events just
described could have given rise to a line of cells which evolved
other basic characteristics of eukaryotic cells, including addi-
tional internal organelles (endoplasmic reticulum, Golgi com-
plex, lysosomes), a complex cytoskeleton including cilia, intron
splicing, and both mitotic and meiotic cell division. These charac-
teristics, which are shared among all existing eukaryotic lineages,
are proposed to have arisen by a gradual process of evolution,
rather than in a single step as might occur through acquisition
of an endosymbiont. All eukaryotes alive today descended from
the cell that acquired these traits, and it is therefore known as
the last eukaryotic common ancestor (LECA). Current research on
evolutionary cell biology is focused on reconstructing the molec-
ular, structural, and functional features of the FECA and LECA by
comparing features of existing eukaryotic and prokaryotic lin-
eages. The oldest fossils thought to be the remains of eukaryotes
date back about 1.8 billion years.

Margulis proposed that the acquisition of another endosym-
biont, specifically a cyanobacterium, converted an early heterotro-
phic eukaryote into an ancestor of photosynthetic eukaryotes: the
green algae and plants.® The acquisition of chloroplasts (roughly
one billion years ago) must have been one of the last steps in
the sequence of endosymbioses because these organelles are
only present in plants and algae. In contrast, all known groups of
eukaryotes either (1) possess mitochondria or (2) show definitive
evidence they have evolved from organisms that possessed these
organelles.? The concept that mitochondria and chloroplasts arose

aThere are a number of anaerobic unicellular eukaryotes (e.g., the
intestinal parasite Giardia) in which mitochondria have lost their respi-
ratory functions but still contain organelles that are clearly related to
mitochondria in terms of protein composition. However, in recent years
a group of unicellular eukaryotes known as Preaxostyla have been
found to include species that completely lack any organelle related

to mitochondria. The metabolic functions normally performed by
mitochondria are replaced with genes obtained from bacteria. Based
on sequence comparisons of nonmitochondrial genes, we know that
the Preaxostyla lacking mitochondria evolved from ancestors that had
mitochondria, a phenomenon known as secondary loss. Thus, all evi-
dence remains consistent with the idea that the ancestor of all existing
eukaryotes contained a mitochondrion.
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Source: Adapted from F.D. Mast et al., Trends Cell Biol. 24:435-442,2014.
FAUSN A model depicting stages in the evolution of eukaryotes. Starting from a

prokaryotic ancestor, internal compartments began to develop, leading to an organism with

internal membrane compartments such as a nucleus. Such an organism is known as the first

eukaryotic common ancestor (FECA). The molecular machinery for making internal membranes

then allowed the FECA to engulf and maintain endosymbiotic organisms, allowing acquisition

of mitochondria. Additional evolutionary innovations gave rise to cellular features common to

all eukaryotic lineages, including cilia, intron splicing, and meiosis. The organism that had all

of these traits, and therefore gave rise to all existing eukaryotic lineages, is known as the last

eukaryotic common ancestor (LECA). After the LECA arose, further evolutionary steps, such as

endosymbiosis of photosynthetic bacteria to produce chloroplasts, gave rise to different classes

of eukaryotic cells.
Source: Rachel Santarella-Mellwig, Sabine Pruggnaller, Norbert
Roos, lain W. Mattaj, and Damien P. Devos.
m Prokaryotes with complex internal membrane
systems. Electron micrograph of Gemmata obscuriglobus, a
bacterium with a complex set of internal membranes. Although
these membranes do not form closed organelles as they would
in eukaryotes, they show that a potential for membrane organi-

< zation exists even in prokaryotes. <
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via evolution from symbiotic organisms is now supported by an
overwhelming body of evidence, some of which will be described
in numerous chapters of this text.

The division of all living organisms into two categories,
prokaryotes and eukaryotes, reflects a basic dichotomy in the
structures of cells, butitis not necessarily an accurate phylogenetic
distinction, that is, one that reflects the evolutionary relation-
ships among living organisms. How do we determine evolutionary
relationships among organisms that have been separated in time
for billions of years, such as prokaryotes and eukaryotes? Modern
taxonomic schemes that attempt to classify organisms are based
on comparisons of the DNA sequences of living organisms.* Dif-
ferences between organisms in the sequence of nucleotides that
make up a nucleic acid are the result of mutations in DNA that
have been transmitted to offspring. Mutations can accumulate
in a given gene at a relatively constant rate over long periods of
time. Consequently, comparisons of nucleotide sequences can
be used to determine how closely organisms are related to one
another. For example, two organisms that are closely related, that
is, have diverged only recently from a common ancestor, should
have fewer sequence differences in a particular gene than two
organisms that are distantly related, that is, do not have a recent
common ancestor. Using this type of sequence information as
an “evolutionary clock,” researchers can construct phylogenetic
trees showing proposed pathways by which different groups of
living organisms may have diverged from one another during the
course of evolution.

Beginning in the mid-1970s, Carl Woese and his colleagues
at the University of Illinois began a series of studies comparing
the nucleotide sequence in different organisms of the RNA mole-
cule that resides in the small subunit of the ribosome. This RNA—
which is called the 16S rRNA in prokaryotes or the 18S rRNA in
eukaryotes—was chosen because it is present in large quantities
in all cells, is easy to purify, and tends to change only slowly over
long periods of evolutionary time, which means that it could be
used to study relationships of very distantly related organisms. In
one of their first studies, Woese and his colleagues analyzed the
rRNA present in the ribosomes of chloroplasts from the photo-
synthetic protist Euglena.® They found that the sequence of this
chloroplast rRNA molecule was much more similar to that of the
16S rRNA found in ribosomes of cyanobacteria than it was to its
18S counterpart in the ribosomes from eukaryotic cytoplasm.
This finding provided strong evidence for the symbiotic origin of
chloroplasts from cyanobacteria.

In 1977, Woese and George Fox published a landmark paper
in the study of molecular evolution.® Comparing the nucleotide
sequences of small-subunit rRNAs that had been purified from 13
different prokaryotic and eukaryotic species, they found that the
sequences clustered into three distinct groups, such that the rRNAs
within each group are much more similar to one another than they
are to rRNAs of the other two groups. The first of the groups con-
tained only eukaryotes; the second group contained the “typical”
bacteria (gram-positive, gram-negative, and cyanobacteria);
and the third group contained several species of methanogenic
(methane-producing) “bacteria.” Woese and Fox concluded, to
their surprise, that the methanogenic organisms “appear to be
no more related to typical bacteria than they are to eukaryotic
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cytoplasms.” These results suggested that the members of these
three groups represent three distinct evolutionary lines that
branched apart from one another at a very early stage in the evo-
lution of cellular organisms. Consequently, they assigned these
organisms to three different kingdoms, which they named the
Urkaryotes, Eubacteria, and Archaebacteria, a terminology that
divided the prokaryotes into two fundamentally distinct groups.
It was further proposed that a member of the Urkaryote group
combined with a member of Eubacteria to produce the first
eukaryote.

Subsequent research provided support for the concept that
prokaryotes could be divided into two distantly related lineages,
and it expanded the ranks of the archaebacteria to include at least
two other groups, the thermophiles, which live in hot springs and
ocean vents, and the halophiles, which live in very salty lakes and
seas. In 1989, two published reports rooted the tree of life and sug-
gested that the archaebacteria were actually more closely related
to eukaryotes than they were to eubacteria.”® Both groups of
researchers compared the amino acid sequences of several pro-
teins that were present in a wide variety of different prokaryotes,
eukaryotes, mitochondria, and chloroplasts. A phylogenetic tree
constructed from sequences of ribosomal RNAs, which comes to
the same conclusion, is shown in Figure 3a.° In the latter paper,
Woese and colleagues proposed a revised taxonomic scheme,
which hasbeenwidely accepted. Inthisscheme, the archaebacteria,
eubacteria, and eukaryotes are assigned to separate domains,
which are named Archaea, Bacteria, and Eucarya, respectively.?
Similar DNA sequence analysis studies have shown that eukaryotes
then split into six distinct lineages (Figure 3b); animals, including
humans, fall into a group known as opisthokonts. According to the
model in Figure 3a, the first major split in the tree of life produced
two separate lineages, one leading to the Bacteria and the other
leading to both the Archaea and the Eucarya. If this view is correct,
it was an archaebacterium, not a Urkaryote, that took in a eubacte-
rium as a symbiont and gave rise to the lineage that led to the first
eukaryotic cells. Although the host prokaryote was presumably an
archaebacterium, the symbionts that evolved into mitochondria
and chloroplasts were almost certainly eubacteria, as indicated by
their close relationship with modern members of this group.

Until 1995, phylogenetic trees of the type shown in Figure
3a were based primarily on the analysis of the gene encoding the
16S-18S rRNA. By then, phylogenetic comparisons of a number
of other genes were suggesting that the scheme depicted in Figure
3a might be oversimplified. Questions about the origin of prokary-
otic and eukaryotic cells came into sharp focus between 1995 and
1997 with the publication of the entire sequences of a number of
prokaryotic genomes, both archaebacterial and eubacterial, and
the genome of a eukaryote, the yeast Saccharomyces cerevisiae.
Researchers could now compare the sequences of hundreds of

®Many biologists dislike the terms archaebacteria and eubacteria.
Although these terms have gradually faded from the literature, being
replaced simply by archaea and bacteria, many researchers in this field
continue to use the former terms in published articles. Given that this
is an introductory chapter in an introductory text, we have continued
to refer to these organisms as archaebacteria and eubacteria to avoid
possible confusion over the meaning of the term bacterial.
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