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This book is about DNA, the molecule that has a broad impact on 
our daily lives, affecting virtually all our activities. The original version 
of this book, DNA for Beginners, appeared at a time when DNA was 
already considered a fascinating subject, but no one would have 
foreseen that more than twenty years later its impact would reach 
almost every nook and cranny of human activity. The subject itself 
has radically changed. Our aim is to acquaint readers with this 
change and point to the deep moral, political, legal, financial, and 
scientific implications that now come into play. 

The unveiling of the human genome has given us a new 
understanding of where we come from, who we are, and what we 
might become. It has shed light on our health and states of mind and 
affected our political and social relations. It has changed the study 
and practice of medicine – in terms of both diagnosis and treatment. 
The use (and abuse) of DNA in the courtroom has become common 
practice and has altered our notions of law. DNA has transformed 
our very understanding of what life is all about and has changed our 
view of evolution; we now have new insights into how our bodies are 
formed and a new understanding of our relation to other species.

It is our hope that this book combines humor, scientific depth, 
and philosophical and historical insights and that it will interest 
a wide range of readers, including those without any scientific or 
philosophical background, who seek to gain a sophisticated sense 
of the subject. The book can be read at several levels. Those not 
wanting to spend time with too many details can skim over or skip 
some of the more technical passages and can be easily carried 
along by the humorous illustrations, which often convey scientific 
and philosophical information. Some readers and students may 
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want a deeper sense of the subject, and they may reread or spend 
more time on passages that delve into aspects of DNA that make 
it scientifically unique. It is important to realize that the humor and 
illustrations are as much a part of our conception of the book as the 
scientific text. 

The idea for this revised version of the book came from Jim Jordan, 
the director of Columbia University Press. Its unusual format – 
the cartoons and the need for technical accuracy – required 
considerable assistance from the staff of the press, and we owe a 
special debt of gratitude to Milenda Lee for her gracious acceptance 
of our numerous revisions of both text and drawings. Our thanks 
to Patrick Fitzgerald for his editorial comments and to the two 
anonymous reviewers for carefully correcting and improving the text 
and drawings. We also thank Irene Pavitt for her fine proofreading of 
the book. 
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Avery’s conclusions were published together with Colin MacLeod 
and Maclyn McCarty’s in a muted paper in 1944. For years, two 
influential scientists at Avery’s own institution, Rockefeller Institute,
questioned Avery’s conclusions (see page 29). P.A.T. Levene’s 
Tetranucleotide Hypothesis was incompatible with an 
informational role for DNA. And Alfred Mirsky, expert on chromatin, 
maintained that protein contaminants of transforming principle
could be the true transforming agents – not DNA!
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DNA is like a long string of beads in which each bead can be
one of four kinds. Information is coded in the order in which the
beads are arranged on the string. The untied part of each 
bead is known as a “base” and has a name: adenine, 
guanine, cytosine, or thymine. (In RNA, whose function we 
will study later, thymine is replaced by uracil.) By 1900 all of 
these bases were known to chemists, and were classified 
into two groups: the purines, adenine and guanine; and 
the pyrimidines, cytosine, thymine, and uracil. These are 
abbreviated A, G, C, T, and U.
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RNA is an abbreviation of Ribo Nucleic Acid
DNA is an abbreviation of Deoxyribo Nucleic Acid
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This chemical symmetry was at once intriguing and enigmatic. 
It suggested that there was an underlying regularity to the 
composition of DNA. But Chargaff’s Rules on their own were 
insufficient to explain the regularities that Chargaff observed.
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The X-ray diffraction pattern was in the form of a “Maltese cross” 
characteristic of a helical molecule. Franklin and Wilkins had 
already recognized the probable helicity of DNA. Fortunately 
for Crick, the alpha helix protein structure proposed by Pauling 
had spurred an intense review and re-derivation of the theory 
of helical molecule diffraction, which Crick made together 
with the Scottish statistician William Cochran. There were many 
possible helices: two stranded, three stranded, four stranded – 
and each could wind with a range of pitches and diameters. 
Many of the fundamental dimensions could be deduced from 
the X-ray photos.
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The “genetic code” itself
was cracked in the early 
1960’s. Severo Ochoa of the
New York University Medical
School devised enzymatic
methods for making RNA 
molecules in the test tube
which had defined 
nucleotide sequences.

Genetic Code
Marshall Nirenberg and his
student Phil Leder, working at
the National Institutes of
Health in Maryland, used 
synthetic RNA made by
Ochoa’s methods to direct
protein synthesis by cell
extracts in the test tube.

They found that simple RNA trinucleotides, the minimal
molecules for specifying a code word, were sufficient for
binding tRNA to ribosomes. The RNA triplet would bind to the
ribosome, and guide only one tRNA into place. In one typical
experiment GUU was the added triplet, and only valine tRNA
was bound to the ribosome. Thus GUU is a code word for valine.
Remember there are sixty-four code words but only twenty 
amino acids. Some amino acids can be specified by more
than one triplet. Thus ACU, ACC, ACA, and ACG all code for 
threonine. Only three triplets failed to direct tRNA binding: UAA, 
UAG, and UGA. These are the “nonsense” or “stop here” signals 
postulated by Crick and Brenner.
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Prokaryotes versus Eukaryotes
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Prokaryotes versus Eukaryotes
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Restriction Enzymes
           and
Genetic Engineering
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    ach colony has hundreds of thousands of bacteria all descended from a single 
bacterium. Each is a clone. Each bacterial clone contains one recombinant plasmid 
type bearing one foreign DNA fragment. We have purified specific foreign fragments 
from the original mixture.



124 125

and Sequencing Genes
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     anger completed the first full sequence of a DNA 
genome, that of fX174, a bacterial phage whose 11 
genes are stored in a single-stranded DNA molecule 
5386 nucleotides long. One big surprise was that 
genes overlapped each other. Gene B was embed-
ded in A, and gene E was in gene D, and in fact, at 
one position, three different genes – A*, K, and C – 
overlap, an unusual occurrence.

    he genius of Sanger’s method was that the pattern could be interpreted directly to
give the complete structure – 1000 bases in a single experiment – of the gene.
Walter Gilbert and Alan Maxam of Harvard also devised a method.
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We have now entered the post-Sanger era of genome sequencing

(see page 165). First, let’s examine the mechanisms by which genes of

eukaryotic cells, including those of yeast and animals, are transcribed into RNA and

               
 translated into protein. Many of the features of bacterial gene expression that we

               
               

         have already discussed are employed by eukaryotic cells,

			



               

 but the existence of the nucleus required some 

					






additional features.
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One example is the red blood cell, which contains 

hemoglobin, the carrier of oxygen, which is made in

the reticulocyte precursors.

Exons, Introns, and Splicing
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Exons, Introns, and Splicing
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Phil Sharp working at MIT and Richard Roberts working at Cold Spring Harbor saw a 
much more complex pattern of double and single strands! As explained below, this 
pattern revealed that to make an mRNA, parts of the primary RNA transcript must be 
cut out. The DNA is not altered.
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Chromatin and Histones

The mature mRNA is then sent  to the cytoplasm. 
Scientists also found that by cutting and sewing 
the primary transcript in different ways through 
alternative splicing, a single gene can encode 
more than one protein structure.
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Chromatin consists of many nucleosomes linked by DNA & packaged into more
complex but regular fibers. The structure of the chromatin differs, depending on 
the activity of the gene. Open conformations of chromatin are ready for 
transcription, while inactive chromatin is closed to the surroundings & compact.

Chromatin and Histones
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Different genes are expressed as cells differentiate.
Gene Families
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Different genes are expressed as cells differentiate.
Gene Families
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Controlling Genes for Antibodies
Some genes are controlled by unusual mechanisms, such 
as genes for antibodies.

But, in addition to differences 
arising during evolution

some cells in a given organism 
– antibody-producing cells – 
can rapidly change their gene 
expression potential

by novel mechanisms that create 
variation within a given molecule 
of DNA.
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It was soon learned that there are mechanisms for 
rearranging DNA within a particular plant or animal. One of
the most remarkable (and unusual) of these is responsible 
for the production of millions (at least) of antibodies from a 
few hundred antibody genes, permitting man to survive when 
infected by new kinds of organisms. The stock of possible
antibodies is determined throughout life.
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In the embryonic DNA we find the genes for these various segments. But there are
many of each kind of segment (D, V, or J) and they are widely separated in the DNA,
that is, not yet assembled as a functional gene. To make the gene for a light chain 
or a heavy chain, the distant DNA segments must be brought together and joined.



149

 n precursors to antibody-producing cells, an active heavy chain gene is made by
joining one D gene to make a DJ (about 20 x 6 = about 150 possibilities), and then
the DJ to a V gene to made a VDJ gene (about 50 x 150 = 7500 possibilities).

148

In the embryonic DNA we find the genes for these various segments. But there are
many of each kind of segment (D, V, or J) and they are widely separated in the DNA,
that is, not yet assembled as a functional gene. To make the gene for a light chain 
or a heavy chain, the distant DNA segments must be brought together and joined.
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There are two such light chain regions: one for the Kappa type and one for the 
Lambda type.

  or light chains a similar DNA rearrangement brings V to J. The possibilities for
different light chains are about 35 x 4 = 140 for Kappa, and about the same for 
Lambda.



150 151

                                                The most important is mutation of variable regions
during cell division (somatic hypermutation).

  or light chains a similar DNA rearrangement brings V to J. The possibilities for
different light chains are about 35 x 4 = 140 for Kappa, and about the same for 
Lambda.
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After translation in the ribosome,
the light & heavy protein chains
form an antibody . . .

. . . which is sent to the surface
of the cell which produced it.

    Each antibody has a unique
ability to bind antigen recognized by 
the immune system as foreign.

Perched on the cell surface the antibody 
surveys for any antigens it can bind.

Each precursor to an antibody-producing cell has recombined its antibody 
genes in a slightly different way, making different antibodies which bid 
different antigens. Remarkably, binding of antigen triggers the producing cell 
to proliferate to tens of thousands of identical cells, each spewing antibody out 
into the bloodstream!

In this way rearranging antibody genes creates diversity, and antigen binding
selects the necessary response.
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As we will see, in the 1940s, Barbara McClintock discovered “jumping genes” 
(see page 223). Jumping genes are capable of moving from place to place 
within the chromosome and inserting themselves between or within other 
genes. In some cases genes which neighbor the insertion site may be turned 
on or off when a new gene jumps into their vicinity. When the jumping gene is 
inserted within another gene, it can alter the coded information of that gene. 
Jumping genes were first discovered by McClintock in maize, and it is known 
that certain genes in animal cells, such as the immunoglobulin genes in mam-
mals, also “jump” through highly controlled DNA rearrangements. Some DNA 
sequences jump by making copies of themselves which can insert at other 
sites in the chromosome. These DNAs “proliferate” within the chromosome 
through the jumping mechanism, and may be found repeated hundreds of 
thousands of times within the genome. 

Other mechanisms depending on DNA rearrangement 
may modify the structure of the genome. Transposable 
elements (jumping genes) have been found that can insert 
themselves into a variety of sites in DNA, causing mutations, 
inversions, and the turning on or off of genes.

. . . which is sent to the surface
of the cell which produced it.
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humans have 23 kinds, each 
present in two copies, except for 
X and Y in males, of which there 
are one each. The Y 
chromosome,  found 
only in males, is the smallest 
chromosome with about 
58,000,000 nucleotides,  while 
chromosome #1 is the largest  
with over 247,000,000 
nucleotides.

Chromosomes
Each chromosome is a single double- 
stranded DNA, which in humans is a linear molecule. If fully stretched,

the DNA of a typical 
chromosome would 
be about 2 yards 
in length.

             But by folding 
          the DNA into 
      chromatin, the 
   chromosomes are 
only 20 millionths 
    of a yard in 
  length or less!

Chromosomes have arms (chromatids) that are joined at the center by the centromere.

While goldfish 
have 47 kinds of 
chromosomes per 
cell and dogs

have 39,
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The DNA in chromosomes is one 
long, linear, double-stranded 
molecule. DNA polymerase 
replicates the majority of the DNA; 
however, it cannot complete the 
job.  It has no trouble synthesizing 
one strand of the double helix (the 
“leading strand”), which is made 
continuously until the polymerase 
reaches the end of the strand.  But 
the polymerase cannot finish the 
other strand, which is called the 
lagging strand. The lagging strand 
is made in many short segments, 
each started by an RNA “primer” 
(see page 58). When the last RNA 
primer is removed, the place where 
it was bound remains uncopied and 
thus the lagging strand remains 
incomplete. This problem arises 
within the telomeres, structures 
at the ends of chromosomes 
about 100,000 bases in length. 
Telomeres consist of short repeat 
DNA sequences – in vertebrates a 
TTAGGG sequence repeated over 
and over again. Elizabeth Blackburn 
and Carol Greider discovered a 
specialized DNA polymerase called 
telomerase that replicates telo-
meres by copying an RNA template. 
Telomerase provides the critical 
step in maintaining chromosome 
length. Without the telomerase 
mechanism, the chromosomes 
would shorten each time the DNA 
is replicated.  If shortening takes 
place, the cells age. However, if 
telomerase is overactive, cancer 
can result. 

Scientists hypothesize 
that if the telomerase could 
be reactivated, the cellular 

aging process could
be halted.

However, activation of
telomerases has been

linked to cancer.Chromosomes have arms (chromatids) that are joined at the center by the centromere.
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“To our surprise we found that 
double-stranded RNA was substantially 
more effective at producing interference 

than was either strand individually.”

They had uncovered an unconventional mechanism of 
gene control by “RNA interference” (RNAi), in

which small molecules of RNA about 20 nucleotides 
in length, called micro RNA, regulate gene activity by 

destroying mRNA. Micro RNAs may provide a
hitherto hidden RNAi code for gene silencing that fine- 

tunes gene expression.

Imprinting. Some genes are expressed 
differently if inherited from mother or 
father. Chromosomes of eggs or sperm 
acquire a set of marks (either DNA 
methylation or histone acetylation; see page 
157) indicating whether they are of 
maternal or paternal origin. These marks 
are erased when eggs and sperm are 
created in subsequent generations. After 
they fuse, as development proceeds, new 
DNA methylation marks are created.
Micro RNA activity. In 1998 Andy Fire and 
Craig Mello studied how small RNAs block gene expression in the nematode worm. 

These discoveries also revealed the role of small RNAs in disease and the possibility of 
using some synthetic RNAs, siRNAs, to silence unwanted genes.
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Epigenetics 
is the trans-

mission, from 
one cell to its 
descendants, 

of genetic 
information not encoded 

in the sequences of nucleotides of the DNA.

Epigenetic mechanisms include DNA methylation, imprinting and micro RNA activity.
DNA methylation: a carbon atom with three hydrogens (CH3, a methyl group) is 
added to one of the bases, usually a cytosine that lies next to a guanine in the DNA 
strand, a sequence written “CpG”:

During replication of a DNA molecule with methyl C (MeC), a complementary CpG 
lacking the methyl groups is synthesized in the daughter strand. An enzyme, DNA 
methylase, adds the methyl group to the new C residues of the daughter strand 
CpG. In this way the methyl group is “inherited.” 

Micro RNA activity. In 1998 Andy Fire and 
Craig Mello studied how small RNAs block gene expression in the nematode worm. 
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MeCpG is a sequence that frequently appears in clusters called CpG islands. Proteins 
that bind to MeCpG may silence a neighboring gene. Silencing depends on placing the 
DNA into a compact chromatin structure. The more methyl groups attached to a region 
of the DNA, the more likely the gene will be silenced. This is an epigenetic effect be-
cause DNA sequences are not changed by methylation. The methylation mechanism:

a) In parental strands of 
DNA, MeCpG in

one strand faces GpMeC in 
the other.

b) After replication,
CpG in the daughter

strand is not yet
methylated but faces

GpMeC in the 
parental strand.

c) Only CpG facing
GpMeC gets
methylated.

The methylation
pattern is “inherited.”

Epigenetics and Autism. 
A gene regulatory protein, MeCP2, 
emphasizes the importance of epi-
genetic control. MeCP2 binds to
MeC’s and controls neighboring 
genes. Huda Zoghbi found that 
mutations of MeCP2 that disrupt 
DNA binding cause Rett Syndrome, 
a form of autism. Strikingly, in a 
mouse model of the disease, 
expression of normal MeCP2 can 
reverse the symptoms, giving hope 
for Rett treatment.
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The epigenetic changes we have been 
describing are the consequence of 
changing patterns of the switching on 
and off of genes; the sequence of the 
DNA is not altered even if the epigenetic 
changes can be passed from one 
generation to the next. There are also 
non-genetic forms of inheritance. Best 
known is the prion, a protein structure 
that does not contain DNA or RNA, and 
that is associated with a number of 
nervous disorders in cows (bovine 
spongiform encephalopathy – “mad cow” 
disease), sheep (scrapie), and humans 
(Creutzfeldt-Jakob disease). 

The disease, first noticed among 
the Fore people of New Guinea 
(called Kuru in New Guinea), causes 
shaking, trembling, blurred speech and 
other behavioral disabilities, eventually 
resulting in death. Women and children 
were most affected by the disease. The 
American virologist Carlton Gajdusek 
demonstrated that injection of brain 
tissue from those who had died of the 
disease into the brains of chimpanzees 
caused the disease in the chimps. 

Oddly the infectious agent was resistant 
to heat, radiation and chemicals and did 
not cause inflammation. It was then 
discovered that women and children in 
New Guinea cooked and ate their dead 
as part of a mourning ritual. When 
cannibalism was eliminated from New 
Guinea the disease disappeared.
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In the 1980s Stanley Prusiner proposed that 
a protein that underwent an 
abnormal change of shape causes the 
disease. The abnormal form of the 
protein causes other normal molecules 
of this protein to change to the abnormal 
form. More and more of the abnormal 
protein accumulates and causes 
damage to brain cells. 

Since the transmission 
of the abnormal shape of 
the protein does not involve 
DNA, this is an epigenetic 
phenomenon.

In England in the 1980s, mad cow disease broke out. Cattle had been fed sheep 
and cattle protein supplements (cattle and sheep cannibalism) that contained 
the abnormal proteins. The infected cattle were fed to other cattle and the disease 
spread. Humans also ate the cattle and some contracted the disease. Protein 
misfolding, such as in the case of prions, may cause other neurological diseases, 
including Alzheimer’s disease.
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On June 26, 2000, President Clinton in Washington
and Prime Minister Blair in London simultaneously
announced the first draft of the Human Genome.

The entire human genome was sequenced by the International Human 
Genome Sequencing Consortium: the NIH Human Genome Project 
headed by Francis Collins. It cost about $3 billion in public funds. Celera 
Genomics, headed by Craig Venter, sequenced the genome for 
about $300 million but Celera made extensive use of human genome 
structure that was in the public domain.  The Human Genome 
Consortium reported its sequence on February 15, 2001, in the journal 
Nature and the Celera Genomics team’s sequence appeared the 
following day in Science magazine.  Each paper had scores of authors.
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Haseltine’s company unabashedly 
made considerable profits 

from the gene patent.

Patenting genes: Many scientists decoded parts of the human 
genome and some tried to patent the sequences they found. 
Applications have been made for millions of DNA patents. A 
company, Human Genome Sciences, founded by William 
Haseltine, a noted Harvard professor, tried to patent hundreds of 
thousands of gene fragments. This infuriated many scientists, 
who said that only complete genes that have been isolated and 
modified to a form not found in nature should be patentable.
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We have only
20,000 genes–

The same as
a worm?

And hundreds
of my genes are

like yours.
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I have as many
genes as you, and
our genomes have
greater than 95%

similarity.

Yes, but my 
genes give me:

-speech and reason
-opposable thumbs

-walking upright
-a larger brain,

and more.

Small differences between the genomes of humans and chimpanzees make a big 
difference in physical and mental characteristics. But the basis for the special human 
qualities is not known.

The platypus, which is midway between 
reptile and mammal, has a novel genome. 

The platypus lays eggs and the newborn
 suck milk from the mother,

albeit through the skin
rather than from a nipple.
The platypus genome is a

combination of mammalian
and reptilian sequences, 

an oddity in evolution.
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But how can we map genes for
genetic diseases?
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Scientists have developed novel gene-mapping 
tools that speed the process of finding the gene 
responsible for a genetic disease, or for 
comparing two individuals genetically or 
establishing an individual’s ancestral origins. 
One example involves the study of single 
nucleotide polymorphisms.

Single nucleotide 
polymorphisms (SNPs, 
pronounced “snips”) 
are changes in single DNA 
residues of the genome that 
are fairly common. A change 
is considered a SNP if it 
is found in at least 1% of the 
population. Over two million 
SNPs have been identified 
and they are found on all chromosomes, throughout the human genome. SNPs are 
powerful tools for assessing if an individual is at risk for a genetic ailment. An example 
is the apolipoprotein E gene, ApoE, which plays a role in inherited forms of Alzheimer’s 
disease. Using SNPs, we can tell if a person has inherited a form of the ApoE gene 
that increases risk of the disease. SNPs may also reveal a genetic disposition to other 
diseases, such as cancer or schizophrenia, or even a predisposition to substance abuse.
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Genetic medicines for genetic diseases
Gene mutation can cause hereditary disease. Of the 20,000 to 25,000 human genes, 
mutations in about 1,800 genes have been linked to specific diseases. These diseases, 
many of which result from the mutation within a single gene, may eventually be treated 
using new “genetic medicines,” such as stem cells and novel DNA and RNA drugs 
consisting of short nucleic acid fragments. These novel drugs can control the activity 
or expression of genes by modifying the RNAs they encode, most often by modifying 
mRNAs. Genetic medicines also include DNA or RNA that is introduced into tissues to 
alter gene expression (see siRNA, page 156).

Single nucleotide 
polymorphisms (SNPs, 
pronounced “snips”) 
are changes in single DNA 
residues of the genome that 
are fairly common. A change 
is considered a SNP if it 
is found in at least 1% of the 
population. Over two million 
SNPs have been identified 
and they are found on all chromosomes, throughout the human genome. SNPs are 
powerful tools for assessing if an individual is at risk for a genetic ailment. An example 
is the apolipoprotein E gene, ApoE, which plays a role in inherited forms of Alzheimer’s 
disease. Using SNPs, we can tell if a person has inherited a form of the ApoE gene 
that increases risk of the disease. SNPs may also reveal a genetic disposition to other 
diseases, such as cancer or schizophrenia, or even a predisposition to substance abuse.
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Since ancient times, animals have been genetically modified through breeding. 
Producing the desired characteristics required generations of breeding, but now it is 
possible to make the changes of one’s choice in the genome in a single step. 

There are several types 
of genetic manipulations
of animals.  Transgenic mice are 
created when a foreign 
gene is added to the 
mouse’s genome, 
resulting in the 
expression of a 
new protein.
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In a second type of genetic manipulation, pioneered by 
Mario Capecchi, a specific gene is inactivated, often by 
eliminating its DNA altogether from the genome. The 
result is called a knock-out mouse. It works this way:

Some stem cells, 
totipotent stem cells, 
can give rise to all
tissues of an 
organism. Here,
remarkably, a
stem cell can
give rise to a
whole mouse!

By comparing knock-out
and wild type mice, one
can begin to understand
how a gene contributes
to the  phenotype of 
the animal.
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Cloning the Organism – The History
In 1928, Hans Spemann performed the first ‘nuclear transfer’ experiment. Using 
a baby’s hair he eased the nucleus from the cell of an embryo and squeezed 
this nucleus into an enucleated cell from a younger embryo. 

An identical embryo was produced.
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An important question remained unanswered. Could an adult cell – a mature liver cell, 
heart muscle cell or a skin cell – be reprogrammed to develop into an entire organism? 
Could the genetic mechanism be ‘rewound’ to start all over again?

In 1938 Spemann, who 
had become the director of 
the Kaiser Wilhelm Institute of 
Biology in Berlin, proposed a 
‘fantastic experiment’: remove the 
nucleus from the adult cell of an 
animal and put it in an enucleated egg. 
Spemann wanted to prove once and for 
all that an adult cell could be reprogrammed 
to re-create a copy of the animal from which 
it came.

Proof came in 1962 when John Gurdon in Oxford 
used a fully differentiated intestinal cell nucleus to clone 
a frog. In 1996 the first mammalian clone – Dolly, a lamb –
was born, cloned from an adult cell (in this case a mammary 
cell from the udder). Spemann was proved right. Since then numerous animals –
among them pigs, cats, cows, goats, rabbits, horses – have been successfully cloned. 
Yet the cloned animals are often abnormal.
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The rapid progress in stem cell research has also created a debate over the ethics of 
cloning. And new issues are likely to emerge, such as cloning of individuals or even the 
creation of variant life-forms.
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The rapid progress in stem cell research has raised the possibility of generating new 
nerve cells, heart tissue, liver, bone or other organs to replace diseased or accidentally 
damaged tissues. Stem cells are also an essential part of contemporary research into 
the mechanisms of human development and disease.

In 2006, Kazutoshi Takahashi and Shinya Yamanaka working in Kyoto were able to get 
mature mouse cells to return (“revert”) to an embryonic state, opening the possibility 
of creating clones without gene transfer.
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In seeking to create animal models of human diseases, 
scientists have engineered genes that can be turned on 

or off by drugs such as tetracycline (tet). By studying mice 
in which the ras oncogene was turned on by tetracycline, 

Ron DePinho at Harvard discovered that this oncogene 
both starts tumors and keeps them growing.  Tumors 

formed when tetracycline was included in the diet and 
the tumors regressed when it was removed.
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These results 
suggest that tumors 
might be treated by 
turning off specific 
oncogenes.

Oncogenes arise 
from normal genes 
by mutation 
(ras, brca) or 
mutation plus 
overexpression (myc). 
Brca mutation increases 
breast cancer risk. 

Most tumors require 
the cooperation of 
several oncogenes, 
the combination of 
which may vary from 
tumor to tumor. By 
establishing the 
profile of oncogene 
expression of a 
patient’s tumor, an 
individualized 
therapy of oncogene 
inhibition may 
be chosen.
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Gleevec, one of the first designer drugs, blocks Bcr-Abl’s phosphate-attaching 
activity and brings about remission in CML patients. However, over time, the Bcr-Abl 
oncogene may mutate again, so that its protein is no longer inactivated by Gleevec, 
leading to a relapse. Scientists are designing successors to Gleevec that target the 
Gleevec-resistant forms of Bcr-Abl. In the future, by determining the identity of a 
tumor’s oncogene, individualized therapy will become possible.

In chronic myelogenous leukemia (CML), gene mutation and rearrangement form an 
oncogene that encodes an oncogenic enzyme, the Bcr-Abl protein, which attaches 
phosphates to other cancer proteins, making cells divide and form tumors. 
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Diagnosis

DNA can be used to diagnose disease. Huntington’s disease is a progressive and 
incurable hereditary disease of the central nervous system. The first symptoms, 
uncontrolled movements, clumsiness, inability to concentrate and depression, usually 
appear when diseased individuals are in their 30s to 50s. The disease results from CAG 
triplet nucleotide repeats – which encode glutamines – in the DNA of the 
Huntingtin gene. 

A Huntingtin gene with fewer than 26 CAG repeats is normal, but if the number is large, 
greater than 39 repeats, the Huntingtin protein is toxic and fatal. The availability of a 
definitive diagnosis, determining triplet repeat number by sequencing the Huntingtin 
gene, raises a quandary for individuals whose parents have the disease whether to 
get tested, because they have a 50-50 chance of inheriting the toxic mutant.
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Glutamine repeats underlie several other neurodegenerative diseases in which muscle 
control is lost. In the disease Fragile X Syndrome, the triplet CGG is repeated. The 
CpG sequence within this triplet can, as we have seen (see page 158), be methylated, 
causing a constriction in the chromosome that makes the chromosome fragile. It also 
silences genes, leading to mental retardation.

The battle of the 
legendary American 
folksinger Woody 
Guthrie with 
Huntington’s has 
helped to raise pubic 
awareness of 
the disease.
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DNA plays a central role in deciding guilt and innocence in courtrooms around the 
world. Human DNA contains short non-coding DNA sequences (9 to 80 bases long) 
that may be repeated up to thirty times, called Variable Number of Tandem Repeat 
(VNTR) sequences.
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VNTRs are found many thousands of times in human DNA, and can be detected in 
trace amounts of DNA such as from hair roots, or in biological fluids. DNA is collected 
with a swab, amplified by PCR (see page 185), and cut into small specific fragments 
using restriction enzymes (see page 114). The DNA fragments are applied to a gel and 
separated by size when an electric current is passed through the gel. Small fragments 
moving rapidly and large ones, slowly (see below). 

The DNA is transferred to a membrane and probed (see Glossary, under probe) with 
radioactive DNA, using a method called DNA hybridization, to visualize the VNTR bands 
and reveal their sizes. The pattern of bands from the crime scene DNA is compared 
with DNA bands from the victim and the suspects. Because the number of VNTRs that 
lie between two EcoR1 sites will vary from person to person, the pattern of the VNTRs 
can identify an individual, and be used in the courtroom like a fingerprint. 

An example of a gel used to 
compare VNTR DNA fragments 
from four people, three suspects 
(A, B and C) and a rape victim, 
with the fragments from DNA 
from semen obtained from the 
victim (forensic sample). The 
DNAs were digested with a 
restriction enzyme to create the 
VNTR fragments. These were 
separated on a gel according to 
size and visualized by 
autoradiography. The VNTR 
bands from each person were 
different. One matched the VNTR 
bands from the forensic sample, 
identifying suspect B as 
the rapist.

DNA plays a central role in deciding guilt and innocence in courtrooms around the 
world. Human DNA contains short non-coding DNA sequences (9 to 80 bases long) 
that may be repeated up to thirty times, called Variable Number of Tandem Repeat 
(VNTR) sequences.
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Nonetheless, although the 
chance may be small (only one 
in a million), a person whose 
ethnicity is similar or who is a 
relative would have a significant 
chance of sharing the same 
VNTR patterns. 

On the other hand, DNA can be 
used to prove an individual’s 
innocence with virtual certainty.  
In the United States, the
Innocence Project has 
successfully used DNA evidence 
to challenge the convictions of 
more than 200 individuals, many 
of whom had been incarcerated 
for over 15 years. Seventeen had 
been sentenced to death.
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PCR
The polymerase chain reaction (PCR) replicates DNA outside a living organism. PCR’s 
inventor, Kary Mullis, described its great power: “Beginning with a single molecule of 
the genetic material DNA, the PCR can generate 100 billion similar molecules in 
an afternoon. The reaction is easy to execute. It requires no more than a test tube, a 
few simple reagents, and a source of heat.” 

The DNA fragment to be replicated is mixed with short DNA primers, complementary 
to the ends of the DNA to be replicated. A heat-stable DNA polymerase, which 
synthesizes DNA copies, and the nucleotide precursors to the DNA itself are added. 
The tube is heated to unwind all of the DNA stands and then cooled, whereupon 
the primers bind to the ends of the fragment that is being replicated. The polymerase 
extends the primer, making one full double-stranded copy of each DNA fragment 
strand. The tube is heated again to unravel the strands and the process is repeated, 
doubling the quantity of the DNA. Each repetition of the reaction increases the 
copy number exponentially, producing many copies from as few as a single DNA 
molecule template. (Pshew . . . that was hard!)

Genes from the 
mastodon, now 

extinct, have
been studied

using
PCR.
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DNA Machines
The structure of DNA is governed by base-pairing, 
with A binding to T and G to C in the double helix. 
The nucleotides can be viewed as snap together 
parts, which may be used to assemble complex 
structures, such as the truncated DNA octahedron 
constructed by the lab of Nadrian Seeman. 
Seeman is employing DNA in the new science of 
nanotechnology to construct machines on the 
molecular scale, such as nanorobots, perhaps the 
ultimate in miniaturization. Ultra-compact memory 
chips may one day be crafted from DNA, and store 
vast amounts of information in a device of
 molecular dimensions.

Because very small quantities of DNA are required, PCR can be applied to amplifying 
crime scene samples or even to ancient DNAs, such as DNA traces found in the flesh of 
10,000-year-old mastodons, frozen in the tundra, or to DNA from mummies.

Michael Smith used PCR to mutate DNA by using a primer that differs at one residue 
from the wild type sequence.  Site directed mutagenesis is a powerful tool for studying 
DNA and protein function.
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We now
have the capacity to

clone any gene from any
organism – bacterium, plant, or

animal – and determine its complete
structure. We may modify the gene or its
control elements so that it expresses the

protein product of our choice under preselected
conditions. Griffith and Avery showed us how to transfer 
genes to bacteria. Now gene transfer to tissue-cultured 
animal cells and even developing embryos is possible. 
Cultured cells will ingest DNA. Once inside the nucleus,

the DNA may replicate if it is provided with a DNA 
replication origin. Cloned foreign genes introduced
to cells may be expressed transiently. Or they may

integrate permanently into the host cell DNA
to make a genetically modified cell. Cells with

integrated foreign genes may express a
novel protein or have new

genetic properties.   
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Biotechnology
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Biotechnology is the commercialization of biology and genetics. It is the application of 
new genetic technology to practical medical and industrial problems. Biotechnology 
arose in San Francisco, not far from Silicon Valley, the birthplace of the transistor, 
micro-chip, and computer industries.

The first projects were to transfer the genes for medically important proteins such 
as growth hormone or insulin to bacteria where these proteins might be cheaply 
produced in abundance.
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Variations appear to be randomly produced. Many do not
help the organism adapt to its environment.

(As Stephen Jay Gould and
Richard Lewontin have said:
the “male tyrannosaurs may

have used their diminutive
front legs to titillate female

partners, but this will not
explain why they got

so small.”)
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Because the globin gene 
– discussed earlier – was 
duplicated, an extra copy 
was available for tinkering. 
Mutation and natural 
selection could then create 
globin diversity.

Tinkering
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Selfish Genes
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Darwin transformed these late-18th- and 
early-19th-century economic, geological,  
religious, and political ideas into a 
radically new biological theory. Smith’s 
theory became natural selection guided 
by a hidden hand; Lyell’s theory became 
Darwin’s theory of the accumulation of 
small changes (mutations) over huge 
amounts of time, known as gradualism. 

Paley’s watchmaker raised the question 
of the origin of precision in an organism’s 
match to its environment. In the theory of 
Intelligent Design, precision comes from 
an engineer’s designing a device, the 
watch, which has a specific goal to tell 
time. A watch is precise, according to 
Paley, because a watchmaker has 
designed it so that it is an accurate time-
keeper. However, a living form differs 
greatly from a mechanical device. Living 
forms must have the capacity to transform 
into newer forms should the environment 
change. Since the environment’s changes 
are unpredictable, for an intelligent 
designer to be capable of designing new 
life forms with precision, the designer 
would have to be a soothsayer, able to 
predict the future. Darwin found a way of 
creating a much greater precision, 
through random variation and selection, a 
process that might be called unintelligent 
design, or lack of any design at all. 

Contrary to popular belief, randomness 
coupled with selection establishes the

DNA is a marvel that has transformed society. However, to understand the full impact of 
DNA, we must appreciate Darwinian theory and its sources. Charles Darwin wrote On the 
Origin of Species in 1859, the keystone of modern evolutionary theory.  As the English 
theoretical biologist John Maynard Smith  wrote, ”No other writer had such a profound 
effect on the way we see ourselves, and no other brought about so great an extension in 
the range of subjects which we regard as explicable by scientific theory.” As we shall see, 
Darwin argued that all existing organisms come from one or a few common ancestors, 
and that evolutionary change arises from the natural selection of variant life-forms. 
Darwinian theory came out of a variety of economic, political, scientific and religious 
writings about the origins and nature of life.

My economic theory of capitalism described in The Wealth of 
Nations makes the famous claim that society consists of selfish 

individuals  who in the pursuit of their own interests – 
enriching themselves – are also acting in society’s best interest 
since society too is enriched. The free market is governed by a  
“hidden hand”  - the laws of supply and demand – which are 

laws of nature not written by man.

Adam Smith- Economist

My Natural Theology uses the famous watchmaker analogy
 to assert that a divine intelligence is necessary to account

for the complexity of life  forms. Just as the complexity of a watch 
requires a watchmaker, the complexity of living forms requires

an intelligent designer.

William Paley- Bishop & Philosopher

My theory of gradualism espoused in Principles of Geology
says that geological changes occur gradually over extended periods 

of time. For example, the Grand Canyon, which  was carved out 
gradually by the Colorado River over hundreds of millions of years.

Charles Lyell- Geologist

Thomas Malthus- Political Economist

My treatise An Essay on the Principle of Population
claims that populations grow exponentially (2, 4, 16…) , while the 
food supply grows arithmetically  (1, 2, 3…), leading to a struggle 

for the scarce resources – war famine and political unrest.

Evolving Evolution – Sources of Darwinian Theory
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Darwin transformed these late-18th- and 
early-19th-century economic, geological,  
religious, and political ideas into a 
radically new biological theory. Smith’s 
theory became natural selection guided 
by a hidden hand; Lyell’s theory became 
Darwin’s theory of the accumulation of 
small changes (mutations) over huge 
amounts of time, known as gradualism. 

Paley’s watchmaker raised the question 
of the origin of precision in an organism’s 
match to its environment. In the theory of 
Intelligent Design, precision comes from 
an engineer’s designing a device, the 
watch, which has a specific goal to tell 
time. A watch is precise, according to 
Paley, because a watchmaker has 
designed it so that it is an accurate time-
keeper. However, a living form differs 
greatly from a mechanical device. Living 
forms must have the capacity to transform 
into newer forms should the environment 
change. Since the environment’s changes 
are unpredictable, for an intelligent 
designer to be capable of designing new 
life forms with precision, the designer 
would have to be a soothsayer, able to 
predict the future. Darwin found a way of 
creating a much greater precision, 
through random variation and selection, a 
process that might be called unintelligent 
design, or lack of any design at all. 

Contrary to popular belief, randomness 
coupled with selection establishes the

possibility of the most precise fit to 
the environment.

In sum, Darwin’s theory of evolution is 
based on three ideas: natural selection, 
heredity and variation. Small random 
changes – variations – occur in organisms 
from one generation to the next. The 
variant traits that are selected are passed 
on, through reproduction, to the next 
generation of organisms. “Natural 
selection,” Darwin wrote, “acts solely by 
accumulating successive, favorable 
variations.” Evolution in the Darwinian 
view was gradual: “it can act only by short 
and slow steps.” All living organisms, 
Darwinian theory claimed, are descended 
from one or a few common ancestors.

Neither Darwin nor any of his 
contemporaries knew anything about 
heredity. Yet as we have seen, the new 
science of “genetics,” the idea of “genes” 
transmitting specific traits, such as hair 
color, from one generation to the next, 
began in the first decade of the 
20th century. 

By the 1940s, though the structure of the 
gene was still unknown, scientists had 
integrated the idea of the gene into 
Darwinian theory. They now explained 
evolution as the consequence of small 
random changes in genes. This recasting of 
Darwinian theory was called the 
Modern Synthesis, following the 1942 
publication of Julian Huxley’s book 
Evolution: The Modern Synthesis. This 
neo-Darwinian theory corrected Darwin’s 
failure to explain the mechanism of 
inheritance. Embryology was 
not mentioned.

DNA is a marvel that has transformed society. However, to understand the full impact of 
DNA, we must appreciate Darwinian theory and its sources. Charles Darwin wrote On the 
Origin of Species in 1859, the keystone of modern evolutionary theory.  As the English 
theoretical biologist John Maynard Smith  wrote, ”No other writer had such a profound 
effect on the way we see ourselves, and no other brought about so great an extension in 
the range of subjects which we regard as explicable by scientific theory.” As we shall see, 
Darwin argued that all existing organisms come from one or a few common ancestors, 
and that evolutionary change arises from the natural selection of variant life-forms. 
Darwinian theory came out of a variety of economic, political, scientific and religious 
writings about the origins and nature of life.

Evolving Evolution – Sources of Darwinian Theory
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The Twists & Turns of History: 
The Problems with Gradualism
In 1894, the English biologist William 
Bateson challenged Darwin’s view that 
evolution was gradual. He published 
Materials for the Study of Variation, 
a catalog of abnormalities in insects 
and animals in which one body part was 
replaced with another.  He called these 
abnormalities homeotic transformations. 
Among the forms he described was a 
mutant fly with a leg instead of an antenna 
on its head, and mutant frogs and humans 
with extra vertebrae. 

Beginning in the late 1970s, first Edward 
Lewis at Harvard and then Christiane 
Nüsslein-Volhard in Germany and Eric 
Wieschaus at Princeton began a 
systematic study of mutant flies, flies with 
four rather than two wings, or with an 

The neo-Darwinian view appeared to be 
spectacularly confirmed when the double 
helix was discovered in 1953, showing 
how genes composed of DNA transmitted 
hereditary characteristics. 

Not only did the structure of DNA suggest 
a mechanism for gene replication, it also 
made apparent how variations arising 
from random changes were possible and 
could be inherited through changes in the 
base sequence of a gene. This idea of small 
random mutations in the base sequences 
of genes appeared to confirm Darwin’s 
view, already mentioned, that nature “can 

act only by short and slow steps. Hence, 
the canon Natura non facit saltum, nature 
doesn’t make sudden jumps. Evolution is 
gradual. The standard view, then, was that 
variation and selection could account for 
how the simple organisms of early life 
evolved into the complex forms of the 
contemporary biological world. It was 
assumed that as changes accumulated, 
there would be less and less similarity of 
genetic sequences from one species to 
another; and more advanced species would 
have many more genes. Worms would have 
few, if any, genes similar to those of fish, 
mice or human beings.
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antenna replaced by a leg. These and other 
mutant forms revealed a set of eight genes 
in the fruit fly that controlled much of its 
embryonic development – the shape of its 
body and the distribution of 
the attached appendages. Very similar 
genes were subsequently found in worms, 
flies, fish, mice, and humans. 

These discoveries came as a great 
surprise to scientists, since the belief in 
small mutational changes in DNA 
molecules over hundreds of millions of 
years made the preservation of whole 
genes over long periods of time highly 
unlikely. Furthermore, the discovery that 
the same genes existed throughout the 
animal world, in fish, snakes, apes and 
human beings, wasn’t anticipated. It was 
thought that each animal had evolved its 
own unique set of genes over millions of 
years and that this explained the diversity 
of living forms. Surely humans could not 
have the same genes as worms. 
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In 1983, Walter Gehring’s laboratory in 
Basel found a short stretch of DNA (180 
bases in length) that was virtually 
identical in all these newly discovered 
genes that, as we have said, controlled 
much of the embryonic development in 
living things from worms to humans. In 
homage to Bateson, the virtually identical 
sections were dubbed “homeoboxes,” 
since they were present in genes that, 
when mutated, resulted in Bateson’s 
“monsters” or “homeotic” transformations. 
Today these genes are called Hox genes, 
a combination of Bateson’s “homeotic” 
and the more recent term “homeobox” 
(figure 1).

Figure 1. The eight Hox 

genes of the fruit fly. 

Hox genes have a critical 

part to play in determining 

the body plan of the fly. 

Top: the adult fly with the 

genes below it. Bottom: 

the embryo. Each gene 

regulates the development 

and identity of a specific 

region of the fly’s body in 

the embryo and in the 

adult fly.

I am holding a Cimbex axillaries whose
left antenna has been replaced by a foot.
On the wall you will see a two- to three-
day-old Chrysemys picta with two heads,
and a Zygoena filipendulae with a
supernumerary wing.
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The discovery of Hox genes is only part 
of the story of how species evolved. The 
weakness of Darwinian theory – and one 
that has been seized upon by opponents of 
evolutionary theory – is its failure to explain 
how the gene determines the observable 
traits of the organism. From an evolutionary 
point of view, how can complex organs 
such as eyes, arms or wings evolve over 
long periods of time? What about the 
intermediary forms?

The Darwinian view was that early 

being turned on and off by “controlling 
elements” that could move about the 
chromosome – transposable elements, or 
“jumping genes.” Formerly, it had been 
believed that mutations in genes were 
stable and would be passed on to future 
generations. But what McClintock was 
observing were mutations that were 
temporary and that were “undone” while 
the plant was growing. By 1948 – five 
years before the structure of the DNA 
molecule was worked out – McClintock 
had discovered that genetic elements 
changed places on the chromosomes. 
What was beginning to emerge – though 
no one fully grasped this at the time – was 
that genes are undergoing many changes 
during the lifetime of an organism. 

Scientists ignored or were unaware of 
McClintock’s work. More than 10 years 
later, Monod and Jacob suggested a 
model of gene control that also depended 
on a control element or switch genes. Their 
control element, however, depended on a 
regulatory protein, the full significance of 
which only emerged with the discovery of 
the Hox genes.

The deeper meaning of the Monod-Jacob 
model of gene function became apparent, 
as we have already mentioned, when it 
was realized that part of the Monod-Jacob 
repressor molecule is strikingly similar to 
the part of the protein product of the Hox 
genes that is coded for by the homeobox, 
a segment of the Hox protein called the 
homeodomain. The similarity lies in the 
part of the repressor that binds to the 
DNA. Hox genes, then, like the Monod-
Jacob repressor molecule, turn other 
genes on and off.

 As we have seen (see page 163), another 
surprise occurred when the rough draft of
the human genome was announced in 
2001.  As it turned out, human beings 
have far fewer genes than expected 
(about 25,000, not the 100,000 or more 
that had been predicted). Worms have 
about 14,000 genes and mice about as 
many genes as humans. The number of 
genes in a given species is not a measure 
of its complexity. 

Why had biologists so overestimated the 
number of genes in the human genome? 
Why is it unnecessary for complex 
animals such as mammals to have ten 
times as many genes as worms?
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century and a half.… One of the most 
important, and entirely unanticipated, 
insights of the past 15 years was the 
recognition of an ancient similarity of 
patterning mechanisms in diverse 
organisms, often among structures not 
thought to be homologous on 
morphological or phylogenetic grounds. In
1997, prompted by the remarkable extent
of similarities in genetic regulation 
between organs as different as fly wings 
and tetrapod limbs, we suggested the 
term ‘deep homology’.”

Among the deep homologies of Shubin 
and co-workers are Hox genes, which are 
conserved throughout evolution and give 
rise to the “morphologically and 
phylogenetically disparate features” (such 
as wings and limbs). 

The evolution of the eye is an example of a 
deep homology. The compound eye of 
the fruit fly is a collection of many 
independent light sensitive cell groups. The 
vertebrate eye has a single retina 
and many photoreceptor cells. Yet, 
vertebrate and fruit fly programs for 

Figure 2. Deep 

homology in eye 

evolution.  Although 

the arthropod, squid,

and vertebrate eyes are 

morphologically very 

different, they all rely 

on the Eyeless and 

PAX6 transcription 

factors for their 

development. 

[Adapted from 

Shubin et al., 

“Deep Homology”]

embryo. In other words, while evolution is 
constrained by the body plan created by 
the Hox genes, this constraint gives
nature a much greater freedom to 
experiment with variant forms through 
random mutations. If there were no body 
plan, most variations would be lethal and 
evolution would be much, much slower. 
Imagine we wanted to design new 
windows for airplanes that would improve 
the visibility for passengers, resist cabin 
pressure, and better insulate passengers 
from the cold. We would test the new 
window designs without changing their 
placement on the body of the plane. If we
had to redesign the entire plane every 
time we changed the window design we 
would be much slower in developing new 
and improved planes. Similarly, Hox 
genes give the developing embryo a 
framework in which to experiment with new 
forms, such as wings and 
longer necks. 
 
Virtually all animals today are bilateral, a 
form that appeared more than 500 
million years ago. Hox genes are an 
essential element in the formation and 
development of bilateral morphologies 
throughout evolution. In 1909 in British 
Columbia, some of the oddest bilateral 
animals ever to have appeared on the 
face of the earth were discovered in a 
fossilized form, the Burgess Shale, 
dating from the earliest period of 
complex life forms (that is, the period 
before 500 million years ago). The 
morphologies in the Burgess Shale are 
part of what are called the Cambrian 
Explosion or Cambrian Big Bang. 

Not all new evolutionary forms show 
obvious morphological similarities, yet 

they may have what Neil Shubin and 
co-workers have argued are “deep 
homologies”: a “sharing of the genetic 
regulatory apparatus that is used to build 
morphologically and phylogenetically 
disparate features.”1

“It is not possible to identify what is new in 
evolution without understanding the old. 
This is a reflection of the way evolution 
works, with some novelties being 
traceable as modifications of primitive 
conditions and others having origins that 
are much less obvious. As a result, the 
problems of novelty and homology have 
been deeply intertwined for the past

1 Neil Shubin, Cliff Tabin, and Sean Carroll, “Deep Homology 
and the Origins of Evolutionary Novelty,” Nature 457 
(2009): 818–823.    

[Engraving from Bateson book]
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demonstrating how
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comparisons of the detailed genetic 
circuitry underlying eye formation in 
diverse animals. It is now known that a 
small set of [proteins that regulate the 
transcription of genes] in D. melanogaster 
and their homologues in vertebrates, are 
widely used in the specification and 
formation of various types of animal eye.…
This is a textbook example of deep 
homology: morphologically disparate 
organs whose formation (and evolution) 
depends on homologous genetic regulatory 
circuits” (figure 2).
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using the pheromones it has deposited to 
guide it back to the nest. However, an ant 
that finds food will deposit more 
pheromones as it returns to the nest. This 
will reinforce the scent of the trail that led 
to food and other ants will now follow the 
reinforced trail. Eventually, the ants will 
have established a detailed map of paths 
to food sources. An innocent observer 
might be fooled into thinking that the ants 
are using a map supplied by an intelligent 
designer of food distribution. However, 
what appears to be a carefully laid out 
mapping of pathways to food supplies is 
really just a consequence of a series of 
random search and selection (laying 
down of pheromones). 

Other exploratory processes are important 
for the embryonic development of the 
vascular and nervous systems, and the 
guiding principles are similar to those of 
ant foraging: just as the ants randomly
explore the terrain around their nest, 
capillary vessels sprout off the larger 
blood vessels and randomly explore the 
surrounding tissues for the signals coming 
from oxygen-deprived cells. And just as 
contact with food makes the ant reinforce 
the path that led to the food, the sprouting 
capillary vessels establish permanent 
contacts whenever they encounter tissue 
with oxygen-deprived cells.  Similarly, fine 
nerve endings grow randomly, 
establishing stable nerve-muscle 
connections whenever they receive 
electrical and chemical signals coming 
from muscle. 

Hence the evolution of organs such as the
eye or the hand, with apparently well-
designed and integrated nervous and 
vascular systems, does not require a 
global architectural plan with 

Deep homologies are an example of 
what Mark Kirschner and John Gerhart 
call a “core process.”2 Core processes 
are metabolic and physiologic 
mechanisms that are conserved 
throughout evolution, making future 
developments more rapid by the reuse 
of these metabolic and physiologic
pathways while allowing other features 
to diversify. The biochemical pathways 
which cells use to digest and 
metabolize nutrients are an example of 
a core process. These pathways were 
established at an early stage in 
evolution and are still used in human 
cells, worms and bacteria. Likewise the 
storage of genetic information in DNA 
and the mechanisms for translating that 
information in the synthesis of proteins are 
also core processes. Because of 
the deployment of these core processes

natural selection is presented with a 
variety of forms that are more likely to 
succeed than if there were no constraints 
on variation at all. However, should a new 
advantageous process arise, it can be 
incorporated into the functional repertoire 
of the organism, where it is carried 
forward over generations.

Another kind of core process that can 
create forms that are more likely to 
succeed is called “exploratory behavior.”
An example is the behavior of ants when 
foraging for food. Ants leave their nest 
and take random paths and secrete a 
chemical substance called a pheromone 
that leaves a scent. If an ant fails to find 
food it will eventually return to the nest,

2Mark W. Kirschner and John C. Gerhart, The Plausibility of 
Life (New Haven, Conn.:  Yale University Press, 2005).
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predetermined paths and wirings. 
Darwin’s view that small simultaneous 
changes would give rise to organs as 
complex as the eye is in principle true, but
in need of modification. It is the very 
constraints created by the Hox genes and
the core processes (the exploratory 
behavior of capillaries and nerve endings) 
that permit complex designs to emerge 
over a relatively short period of time from 
a biological point of view (hundreds of 
thousands of years, or perhaps even 
less). Some genetic alteration is still 
necessary, of course, if the changes are 
to be passed on from one generation to 
another. But the genetic alterations are 
considerably simpler and fewer in number 
than we might have formerly imagined.

Watching Evolution in Action: 
Changes in the Stickleback Fish
Morphological variations take place 
in the bony armor of stickleback fish, 
for example those living in salt water as 
opposed to those living in fresh water. 
These changes could result from a need 
for protective armor by fish living in the 
ocean. The armor is a handicap for 
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An example is the behavior of ants when 
foraging for food. Ants leave their nest 
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those living in fresh water streams where 
invertebrate predators may attach 
themselves to the armor, and eat the fish. 

Changes in the expression of a single gene, 
the Pitx1 gene, cause the changes 
in morphology. 

Interestingly, laboratory knock out of the 
Pitx1 gene in mice causes large changes 
in pelvic structure reminiscent of the 
armor changes in stickleback. Hence Pitx1 
controls bones and appendages in both 
fish and mice.

DNA & Genetics and the Changing Views 
of Human Evolution
Modern humans first appeared, according 
to present-day estimates, about 200,000 
years ago. Yet, there is no evidence of 
any cultural artifacts before 80,000 years 
ago – and there is telling genetic evidence 
that human evolution is continuing and 
that the appearance of the oldest 
civilizations 5,000 years ago might be 
associated with genetic changes that we 
are only beginning to understand. 

Recently, scientists studied how rapidly 
changes occur within the genome and 
they discovered an area of the genome 
that has undergone more rapid change 
than any other area – the Human
 Accelerated Region 1 (HAR 1). HAR is 
present in chickens and chimpanzees and 
only 2 sequence changes have occurred 
since they separated 310 million years 
ago. HAR 1 has acquired 18 changes in 
sequence since humans and chimpanzees 
separated. (During 5 or 6 million years 
only one or no changes would occur by 
chance.) Equally interesting is that the 
HAR 1 lies outside of the protein coding 
region – it is a gene-control region. 
Scientists had long believed that it was 
the changes in the protein coding regions 
of the genome that were responsible for
the differences between human and 
chimpanzee brains, but the discovery of 
HAR suggests that it is changes in the 
ways genes are switched on and off that 
is more important in brain development 
and function than the production of new 
kinds of proteins. HAR 1 plays a role in 
embryonic cortical development, the 
migratory patterns of neurons, and in the 
adult functioning of the brain.

[Adapted from Michael D. Shapiro et al., “Genetic and 
Developmental Basis of Evolutionary Pelvic Reduction in 
Threespine Sticklebacks,”  Nature 428 (2004): 717–723]



230 231

Human Evolution and the DNA 
Beginnings of Vocal Expression: 
Birdsong and Language
Not long ago a gene was discovered – 
FOXP2 (Forkhead box p2) – that encodes 
a transcription factor and is altered among 
some members of a family who have 
marked speech defects. How important 
the gene is for language function in 
general is not known. The gene, in a 
somewhat different form, is found in all 
mammals. One possible dating of the 
FOXP2 gene suggests that its present 
form in humans appeared about 50,000 
years ago – about the time of the final 
migration out of Africa; it might also 
correspond to the time that human 
language first developed.

But humans are not the only species with 
vocal expression. For example, zebra 
finches learn to sing by imitating the song 
of another zebra finch, the tutor. At 60-80 
days after hatching, the baby finch makes 
songs that might be compared to a baby’s 
babbling. But by 100 days, the finch’s 
song very closely resembles that of the 
tutor. The FoxP2 protein, which is 
encoded by the FoxP2 gene, is expressed 
in the brains of zebra finches and canaries. 
FoxP2 protein expression is highest at 
times in development when the birds are 
learning to sing as well as at times during 
the year when they change their songs. 
Thus, as in humans, FOXP2 gene 
function seems to be linked to vocal 
expression. However, not just finches and 
canaries, but all avian species express 
the FOXP2 gene, although not all birds 
sing. And there is no evidence that a 
bird’s ability to sing depends on the
evolutionary selection of a special form of

Human Migration
Patterns of human migration are 
studied by comparing changes in 
mitochondrial DNA (which comes 
exclusively from mothers) and Y-
chromosomal DNA (which comes 
exclusively from fathers) or in the 
lengths of short DNA repeats (such as
CGT repeated 20 times versus CGT 
repeated 25 times, etc). The greater 
the differences between these markers
in two human populations, the longer
ago they migrated as separate groups.
Scientists believe that there were a
series of migrations of human 
ancestors from Africa, over the last 
several million years. One ancestor 
– Homo erectus – appears to have 
migrated out of Africa some 2 million 
years ago and settled throughout 
Europe and Asia. Homo erectus had a 
relatively small brain size [600 to 800 
cubic centimeters; chimpanzees: 300-
400; humans: 1400]; he may be an
ancestor of the Neanderthals. Genetic 
‘dating’ tells us that modern humans 
all come from a group found in Africa 
71,000 to 142,000 years ago and that
Eurasian, Oceanian, East Asian, and
American populations migrated from 
Africa some 63,000 or more years ago.
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and function than the production of new 
kinds of proteins. HAR 1 plays a role in 
embryonic cortical development, the 
migratory patterns of neurons, and in the 
adult functioning of the brain.
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Epilogue to the First Editionthe FOXP2 gene. While FOXP2 gene 
function is required in some way for 
vocal expression, its expression 
certainly is not sufficient. Moreover, the 
human FoxP2 protein is quite similar to 
songbird FoxP2, so it would be hard to 
conclude that the evolution of FoxP2 is 
the key to humans’ unique capacity 
for language. 

Another gene that plays a role in the 
increase in brain size, ASPM, may have 
appeared in its present form in humans 
some 6,000 years ago – just before the 
appearance of the earliest forms of writing 
in Mesopotamia.  Mutations of the ASPM 
gene cause the genetic disease
microencephaly, in which the brain is 
reduced to the size of the brain of an early 
hominid that lived more than a million 
years ago. 

That a mutated gene or set of genes 
causes a wide range of linguistic 
problems is not evidence that the mutated 
gene is a “language gene”.  A single gene 
may serve different functions at different 
times. And language is the outcome of 
the function of many genes. Like the Hox  
genes, the FOXP2 gene encodes a 
transcription factor that regulates other 
genes and we may have to identify the 
genes controlled by FOXP2 to understand 
how FOXP2 contributes to language.

Today, DNA has begun to give us a new 
way of looking at human history and the 
origins of human characteristics such as 
language that distinguish us from other 
animals. Thus, the study of DNA could be 
a metaphor for science, knowledge, and 
understanding. The more we learn about 
DNA,  the more we realize that our notions 

about life, genes, inheritance, and 
evolution are ever changing. When 
Wilhelm Johanssen first introduced the 
notion of the gene in 1909, it meant a 
chemical unit that represented a particular 
trait – hair color, eye color, etc. – that could 
be passed on from one generation to the 
next. By the 1950s, when the structure of 
DNA became known, it seemed to justify 
the Darwinian idea of gradualism in 
evolution; but by the 1980s genes were 
also (and perhaps most importantly) 
considered switches – turning on and off 
other genes and causing changes that did 
not require gradual accumulations as with 
the stickleback. And then little bits of RNA 
were shown to be important in controlling 
the activities of genes as well. 

In a very deep sense, DNA is about our 
relation to the past, the present, the future 
and to other living things. And perhaps 
most of all, DNA is about the puzzle of 
life: the ‘solution’ to that puzzle is an 
on-going, never ending quest. DNA blurs 
biological time.  

In some sense, DNA justifies Albert 
Einstein’s words written four weeks before 
his death: “The distinction between past, 
present and future is only a stubbornly 
persistent illusion.”
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If we dare to speculate about a 
common ancestor for all living entities, 
then surely we can rank existing beings, 
bacteria, fruit flies, man, etc., on some 
evolutionary scale. Does man, and the 
animal kingdom, represent the triumph 
of evolution, when compared, say, with 
the lowly E. coli bacterium?

Conventional wisdom placed the simple 
bacterium at the bottom of the 
evolutionary scale. Man has placed 
himself at the top. The British astronomer 
Arthur Eddington postulated that “entropy 
is time’s arrow.” Using this postulate, we 
can distinguish the progression of time. 
For example, if we had a filmstrip showing 
a building disintegrating, we would know 
that we were playing the filmstrip forward 
by observing the building falling apart as 
time progressed, not reassembling from 
bits of plaster and timber to form an 
intact edifice. Is there a similar rule we 
can apply to determine the direction and 
the progress of evolution?

DNA is the thread which connects 
us with our most remote ancestors. 
If there were any interruption in the 
chain of the inheritance of genetic 
information, the “evolutionary value” 
of previous millennia would be lost. 
The coded genetic information in 
DNA is the outcome of mutation and 
environmental selection which together 
create the evolutionary process. This 
information could not be replaced.
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The existence of exons and introns, 
and the splicing mechanism, provides 
additional means for evolution. DNA 
exon segments transposed into introns of 
genes can add protein coding sequences 
in mRNA by means of the splicing 
mechanism. Hence by incorporating 
new coding sequences, new peptides 
may be “inserted” into proteins. Should 
such a new exon encode a functional 
domain of a protein, this process of “exon 
shuffling” could provide old proteins with 
new activities, in a small number of 
evolutionary steps. Splicing also permits 
“tinkering” with protein structure at the 
RNA processing stage of gene expression 
by varying the coding sequence retained 
in the mRNA product.
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Once we reach adulthood, the 
number of cells in our body remains 
relatively constant. Some cells, such as 
neurons, most of which are “terminally 
differentiated” and non-dividing, may 
continue to function for the lifetime of 
the individual and will not be replaced. 
Other cells, such as red blood cells, 
have a finite lifespan. They are routinely 
inspected in the spleen for imperfections 
and removed from the bloodstream 
if found faulty. The “hemopoietic 
progenitor cells” in the bone marrow 
retain the ability to divide, and (unlike 
neurons) produce daughter cells which 
differentiate to give new red blood cells, 
thus replenishing the population.
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male hormone is present in the uterus 
because of a male litter mate.

  Recent studies on Aplysia, a shell-
less marine snail, which grows up to 
five inches long, have in fact isolated 
some of the genes that control mating

  These crude experiments only sug-
gest the subtle variations in sexual 
behavior that result from differing 
hormonal environments of the fetus 
and later in development. Female 
and male brains have been found to 
be anatomically and neurochemically 
different and these differences 
develop during the in utero period. 
Female brains are modified when 
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The assumption, then, was that the 
metallothionein gene promoter would be 
active in most of the cells of the body 
of the mouse and that it would in turn 
activate the growth hormone gene to 
which it was attached.
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amino acid 
The fundamental building 
block of proteins. There 
are twenty different amino 
acids (for example, glycine, 
alanine, and lysine), which 
are linked during protein 
synthesis on the ribosome 
according to the coded 
genetic information in 
messenger RNA. The link 
that joins one amino acid 
to the next in the protein 
chain is called a peptide 
bond.

anticodon  A triplet 
of bases in transfer RNA 
that pairs with a codon 
in messenger RNA. See 
codon.

arm (of chromosome) 
A segment of a 
chromosome that projects 
from the centromere, either 
the long arm or the short 
arm. 
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in messenger RNA. See 
codon.

arm (of chromosome) 
A segment of a 
chromosome that projects 
from the centromere, either 
the long arm or the short 
arm. 

bacteriophage 
(phage)  A virus 
that infects bacteria. 
Bacteriophage consist of a 
double- or single-stranded 
DNA or RNA genome 
wrapped in a protective 
protein coat. The name 
comes from the Greek word 
phagos, which means “one 
that eats.”

biotechnology  The use 
of genetic engineering 
and other new biology 
techniques for commercial 
purposes.

centromere  DNA region 
where sister chromatids 
make contact. 

chromatin  The complex 
of DNA with protein that 
resides in the living 
cell. In eukaryotes, the 
fundamental structural 
unit of chromatin is 
the nucleosome. See 
nucleosome.

chromosome  A large 
chromatin structure that 
consists of a highly folded 
DNA chain, complexed 
with basic proteins. In 
eukaryotes, chromatin 
condenses during 
mitosis into distinct 
X-shaped structures that 
independently segregate, 
as the cell divides, between 
the daughter cells.

clone  A population of 
cells that arises from a 
single mother cell and thus 
are genetically identical to 
one another.
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epigenesis  The doctrine 
that the development of 
the body is determined by 
the interaction of the genes 
with the environment.

epigenetics  Heritable 
changes in an organism 
that do not involve changes 
in the sequences of DNA. 
In epigenetic mechanisms, 
environmental factors may 
alter DNA base structure 
(such as methylation of 
cytosine), and hence DNA 
function, but the base 
sequence itself is not 
changed.. 

EUKARYOTES  Organisms 
– including plants, animals, 
protozoa, and fungi – 
whose cells have nuclei.  
See prokaryotes.

exon  A continuous 
segment of a eukaryotic 
gene whose sequence is 
retained in mRNA and that 
usually encodes protein. 
Many eukaryotic genes 
are “split” and have exons 
interspersed with nonsense 
DNA called introns. See 
intron.

exploratory behavior 
A random behavior that, 
when useful features are 
selected, can give rise to a 
precise behavioral pattern.

codon  A triplet of bases 
in messenger RNA that 
codes for an amino acid. 
See anticodon.

COMPLEMENTARITY  The 
relationship of the DNA 
sequence of one strand 
of a double helix to the 
sequence of the other 
strand. When the base 
guanine in one strand 
faces cytosine in the 
other, and adenine faces 
thymine, as dictated by the 
base-pairing rules, the two 
chains are said to have 
complementary sequences.

CONSTITUTIVE MUTANT
A class of mutants of 
a regulated gene that 
synthesizes the gene 
product, whether or not 
the inducer is present. See 
inducer and repressor.

CORE PROCESSES 
Genetic, biochemical, 
or other processes that 
are conserved through 
evolution, making the 
rapid development of new 
organism possible.

DEEP HOMOLOGY
A similarity that underlies 
the genetic control of body 
pattern in two organisms 
that is not evident 
on morphological or 
phylogenic grounds.

DIPLOID  As applied 
to a cell, possessing 
two complete sets of 
chromosomes. See haploid.

DNA HELIX: A, B, and Z 
FORMS  DNA can assume 
different double-helical 
structures, depending on 
the solvent conditions and 
the nucleotide sequence. 
These structures were 
originally seen when DNA 
fibers were analyzed under 
different states of hydration 
by X-ray diffraction. In the 
A form, which is favored at 
low humidity, the helix is 
right-handed, but the plane 
of the bases is inclined with 
respect to the axis of the 
helix. At higher humidity, 
and most likely in the living 
cell as well, the prevailing 
structure is the B form, also 
a right-handed helix, but 
with the plane of the bases 
nearly perpendicular to 
the helix’s axis. When the 
DNA sequence alternates 

between purines and 
pyrimidines (such as 
GCGCGCG . . .), a left-
handed helix called the Z 
form is stable.

DNA methylation 
The addition of a methyl 
group (CH3) to a DNA base, 
often to cytosine.

domain  A structural 
segment of a protein 
molecule that is created 
when the peptide chain folds.

ENZYME  A protein 
molecule that catalyzes 
biochemical reactions. 
Examples are beta-
galactosidase, which 
catalyzes the hydrolysis 
(cleavage with the addition 
of water) of specific 
bonds in sugars called 
beta-galactosides, and 
RNA polymerase, which 
catalyzes the linkage of 
ribonucleotides to one 
another to make an RNA 
chain. Enzymes differ 
from synthetic catalysts in 
that they exhibit exquisite 
specificity in the reactions 
that they catalyze and 
that they function under 
physiological conditions.
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selected, can give rise to a 
precise behavioral pattern.

fertilization  The fusion 
of the sperm and the egg. 

F-factor (fertility 
factor)  A piece of DNA 
that confers “maleness” on 
a bacterium.

frame-shift  The deletion 
or insertion of one or more 
bases in the coding region 
of a gene that causes 
incorrect triplets of bases to 
be read as codons.

gene  A sequence of DNA 
that codes for a functional 
product. Most genes 
encode proteins, but genes 
also encode such RNAs as 
transfer RNA. Genes are the 
basic units of heredity.

genetic code  The code 
used by living organisms to 
store genetic information, 
by which triplets of bases 
in DNA (or messenger RNA) 
represent amino acids in 
proteins.

genome  The total genetic 
information of a cell or 
virus as represented by the 
DNA. Some viruses have 
RNA genomes.

genotype  The genetic 
constitution of an organism. 
See phenotype. 

germ cells  Cells that 
give rise to the gametes 
(sperm and eggs) and 
thus transmit genetic 
information to succeeding 
generations. They are 
formed early during the 
development of the embryo 
and eventually divide 
through meiosis to yield the 
gametes.

gradualism 
The Darwinian view that 
evolution takes place 
though the accumulation 
of small changes over 
extremely long periods of 
time.
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intelligent design  The 
dogma that an intelligent 
forces contributed to the 
origin of life.

intron  A DNA sequence 
in eukaryotes that lies 
within genes, but does not 
code for proteins. Most 
introns have no apparent 
function. Their presence 
“splits” the coding region 
of a gene into segments 
called exons. In the 
synthesis of messenger 
RNA, introns are copied into 
RNA, but they are removed 
by splicing, which restores 
the continuity of coding 
sequences. See exon.

junk DNA  DNA without 
apparent function. 
Approximately 90% of 
animal cell DNA does 
not code for protein and 
is speculated to fall into 
this class. See intron and 
selfish DNA.

haploid  The genetic 
content of one set of 
chromosomes. Sex cells 
(gametes) are haploid, and 
in some organisms (bees 
and wasps) somatic cells 
are also haploid. Upon 
fertilization, the haploid 
egg receives a second set 
of chromosomes from the 
haploid sperm, producing a 
diploid cell. See diploid.

high throughput 
sequencing  The modern 
method of DNA sequencing 
that can analyze millions 
of nucleotides in a single 
session and that is often 
massively parallel – that 
is, with many short DNA 
sequences analyzed 
simultaneously.

HISTONES  Proteins rich 
in basic (that is, positively 
charged) amino acids 
that are found in the 
chromosomes. There are 
five fundamental histone 
types. Nucleosomes consist 
of a helix of DNA wound 
around a core of histones.

homeotic mutation 
Mutation, often in a 
Hox gene, in which the 
body plan of an animal 
is reorganized and, for 
example, one body part is 
replaced by another.

hormones  Substances 
(often small polypeptides 
or proteins) that are 
synthesized in one group of 
cells in the body and then 
are released into the body 
to affect the functioning of 
other cell types (or organs) 
in the body.

Hox genes  A family of 
genes that controls the 
development of the body 
plan in all bilateral animals.

hybridization  The 
formation of double-
stranded DNA–DNA or 
RNA–RNA complexes 
from a mixture of single-
stranded DNA or RNA. 
Hybrids are formed only 
if the base sequences of 
the DNA or RNA strands 
are complementary. 
Hybridization also is a 
technique for determining 
the similarity between the 
base sequences of two 
nucleic acid molecules.

immuNoglobulins
Antibodies that consist of 
“light” and “heavy” protein 
chains bound in a Y-shaped 
structure.

imprinting  An epigenetic 
mechanism in which 
the expression of a gene 
depends on whether it was 
inherited from the mother 
or the father.

inducers  Small 
molecules (often 
metabolites such as 
sugars) that bind to a 
repressor, releasing it from 
an operator. See operator 
and repressor.

insulin  A polypeptide 
hormone secreted by 
specialized cells in the 
pancreas that regulates 
metabolism and the 
production of energy. It 
stimulates the uptake of 
glucose by muscle cells 
and the synthesis of 
protein. Insulin was the first 
protein whose amino acid 
sequence was determined, 
a feat accomplished by 
Frederick Sanger.
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knock-out mouse 
A mouse from whose 
genome a specific gene 
has been permanently 
removed.

Lamarkism 
The doctrine, held by the 
French naturalist Jean-
Baptiste Lamarck, that 
acquired characteristics 
are inherited and may 
result from mutations 
that are responses to an 
organism’s environment. 
Most biologists consider 
Lamarkism to be wrong; 
however, this view has 
been reevaluated in 
special instances of 
epigenetic inheritance. See 
epigenetics.

ligase  An enzyme that 
links DNA molecules by 
connecting an end of one 
linear double-stranded 
molecule to an end of 
another linear double-
stranded molecule to create 
a continuous double helix.

lipids  Water-insoluble 
molecules – such as 
steroids, fatty acids, and 
waxes – that are important 
components of cell 
membranes and store 
energy.

meiosis  The process by 
which a cell gives rise to 
daughter cells with half the 
number of chromosomes 
as that in the mother cell. 
(Diploid cells become 
haploid.) The sex cells 
(gametes) are produced 
through meiosis.

messenger RNA (mRNA) 
An RNA molecule that is 
transcribed from a gene 
and that contains the 
coded information for the 
amino acid sequence of a 
protein. The information in 
mRNA is translated on the 
ribosome. In prokaryotes, 
one mRNA can code for 
more than one protein.

immuNoglobulins
Antibodies that consist of 
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peptide  A chain of amino 
acids.

peptide bond  A link 
(covalent bond) between 
two amino acids in protein.

phenotype 
The characteristics of an 
organism as manifested 
in its developed form. 
The phenotype is the 
consequence of the 
interaction of genes with 
the environment. See 
genotype.

picogram  One-millionth 
of one-millionth of a gram.

plasmid  A small, circular 
DNA molecule (typically 
about 500 nucleotides 
long) that replicates in a 
bacterium independently of 
the bacterial chromosome.

polymerase 
An enzyme that catalyzes 
the polymerization of 
nucleotides into long 
nucleic acid chains. RNA 
polymerase synthesizes 
RNA; DNA polymerase, DNA.

micro RNA (miRNA) 
A short RNA molecule (21 
to 23 nucleotides long) that 
can regulate the expression 
of genes.

mitosis  The stage in the 
life cycle of a eukaryotic 
cell during which sets of 
chromosomes destined for 
daughter cells separate and 
cell division takes place.

Modern Synthesis 
The synthesis of Darwinian 
theory and genetics in 
which evolution is the 
consequence of the 
accumulation of small 
random changes in genes.

natural selection 
In evolutionary theory, 
the process by which the 
adaptation of a population 
to its environment is 
improved. A large number 
of variant forms are 
produced (through DNA 
recombination, sexual 
reproduction, mutation, and 
so on) and the organisms 
best adapted to their 
environment survive and 
reproduce, passing on their 
genetic material.

nonsense mutation 
A mutation that changes 
a codon into a three-base 
sequence that does not 
specify an amino acid. 
Such triplets, known as 
nonsense codons, are UGA, 
UAA, and UAG.

nucleosome 
The repeating structural 
unit of chromatin, 
consisting of 200 base-
pairs of DNA wrapped 
around a histone core. 
The nucleosomes, 
plus the DNA that links 
them to one another, 
make up the chromatin 
fibers of chromosomes. 
See chromatin and 
chromosome.

nucleotide 
The fundamental unit of 
the DNA (or RNA) chain. 
Nucleotides consist of the 
base (adenine, guanine, 
cytosine, or thymine in 
DNA, with thymine replaced 
by uracil in RNA) plus the 
sugar (deoxyribose in DNA, 
ribose in RNA) and linked 
phosphate.

oncogene  A gene 
responsible for the 
transformation of normal 
cells into cancer cells. 
Almost all oncogenes are 
mutant versions of cellular 
genes.

operator  In bacteria, the 
site on DNA to which the 
repressor binds, preventing 
RNA polymerase from 
transcribing the operon. 
Thus it is a control site for 
transcription. See operon 
and repressor.

operon  The group of 
adjacent structural genes 
controlled by an operator 
and a repressor. See 
operator and repressor.
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the bacterial chromosome.

polymerase 
An enzyme that catalyzes 
the polymerization of 
nucleotides into long 
nucleic acid chains. RNA 
polymerase synthesizes 
RNA; DNA polymerase, DNA.

polymerase chain 
reaction (PCR) 
An enzymatic technique 
for replicating specific DNA 
sequences in a test tube.

primer  A short DNA or 
RNA chain, base-paired 
to a complementary DNA 
strand, that is elongated 
by DNA polymerase. The 3' 
terminus of the primer is 
the acceptor for the newly 
added nucleotide residues 
and is the starting point 
for DNA synthesis. Reverse 
transcriptase also uses an 
RNA primer, but employs 
RNA as the template.

prion  A protein that exists 
in both a nontoxic form 
and a misfolded, toxic form. 
The misfolded form can 
induce the refolding of 
the nontoxic form. When a 
healthy animal consumes 
the toxic form of a prion, 
its own prion protein can 
become misfolded and 
toxic.

probe  A single-stranded 
DNA or RNA molecule with 
a specific base sequence 
(usually between 100 and 
1000 nucleotides long) 
and tagged with a marker, 
such as radioactivity or 
a fluorescent molecule. 
Hybridization of the probe 
through base-pairing 
can detect an RNA or a 
DNA molecule with the 
complementary sequence.

prokaryotes  Organisms 
whose cells lack nuclei, 
including bacteria and 
cyanobacteria (blue-green 
algae). See eukaryotes.

promoter  The site 
on DNA where RNA 
polymerase binds and 
initiates transcription. 
More properly, it is defined 
genetically as a site whose 
mutation alters the rate of 
transcription of an adjacent 
gene.

protein  A biological 
molecule consisting of 
amino acids linked into 
chains. Proteins may have 
more than one chain, range 
from tens to thousands of 
amino acids in length, and 
serve the cell as enzymatic 
catalysts or structural 
components.

pseudo-gene  A gene 
that is nonfunctional, 
most often as a result 
of mutational damage 
incurred during evolution. 
Pseudo-genes may arise 
through the duplication of 
functional genes, followed 
by the divergence of one 
copy through mutation 
such that it no longer 
may be expressed. Some 
pseudo-genes are formed 
by copying messenger RNA 
into DNA and then inserting 
the copy back into the 
chromosomes. These lack 
introns, have the spliced 
structure of mRNA, and are 
called intron-less pseudo-
genes.

oncogene  A gene 
responsible for the 
transformation of normal 
cells into cancer cells. 
Almost all oncogenes are 
mutant versions of cellular 
genes.

operator  In bacteria, the 
site on DNA to which the 
repressor binds, preventing 
RNA polymerase from 
transcribing the operon. 
Thus it is a control site for 
transcription. See operon 
and repressor.

operon  The group of 
adjacent structural genes 
controlled by an operator 
and a repressor. See 
operator and repressor.
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selfish DNA  Genes 
proposed to proliferate 
within the genome to many 
hundreds of thousands of 
copies, but do not serve a 
function for the organism. 
Selfish genes are thus 
parasites of the genome 
and represent the ultimate 
self-centered biological 
substance. See junk DNA.

sexual conjugation 
The transfer of the bacterial 
DNA chromosome from 
a male to a female 
bacterium. Male bacteria 
contain plasmids called 
F-factors, which mobilize 
this transfer. See F-factor.

single nucleotide 
polymorphisms 
(SNPs)  Single nucleotide 
variations in DNA structure 
that appear with greater 
than 1% frequency and can 
be used as genetic markers 
– for example, as markers 
for disease genes.

single-stranded DNA 
(or RNA)  A DNA (or an 
RNA) chain whose bases 
are not paired with those 
on a complementary chain. 
Unlike double-stranded 

for restriction enzyme 
cleavage makes these 
enzymes excellent tools for 
dissecting DNA.

reverse transcriptase
An enzyme in certain 
animal viruses called 
retroviruses. Starting at 
an RNA primer, reverse 
transcriptase will make 
a DNA copy of an RNA 
template, a process that 
is crucial to the retrovirus 
life cycle and useful to the 
genetic engineer in making 
DNA clones of messenger 
RNA. The flow of information 
from RNA to DNA is the 
reverse of the normal 
information pathway, 
hence the names reverse 
transcriptase and retrovirus.

ribosome 
The microparticle in the 
cytoplasm that consists 
of RNA and protein, 
where messenger RNA is 
translated into protein.

RNA interference 
(RNAi)
The regulation of gene 
expression, most often 
through gene repression, by 
micro RNAs or genetically 
engineered short hairpin 
RNAs (shRNAs), which 
function similarly to the 
natural miRNAs.

purines  Organic bases 
that contain both carbon 
and nitrogen atoms 
arranged in a two-ring 
structure. Adenine and 
guanine are purines found 
in DNA and RNA, linked 
respectively to deoxyribose 
and ribose.

pyrimidines  Organic 
bases that contain both 
carbon and nitrogen atoms 
arranged in a single-ring 
structure. Thymine and 
cytosine are pyrimidines 
found in DNA, linked to 
deoxyribose. In RNA, the 
pryimidine uracil replaces 
thymine and, like cytosine, 
is linked to ribose.

recombination  The 
rearrangement of DNA 
such that sequences 
originally present on two 
DNA molecules are found 
on the same molecule. 
With homologous 
recombination, the transfer 
is between two very similar 
(but not necessarily 
identical) DNA molecules. 
With heterologous 
recombination, the transfer 
is between DNA molecules 

unrelated in nucleotide 
sequence. Recombination 
may take place by the 
breakage and reunion of 
DNA molecules.

regulatory gene 
A gene that encodes a 
protein or another factor 
that regulates the activity 
of a second gene.

replication fork 
The position on DNA where 
replication takes place. 
The parental DNA strands 
diverge at the replication 
fork to serve as templates 
for daughter DNA synthesis, 
creating a Y-shaped form.

repressor  A protein 
encoded by a regulatory 
gene that can either 
combine with an inducer, 
permitting the transcription 
of structural genes, or bind 
to the operator blocking 
access of RNA polymerase 
to the promoter, thereby 
repressing transcription. 
See inducer, operator, and 
promoter.

restriction enzyme 
An enzyme that cleaves 
DNA at short, specific 
sequences. Examples 
are EcoR1 (E. coli 
restriction enzyme 1) 
and HindIII (isolated 
from the microorganism 
Haemophilus influenzae, 
serotype d), which cut, 
respectively, at GAATTC 
and AAGCTT in double-
stranded DNA. The very 
high sequence specificity 
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(or RNA)  A DNA (or an 
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Unlike double-stranded 

nucleic acid, which forms 
relatively rigid, elongated 
structures, single strands 
are floppy and can easily 
coil back on themselves.

somatic cell 
In multicellular organisms, 
a cell of the soma, or 
tissues, as opposed to 
a cell of the germ line. 
Somatic cells divide 
and differentiate during 
development, but under 
normal circumstances 
do not exchange genetic 
information.

stem cell 
An undifferentiated 
embryonic cell that has 
the capacity for self-
renewal and that gives 
rise to any specialized cell 
type. Totipotent stem cells 
can give rise to all cell 
types of the embryo as 
well as cells of the extra 
embryonic tissue, while 
pluripotent stem cells, such 
as embryonic stem cells 
(ES cells), can give rise to 
only a subset of these cell 
types, such as those of the 
embryo itself.

structural gene 
A gene that codes for a 
protein, such as an enzyme, 
or for an RNA, such as 
transfer RNA or micro RNA.

SV40 (Simian Virus 40)  A 
virus of monkeys that also 
infects tissue-cultured 
cells in the laboratory and 
has served as a model 
for gene expression in 
animal cells. SV40 DNA is 
a double-stranded circle 
with approximately 5200 
base-pairs.

telomere  A region at 
the end of a chromosome 
made up of short, repeated 
DNA sequences that 
protects the chromosome.

tetranucleotide 
hypothesis 
A hypothetical structure 
for the DNA molecule 
proposed by the organic 
chemist P. A. T. Levene, in 
which the DNA nucleotides 
adenine, guanine, thymine, 
and cytosine are arranged 
in a monotonous repetition 
of short simple sequences 
(such as AGTCAGTCAGTC 
. . .). This hypothesis was 
incompatible with an 
informational role for DNA.

for restriction enzyme 
cleavage makes these 
enzymes excellent tools for 
dissecting DNA.

reverse transcriptase
An enzyme in certain 
animal viruses called 
retroviruses. Starting at 
an RNA primer, reverse 
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template, a process that 
is crucial to the retrovirus 
life cycle and useful to the 
genetic engineer in making 
DNA clones of messenger 
RNA. The flow of information 
from RNA to DNA is the 
reverse of the normal 
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hence the names reverse 
transcriptase and retrovirus.

ribosome 
The microparticle in the 
cytoplasm that consists 
of RNA and protein, 
where messenger RNA is 
translated into protein.

RNA interference 
(RNAi)
The regulation of gene 
expression, most often 
through gene repression, by 
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engineered short hairpin 
RNAs (shRNAs), which 
function similarly to the 
natural miRNAs.
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thymine dimer 
Two thymine bases on 
adjacent nucleotides of a 
DNA strand may be joined 
by covalent bonds through 
the action of ultraviolet 
light or X-rays to form a 
thymine dimer. If the dimer 
is not excised and the DNA 
is not correctly repaired, a 
mutational change in the 
DNA sequence will appear 
at the site of the dimer.

transcription 
The synthesis of RNA by 
RNA polymerase, directed 
by the template strand of 
DNA. It is a fundamental 
step in the utilization of 
genetic information.

transcription factor 
A protein that binds to 
DNA and regulates the 
expression of a neighboring 
gene.

transfer RNA (tRNA) 
A class of small RNA 
molecules that function in 
protein synthesis. Transfer 
RNA interprets the genetic 
code information in 
messenger RNA.

transformation  As 
used by Oswald Avery, the 
term “transformation” refers 
to the transfer of genes 
in the form of chemically 
pure DNA to a cell such 
that they are integrated 
into the cell’s genome and 
are functionally expressed. 
This is also known as 
transfection. Transformation 
also refers to the changes 
in an animal cell’s growth 
properties and morphology 
that occur when the cell 
changes from a healthy 
into a cancerous cell. This 
can occur when the cell 
acquires an oncogene. 
Cells with unchecked 
growth are said to be 
transformed.

transgenic mouse 
A mouse into whose 
genome a foreign DNA 
sequence, often a gene, 
has been added.

translation 
The reading of the genetic 
code in messenger RNA 
during the synthesis of 
protein. This is performed 
by transfer RNA, on the 
ribosome, and leads to the 
assembly of amino acids 
into a chain, with their 
sequence dictated by the 
DNA sequence of the gene.

variable number 
of tandem repeat 
sequences 
(VNTRs)  Short DNA 
sequences (9 to 80 
nucleotides long) that 
are repeated frequently 
in a way that is unique to 
each individual and whose 
analysis can identify the 
person who is the source of 
a DNA sample.

vector  A DNA molecule 
or a virus that can be 
employed to introduce a 
foreign gene into a cell. 
Transfers to bacterial 
or eukaryotic cells use 
different types of vectors. 
Vectors can be designed 
and constructed by a 
molecular biologist using 
genetic-engineering 
techniques. Most DNA 
vectors for use with 
bacteria are derived from 
bacterial plasmids, Lambda 
phage, or other genomes 
that replicate within the 
cell. They often carry 
genetic markers, such as a 
gene conferring resistance 
to an antibiotic. Transfer 
to a eukaryotic cell may 
employ simple DNA vectors 
or viral vectors, such as 
sindbis virus, lentiviruses, 

or adenovirus. Viral vectors 
contain an RNA or a DNA 
genome wrapped in a 
protein coat. In vector form, 
these viruses have been 
engineered to accept the 
foreign gene chosen for 
expression in the cell. Most 
viral vectors lack one or 
more of the virus’s own 
critical genes and thus are 
crippled and cannot carry 
out their normal replication 
cycles.

virus  A simple 
microscopic organism 
that consists of genetic 
information (most often 
DNA, but sometimes RNA) 
wrapped in a protein coat. 
In order to replicate, viruses 
must enter a host cell 
(animal, plant, or bacterium, 
depending on the virus 
type) and divert the gene 
expression machinery (that 
is, the ribosomes, transfer 
RNA, and so on) to the 
manufacture of new viruses. 
Viruses that replicate in 
bacteria are often called 
bacteriophage (phage).
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type) and divert the gene 
expression machinery (that 
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RNA, and so on) to the 
manufacture of new viruses. 
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bacteria are often called 
bacteriophage (phage).

X-ray diffraction 
When a beam of X-rays 
passes through a crystal, 
the beam interacts with the 
regular array of atoms in 
the crystal. It exits from the 
crystal as a complex group 
of beams. The intensities, 
angles of exit, and phases 
of these beams are directly 
determined by the atomic 
structure of the repeating 
unit of the crystal. When 
changes imparted by the 
crystal to the beam are 
determined, the structure 
of the repeating unit of the 
crystal may be calculated. 
This method of structural 
analysis, called X-ray 
diffraction, was developed 
at the Cavendish Laboratory 
at Cambridge University by 
William Henry Bragg and 
his son William Lawrence 
Bragg. The structures of 
many proteins, small RNAs 
(such as transfer RNA), 
and the DNA double helix 
were determined by X-ray 
diffraction.
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