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PART TWO

MACHINERY OF 

EVOLUTION
The great spectacle of biological evolution is one of the most inspir-

ing things a young biologist can be exposed to: the colors of birds,

flowers, and insect wings; the vast scale, from virus particles to blue

whales; the intricate shapes of shells, bones, and fossils. The diversi-

ty of life has a majesty like that of a great symphony, detailed and

overpowering. This diversity is the main topic of most introductory

biology courses. However, the beauty of life evolving on this small

blue planet tends to inspire wonder more than rational thought.

Y
et at its core, evolution runs on machinery that is ut-
terly repetitive, implacable, hardly beautiful at all. The
workings of evolution resemble the ledgers of a Victo-

rian firm owned by Ebenezer Scrooge more than they do the
sheet music of Wolfgang Mozart. Evolution works by scruti-
nizing populations with a jaundiced eye. The feeble and the
barren are discarded with an uncaring brutality. Like a merci-
less robot, evolution produces life but does not care for it. In-
dividuals die, species go extinct; yet the evolutionary process
always goes on.

The biggest problem with understanding how evolution
works is that it is invisible. You can see organisms right in
front of you. With a microscope you can see cells, and you
can pick up a white, stringy hunk of DNA that you can see
with the naked eye. The processes of ecology are visible in the
birth, death, feeding, and decomposition of plants and ani-
mals. But evolution is the ghost at the banquet of life. Its ma-
chinery is hidden.

There is nothing unusual about scientists looking for the
hidden machinery underlying a process. For a century, first
atomic physicists, then nuclear physicists, and now particle
physicists have been looking for smaller and smaller particles

to explain matter. They seek the hidden machinery of matter
and energy. In the same way, biologists have sought the hid-
den machinery of life’s evolution.

At the core of this machinery is a genetic engine, a whirling
thing that contains the information used to produce each gen-
eration, the record keeper for the entire process of evolution,
containing the fuel on which evolution works. Genetic trans-
mission works with greater precision and reliability than any
other strictly biological process. Like the atoms of physics and
chemistry, genes are building blocks; without them, life could
not exist. To have a solid understanding of evolution, you have
to know basic genetics. This we supply in Chapter 3.

But genetics does not determine the direction in which
the evolutionary leviathan advances. The bit of machinery
that guides evolution, its steering wheel and its accelerator, is
natural selection. Natural selection is the discriminator with-
in the evolutionary machine. It is natural selection that
chooses among the individual organisms in a population, de-
termining who dies, who has a chance to reproduce, how
much they reproduce, and finally the duration of their lives.
This selection process ultimately adapts populations to the
environments that they inhabit.
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Machinery of Evolution 77

Evolution was first “seen” around
the year 1800 by people like Jean-Bap-
tiste Lamarck and Erasmus Darwin, who
were introduced in Chapter 1. But evolu-
tion was not properly understood and
analyzed until Charles Darwin discov-
ered natural selection as part of the ma-
chinery of evolution. All students of
biology need an understanding of natu-
ral selection. We supply you with that
understanding in Chapter 4.

The fundament of the machinery of
evolution lies at the molecular level. Life is
an interplay of molecules—a process built
up from a swamp of physics and chem-
istry, but not just physics and chemistry.
Molecular evolution supplies the founda-
tions for all processes of evolution, be-
cause nothing happens in evolution unless
the molecular composition of organisms
changes. But there is a great inscrutability
to molecular evolution; because it can proceed with or without
natural selection, it is very difficult to determine whether selec-
tion has acted at the molecular level. The ultimate machinery of
evolution is DNA, the molecule of heredity.
At this deep level of the evolutionary ma-
chinery, we can see how evolution plays
out—much like we can learn how a com-
puter works by examining the lines of code
that make up its programs. Evolution at the
molecular level is the topic of Chapter 5.

The ultimate regulators of the evo-
lutionary machinery are like two convey-
or belts. One belt brings species into the
machinery of evolution; the other belt
takes species out of the machinery. Spe-
ciation adds species. Extinction elimi-
nates species. For a long time,
evolutionists thought of speciation as
mysterious and extinction as straightfor-
ward. Now we know that speciation is
not as inexplicable as we thought, while
extinction appears to be considerably
more complex than we imagined. The
creation and destruction of species are
the most dramatic actions of the evolu-
tionary machinery. In Chapter 6 we in-
troduce the machinery of speciation and
extinction.

Genetics, natural selection, molecu-
lar evolution, speciation, and extinction
all play a role in the evolutionary ma-

chinery—sometimes in isolation, but often not. In consider-
ing speciation, for example, issues of genetics, selection, and
molecular evolution all play an important role. We will sepa-

rate these processes from each other
while introducing them; but in nature
they normally operate together, like a
giant factory with many machines
grinding, and spinning, and stamping.
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3

The Genetic Engine

T
he evolutionary machinery has genetics as
its core. Genetics in turn has two facets. One
is the role of genetics as the keeper of the li-

brary of information for making each organism,
its complete genome. Now that the human genome
has been completely sequenced, anyone can mar-
vel at the fact that our biological coherence de-
pends on some billions of nucleotide pairs of
DNA. Without genetics, life would have to be re-
newed by some external force in every generation.
With the information in the genome, life has mo-
mentum, continuing on from parent to offspring.
Thanks to this genetic transfer of genomic infor-
mation from one generation to the next, each off-
spring is the cumulative product of millions of
years of evolution.

Almost as important as the genetic transmission
of the genome is the role of genetics in providing
variation—heterogeneity in the biological charac-

ters of the individuals who make up the popula-
tion. Some of this variation has nothing to do with
heredity, and is called environmental, though this
term includes all nongenetic sources of variation.
Environmental variation can be very important.
Human learning, for example, is environmental
variation. But there is also genetic variation. Such
genetic variation is essential to the process of evo-
lution, because it provides the raw material for nat-
ural selection. We have already seen how Darwin
emphasized the importance of heredity.

Thus genetics faithfully transmits the informa-
tion built up by evolution over long periods, and it
supplies the fuel for evolution—genetic variation.
These two roles of genetics are key to the machin-
ery of evolution, and so they are integral to this
part of the book. To understand the role of genetics
in evolution is a fair start to understanding the evo-
lutionary process as a whole. ❖

The genetic engine supplies information for
development and variation for selection.
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80 Chapter 3 The Genetic Engine

HOW GENETICS WORKS

3.1 Genetics is central to modern biology
The field of genetics was probably the greatest achievement of
twentieth-century biology. It is doubtful that modern biology
could have been created without genetics.
Too many basic questions about life had
no good answers before the creation of ge-
netics.

As we have seen, the person who started
the genetic revolution was the monk
Gregor Mendel (1822-1884), oone one of the
most obscure of all the great scientists
(Figure 3.1A). It is not clear whether
Mendel’s genetic theory of inheritance
preceded his plant-breeding experiments,
or whether he formed his ideas from his
data. It is certain that by the time he pre-
sented his first papers on genetics, he had
both a remarkably clear model as well as
garden pea data that beautifully illustrated
his theory. These papers were presented lo-
cally, in Brno, and circulated to some of
the leading botanists of Mendel’s day. Dar-
win had an unread copy of one of Mendel’s papers. Yet no
leading scientist appreciated the implications of Mendel’s
work during his lifetime.

All that changed in 1900, when several botanists inde-
pendently rediscovered Mendel’s work. Very quickly these
scientists and their colleagues abandoned the old models of
heredity and formed a new discipline within biology—genet-
ics. Basic discoveries of genetics have since flowed rapidly. A
partial list would include the discoveries listed in Table 3.1A.

Even this list does very poor service to more than a centu-
ry of brilliant work, in which many scientists played major

roles. The point is that we can view the
twentieth century as a century in which
the development of biology has been
dominated by the unfolding of the re-
search of geneticists and their allies.

A warning needs to be provided here:
It is easy to think about genetics strictly
as the triumphs of molecular genetics,
starting with the double-helix DNA
model of Watson and Crick. Scientific
progress had been rampant, however, for
the 53 years preceding publication of the
Watson-Crick DNA model in the journal
Nature. In particular, the foundations of

FIGURE 3.1A Gregor Mendel

FIGURE 3.1B Thomas Hunt Morgan Morgan was the founder
of fruit fly genetics. This is one of his drawings.
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TABLE 3.1A Abbreviated List of Twentieth-
Century Genetic Discoveries

How Genetics Works 81

• Mendel’s genetic theory of inheritance is
rediscovered (1900).

• Genetic linkage between characters is discovered
(1911).

• Fisher develops quantitative genetics for continuous
characters (1918).

• Muller demonstrates the physical basis of mutation
(1928).

• Morgan establishes the chromosomal basis of
genetics (1931; Figure 3.1B).

• Avery, MacLeod, and McCarty determine that DNA
is the hereditary molecule (1944).

• Watson and Crick propose that the DNA double
helix codes for genes (1953;  Figure 3.1C).

• DNA replication is worked out (1958).

• The genetic code is determined (1966).

• Recombinant DNA allows rapid cloning of DNA
(1972).

• First rapid gene sequencing is performed (1975).

• Organisms are genetically engineered by the
insertion of transposable DNA (1982).

• Polymerase chain reaction (PCR) is used to clone
small amounts of DNA (1985).

• The entire human genome is sequenced (2000).

Chromosome

DNA

Histone

FIGURE 3.1C The Structural Features of DNA

genetics have important elements of evolutionary reasoning,
beginning in 1908 with the derivation of the Hardy-Weinberg
equilibrium, a key concept in population genetics. Molecular
genetics would be difficult to sort out without the use of im-
portant principles from population genetics.

In this chapter, we will introduce the essential model of
Mendelian genetics and then present some of the most basic
ideas of population genetics and quantitative genetics. ❖
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3.2 Reproduction may transmit one or two copies of the hereditary
information to the next generation

However the specifics of inheritance work, species vary great-
ly in the amount of hereditary information that is copied
from parent to offspring. There are considerable differences
in the size of the genome that each species carries, from the
small genomes of viruses to the enormous genomes of some
cereal plants and some salamanders. This variation in
genome size is examined further in Chapter 5. The rest of the
variation in DNA content is in the number of copies of the
basic genome that each cell has.

A bit of terminology is important here. An organism or
cell that has only one copy of the basic genome is called hap-
loid (Figure 3.2A). Most organisms that we are used to seeing
are not haploid. However, almost all gametes are haploid, so
you may already have some familiarity with haploid cells.
Like most animals, humans are diploid, possessing two
copies of the basic genome (Figure 3.2B). (We are neglecting
hereditary differences between male and female, which we
will consider later in this chapter.)

Organisms that have more than two copies of the genome
are called polyploid (Figure 3.2C). Most of these have higher
multiples of two copies, with four and eight copies being
common. Some species that consist only of females are
triploid, with three haploid genomes. This condition is
known in some fish and some lizards. We discuss it further in
Chapters 6 and 18. Bacteria are sometimes considered hap-
loid, but it is also common for them to have a variable num-
ber of additional copies of their basic genome. This variable
ploidy in bacteria is called meroploidy .

One copy of the whole genome

Haploid

acegjp

rs
t

FIGURE 3.2A Haploid Genome

Two copies of the whole genome

Diploid

acegjp rst

acegjp rst

FIGURE 3.2B Diploid Genome

In eukaryotic cells, the DNA is 
packaged in linear chromosomes, 
usually more than one chromosome 
for each cellular genome. Eukaryotic 
chromosomes have their DNA 
wrapped around a backbone of 
proteins called histones.

Genome

Bacterial cell Eukaryotic cell

Nucleus

Chromosome

There is no nucleus in 
bacteria, and the genome 
is a large, double-stranded, 
closed circle of DNA, 
without packaging.

FIGURE 3.2D Genome organization is very different in bacterial
cells as compared to eukaryotic cells.

Multiple copies of the  
whole genome

Polyploid
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t
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acegjp rst

FIGURE 3.2C Polyploid Genome
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Even though we consider ourselves diploid organisms, let’s
bear in mind that many organisms, humans included, regularly
alternate between haploid and diploid genomes. In plants, the
haploid stage of the life cycle can produce a substantial plant.
Both mosses and ferns have haploid plants. Angiosperms, on the
other hand, have vestigial haploid forms contained within flow-
ers. Usually, haploidy is associated with the production of ga-
metes, anzd fertilization then creates a diploid organism as a
result of the union of two haploid cells (the gametes).

Some organisms have specific tissues with odd ploidy
(number of genome copies). Plant endosperm, a tissue in-
volved in fertilization, is triploid. The larvae of fruit flies
have salivary gland cells that contain hundreds of copies of
the genome—a condition called polyteny. Ploidy is thus a
complicated business. The tissues and life-cycle stages of
animals and plants can vary significantly in number of
genome copies. ❖
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84 Chapter 3 The Genetic Engine

3.3 Sexual reproduction recombines chromosomes containing 
many discrete loci

In the vast majority of organisms, Mendelian genetics is the
system of inheritance. Numerous bacteria do not have
Mendelian genetics, as well as some asexual organisms that
retain only vestiges of it. But for most organisms of interest,
Mendelian genetics defines inheritance. Alternation of ploidy
is a basic feature of the Mendelian system. Another basic fea-
ture is the chromosome. Think of chromosomes as strings of
genetic loci that can be defined as locations for particular
genes. Each locus contains alleles, which are the specific ver-
sions of genes, defined by DNA sequences.

During the processes of fertilization, development, and
meiosis, each chromosome in the cell will be present in one,
two, and four copies. This is indicated in the genetic cycle di-
agram of Figure 3.3A by n, 2n, and 4n, where n is the number
of chromosomes in the haploid genome. Combinations of
genes are scrambled, or randomized, at three points during
this cycle. In this way, Mendelian genetics generates variation,
as we will now describe.

First, start with the pool of gametes that precedes fertiliza-
tion in Figure 3.3A. It is a basic tenet of Mendelian genetics,

and a demonstrable empirical fact, that during fertilization
gametes tend to combine at random with respect to their ge-
netic makeup. (There are some exceptions, but they are
minor.) Thus the zygote that is formed during fertilization is
a random combination of two gametes among many. This
process is analogous to a card game in which the “hand” has
only two cards, but the deck contains thousands or millions
of different cards, the cards being gametes and the hand
being the zygote. This random combination of gametes is the
first point at which Mendel’s genetic combinatorics can gen-
erate large amounts of variation, following orderly rules of
probability.

The second point in the cycle at which randomizing factors
play a key role is the recombination of chromosomes during
meiosis (Figure 3.3B). Meiosis works with recombination as
follows. At the start of meiosis, each of the two chromosomes
of the diploid cell produces an additional copy of itself. There
are thus four copies of the chromosome present in the cell.
Chromosomes have a tendency to break, but once they have
broken into pieces, they usually find matching broken ends

Developmental genetics
Expression of genes

Population Genetics

Mendelian Genetics

Meiosis with 
recombination

Fertilization creates
the diploid zygote

Population
gene pool

2n

2n

4n

Gametogenesis

FIGURE 3.3A The Genetic Cycle Different fields emphasize different phases of this cycle: Mendelian genetics, developmental genetics,
and population genetics.  The black and white structures are the chromosomes; pieces of black or white joined to chromosomes of the
opposite color indicate recombination.
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(which are effectively “sticky”) and reconstitute themselves. If
these broken ends are all from the same chromosome, no ge-
netic recombination occurs. But different chromosomes of
the same type can break and rejoin, forming new composite
chromosomes that never existed before. In Figure 3.3B we
show this process for two genes, each with two alleles. At the A
locus we show an A allele and an a allele. Similarly, at the B
locus the two alleles are B and b. A chromosome with the A
and B alleles side by side can recombine so that the A and b al-
leles are put together on the same chromosome.

Third, with independent assortment of chromosomes,
different gametes can be produced from the same sets of chro-
mosomes. Recombined chromosomes join in varied combi-
nations to create gametes with combinations of chromosomes
that never existed before. (This combination of multiple re-
combined chromosomes is not shown in Figure 3.3A or Fig-
ure 3.3B.) And this process is superimposed on any process of
chromosomal recombination that may have occurred. Thus at
three points, Mendelian genetics scrambles the alleles of the
strings of genetic loci that make up entire genomes. ❖

How Genetics Works 85

Doubling of
chromosomes

Recombination
of chromosomes

A
B A

b
a
B

a
b

A A a a
B B b b

a
b

A
B

A A a a
B b B b

Production of
gametes

FIGURE 3.3B This close-up of Mendelian genetics shows the
recombination and segregation of specific genetic alleles from
two loci, both located on a single chromosome. Here the
chromosomes are represented by colored oblong shapes with
letters on them.
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86 Chapter 3 The Genetic Engine

GENES IN POPULATIONS

3.4 Genes specify phenotypes, then the phenotypes are selected,
which changes gene frequencies

For evolution, Mendelian processes define the basic founda-
tions for heredity and variation. From these foundations, the
process of evolution creates adaptations, species, new ways of
life. Our interest now lies in how the evolutionary machinery
uses genes.

First, we need to know the frequencies of alleles and gene
combinations. These frequencies reveal the genetic substratum
to the evolutionary process. Second, we need to know how
genes determine the characteristics of organisms, a process
called gene expression. Knowing gene expression gives us in-
formation about the consequences of having particular genes,
in particular combinations. Third, we specifically need infor-
mation about the consequences of particular genes for survival
and fertility, because these consequences generate natural se-
lection, the directional motor of the evolutionary machinery.

Some useful terminology helps to define the operation of
evolutionary machinery. We use the term genotype to define
that part of the genetic makeup of the organism in which we are
interested—for instance, a haploid genotype or a diploid geno-
type. Sometimes the genotype of interest may be a large part of
the genome. Sometimes it may be just one Mendelian locus.

From the genotype, in each particular environment, an or-
ganism develops. The features of interest for a particular or-
ganism are called the phenotype. Sometimes we say
phenotypes when we mean several different attributes of the

organism, such as height or color. But there is really only one
phenotype in total, just as there is only one complete genome.

Sometimes the evolution of genes is divorced from the
phenotype. It is possible that variation does not matter for
natural selection. For example, exactly how your fingerprints
curve over your fingertips may not make any difference to
your survival or your reproductive success. But this absence
of effect is a very important point for the evolution of the
genes that affect fingerprints, in that their evolution will then
be uncoupled from natural selection. We will consider this
situation later in this chapter, and elsewhere.

In studying genes in populations, we are attempting to
learn the genotypic components of the evolutionary machin-
ery. Genotypes can determine phenotypes that have conse-
quences for survival or reproduction. Such consequences
generate natural selection. Selection then changes allele fre-
quencies, an essential feature of evolution. Allele frequencies
define selection, and selection in turn changes these allele fre-
quencies. The process feeds back on itself. (The process is not,
however, circular—because selection does not determine ear-
lier allele frequencies.) The phenotypes (P) of one generation
undergo selection and other processes, which determine the
genotypes (G) of the next generation, which determine the
phenotypes of the following generation, and so on.

❖G1 : P1 : G2 : P2 : G3 : P3 :
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The Population Concept

To monitor the evolutionary process, allele and genotype frequen-
cies are some of the most basic variables that we need to follow.
These variables are the particular interest of population genetics.
Population genetics is based on the Mendelian model for inheri-
tance coupled with the concept of population. This population
concept therefore requires some closer attention.

The key concept that allows us to move from genetics to evolu-
tion is population. Loosely speaking, a population is just members
of a sexual species living within easy traveling distance of each

other. “Easy traveling distance” strictly relates to the biology of a
species. For an albatross, that may be thousands of miles over open
ocean, almost regardless of the weather. For a small worm, a life-
time’s easy traveling distance may be a few dozen yards. The issue is
whether or not organisms can mate with each other. If mating is a
reasonable possibility, then two organisms are members of the
same population. If mating is unlikely to occur, then they are not.
The mating pattern defines the scope of the population in space, as
shown in Figure 3.4A.

When organisms belong to the same sexually reproducing pop-
ulation, then the fates of their genes are intertwined. They may
have ancestors in common. They may later have descendants in
common. This is because the Mendelian cycle of fertilization, re-
combination, and gamete production ensures that genes are shuf-
fled among organisms (Module 3.3). Indeed, whereas organisms
may seem to constitute the population, in another sense the ani-
mals and plants that we see with our eyes are only the fronts, or
masks, for the genes that define these organisms and determine
their fates. The continuous transmission of genes from one gener-
ation to another defines the scope of the population in time, as
shown in Figure 3.4B.

Genes in Populations 87

FIGURE 3.4A Populations in Space The animal species is
indicated in the ellipse that qualitatively illustrates its
approximate range in space.

Parents

Offspring

Time

FIGURE 3.4B Populations through Time, from One Generation
to the Next. Parents are joined by v’s. Lines connect offspring to
parents. Note that a man and a woman have other partners
with whom they have children. Some other adults don’t have
any children.

Antelope

Albatross

Nematodes

Mice
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3.5 The evolutionary state of a population is defined 
by its genotype frequencies

The genes at a locus come in different flavors or alternative
forms, which we have referred to as alleles. These alleles have
different DNA sequences. The different sequences sometimes
specify the production of different amino acid sequences in
proteins. But sometimes they do not. Instead, they may lead
to increases or decreases in the total amount of a particular
protein. Or the variant DNA sequence may change when the
protein is made, perhaps in response to a temperature
change. Another possibility is that the alleles code for RNA
that does not make protein. For example, the RNA in ribo-
somes is used to synthesize proteins, but does not itself code
for protein. So allele differences may have quite heteroge-
neous effects on the molecular and cell biology of organisms.

Mendel and the geneticists who came before the double-
helix model of DNA knew none of these molecular details.
They were able to detect discrete genetic variants in their
breeding experiments. They then treated those variants as al-
leles, with no knowledge of the molecular biology of the gene.

Genetics thus began without mechanistic detail. This view-
point probably helped the birth of population genetics. So long
as genes were not known biochemically, one of the few things
that a scientist could do was to count them in a population. For
example, given a population of 124 mice, we might identify
three carriers of a fairly rare allele for albinism using the gene
sequences present at the locus. Because mice are diploid, we
would have to sequence a total of 248 alleles, and 3 albinism al-
leles out of 248 would give us an albinism allele frequency of
1.2 percent. From data like this, population geneticists recon-
struct and predict the evolution of populations. This activity
will be our main concern over the next few chapters.

But first we need to be quite sure about how allele fre-
quencies are estimated. In genetics, biologists often do not
assay the alleles of an organism directly. Instead, they group
phenotypes into distinct genotypic classes. That is, they de-
termine what phenotype is associated with each genotype,
and then calculate the allele frequency as shown in Figure
3.5A, which uses the example of a small population of 34
mice. This frequency calculation process is somewhat like ac-
counting. It is the foundation of population genetics, which

Mice homozygous for allele a: 9

The aa homozygotes carry 9 � 2 � 18 a alleles.

The Aa heterozygotes carry 16 � 1 � 16 a alleles.

The total number of a alleles � 18 � 16 � 34 alleles.

The AA homozygotes carry 9 � 2 � 18 A alleles.

The Aa heterozygotes carry 16 � 1 � 16 A alleles.

The total number of A alleles � 18 � 16 � 34 alleles.

There are a total of 68 allele copies at this locus.

The frequency of A � 0.5. The frequency of a � 0.5.

Mice heterozygous for allele a and A: 16

Mice homozygous for allele A: 9

Population Genetics of a Human Blood Type

To gather this information on human blood groups, the blood
from 730 individuals was tested and classified as either type ‘M’,
‘MN’, or ‘N’. Each of these types corresponds to a single genotype,
permitting us to directly estimate allele frequencies as shown in
the table. Note that the M blood group corresponds to the ho-
mozygous  genotype, while the N blood group corresponds
to the blood group. Since the allele frequency

we can use the following re-
sults to estimate the frequency of as 1 - 0.18 = 0.82.LN
1LM2 + allele frequency1LN2 = 1,

LNLN
LMLM

Allele Frequencies of a Human Blood Group

Blood Group Genotype Number Frequency

M 22 0.030
MN 216 0.296
N 492 0.674
Total 730 1.00

Frequency of allele 

Data from a study of Australian aborigines; published in Ayala
and Kiger (1980, p. 603).

LM
= 12 x 22 + 2162/1460 = 0.18

LNLN
LMLN
LMLM

in turn is the key to understanding the machinery of evolu-
tion, since evolution depends on changes in allele frequen-
cies, as we will describe in detail.

These calculations can also be applied to real genetic data
as in the following box. ❖

FIGURE 3.5A A Small Mouse Population with Two Alleles, 
a and A
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Genes in Populations 89

With no selection, allele frequencies do not change in randomly 3.6
mating large populations

Early in population genetics, the question came up as to
whether gene frequencies would have some inherent ten-
dency to change, perhaps as a result of the blind operation
of the Mendelian machinery during sexual reproduction. By
1908, G.H. Hardy and W. Weinberg had independently
worked out that there was no such tendency for allele fre-
quencies to change, providing there were no perturbing
outside forces, like selection or migration. This idea is
known as the Hardy-Weinberg equilibrium, and we can
demonstrate it mathematically.

Understanding this demonstration first requires an un-
derstanding of two basic rules of probability:

1. If two independent events together cause a third event to
occur, then the probability of the third event is the product
of the probabilities of these two events.

For example, if a car crash requires you to look away from
oncoming traffic and it requires you to lose control of
your vehicle temporarily, then the probability of the crash
is the product of these two unlikely (we hope) events. This
is the multiplication rule.

2. When either of two events suffices to cause an outcome,
then the probability of this outcome is the sum of the
probabilities of these individual events.

Thus if you can crash on an icy mountain highway by
either ignoring a curve or by losing traction on a patch of
ice, then the probability of such a crash is the sum of these
two events. This is the addition rule.

To demonstrate the Hardy-Weinberg equilibrium, we
need to calculate the consequences of Mendelian genetics for
allele frequencies. Thus we need to go through a complete

cycle of reproduction, from the parents of the first generation
through their production of gametes, fertilization, and the
creation of the next generation of adults. This calculation is
shown in Figure 3.6A.

It is crucial to keep track of the different combinations of
alleles in each mating, their probabilities of occurrence, and
the genotypes of the progeny that they produce. If we follow
all these variables carefully, then we can see that the frequen-
cies of the two alleles (A and a, given by p and q respectively)
do not change from one generation to the next. This result
also holds true if there are more than two alleles at a locus, but
the calculations get much more complicated. In all these cal-
culations, it is an absolute requirement that the population
size be large enough so that we can calculate probabilities ex-
actly. When this is not true, additional evolutionary processes
arise, as described later in this chapter. Likewise, there must be
no biases coming from selection or differences in reproductive
success. These are discussed in Chapter 4. From these stipula-
tions, you will realize that the Hardy-Weinberg equilibrium is
the simplest case considered by population genetics.

The attractive thing about the Hardy-Weinberg equilibri-
um is that it allows biologists to calculate the frequencies of
the genotypes at a genetic locus from the frequencies of the
alleles that make up those genotypes. If you keep track of
order, there are four diploid genotypes at a locus: AA, Aa, aA,
and aa. At Hardy-Weinberg equilibrium, the frequencies of
these genotypes are given by the product of the frequencies of
their alleles: pq, qp, and respectively. At one locus, we
do not normally keep track of order, so the frequency of the
Aa genotype is given as 2pq, the sum of pq and qp. This en-
ables us to understand evolution in terms of allele frequen-
cies, instead of genotype frequencies. ❖

q2,p2,

a
a

A
A

q
q

Sperm Eggs
pp

Start with three possible genotypes: AA, Aa, and aa.
Say these genotypes have frequency: P, H, and Q.

The frequency of A is P � H/2 � p
The frequency of a is Q � H/2 � q

Therefore, the frequency of A gametes is p and
the frequency of a gametes is q.

With random mating, gametes combine by the
rules of independent assortment like cards and coins.

AA
p2

Aa
pq

Aa
pq

aa
q2

P� � p2

H� � pq � pq � 2pq

Q� � q2

p� � P� � H�/2
    � p2 � pq � p(p � q)
    � p
q� � 1 � p� � 1 � p � q

We represent frequencies of
alleles and genotypes in the next
generation by a prime , so p� 
indicates the frequency of allele A
in the next generation.

FIGURE 3.6A Hardy-Weinberg Law Gene frequencies do not change because of genetic segregation alone—nor do genotype
frequencies at each locus, once Hardy-Weinberg equilibrium has been achieved.
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3.7 When the alleles of different loci are combined randomly, they are
in linkage equilibrium

It would be nice if the Hardy-Weinberg equilibrium applied
to genotypes that are combinations of loci. But it doesn’t. Say
we are interested in two loci: A and B. Suppose there are only
two alleles at each of these loci: A-a and B-b. Let’s also sup-
pose that these alleles have frequencies p-q and r-s, respec-
tively. Then we might expect that the frequency of the AABB
genotype would be by analogy to the frequency of AA
being However, there is no principle like the Hardy-Wein-
berg law that always applies to calculating the frequency of
genotypes across more than one locus.

Genotype frequencies can differ substantially from expec-
tations based on random combination of alleles over loci.
However, as we will show later in the chapter, there is a ten-
dency for the frequencies of gametes to evolve so that they do
come to follow such simple expectations. But this tendency is
not as quickly or as reliably expressed as the Hardy-Weinberg
equilibrium is.

However, we can calculate what genotype frequencies
would be like if alleles combined at random when two or
more loci are involved. This hypothetical situation is called
linkage equilibrium in evolutionary biology. Deviation from
this ideal of random combination is called linkage disequi-
librium.

In the display in Figure 3.7A, we calculate a simple exam-
ple of genotype frequencies when there is linkage equilibri-
um. Note that the four combinations of the same gamete type
(AB/AB, ab/ab, Ab/Ab, aB/aB) have half the frequency of the

p2.
p2r2,

When chromosomes are combined 
randomly, the fully homozygous 
combinations occur half as often as the 
heterozygous combinations.

There are many loci in a genome, and 
many possible alleles at each locus.

These alleles need not be combined 
randomly, like cards in a shuffled deck. 
When combined randomly, the alleles are 
in linkage equilibrium. When not 
combined randomly, the alleles are in 
linkage disequilibrium.

The simplest case involves two loci, each 
with just two alleles. If each allele has a 
frequency of 0.5, there are four possible 
chromosomes, each with frequency 0.25.

Chromosome frequencies

Genotype frequencies
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FIGURE 3.7A Linkage Equilibrium or Gamete Phase Equilibrium

FIGURE 3.7B Can You Do This?

six combinations of different gametes (AB/ab, Ab/ab, aB/ab,
AB/Ab, AB/aB, Ab/aB). This is just the working out of the
laws of probability, not some peculiar biology. The following
box explains this in greater detail. ❖
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Linkage Equilibrium and Disequilibrium

Linkage equilibrium is like Hardy-Weinberg equilibrium. Recall
that at Hardy-Weinberg equilibrium, the frequencies of genotypes
are given by the product of the frequencies of their alleles: 2pq,
and 

At linkage equilibrium, the frequencies of the four possible
genotypes are as follows, when the frequencies of alleles B and b at
the second locus are r and s, respectively:

Gamete AB Ab aB ab

Linkage equilibrium 
frequency pr ps qr qs

Actual gamete 
frequency PabPaBPAbPAB

q2.
p2,

As for Hardy-Weinberg equilibrium, there is linkage disequilib-
rium when is not equal to the product pr, and so on for the
other gamete frequencies. For this reason, linkage equilibrium is
sometimes called “product” equilibrium. Note the parallel between
such products in genotype frequencies and the products calculated
using the multiplication rule for coin tossing, poker, and so forth.
Both reflect independent probabilities, when there is linkage equi-
librium or when coins are tossed fairly and cards are dealt by the
rules.

PAB
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Most Mendelian genetics
focuses on qualitatively
distinct characters, like eye
color or flower color. More
recently the genetic charac-
ter of choice is the DNA se-
quence. The DNA sequence
is indeed the most funda-
mental and accurately
recorded character of all. It
is the genotype itself.

But to study evolution
often requires that we study
messy characters like fertil-
ity, size, and resistance to
lethal stress. These charac-
ters cannot usually be
scored qualitatively. In-
stead, they need to be eval-
uated quantitatively. We
need special tools to make
sense of them.

Those tools come from
statistics. Indeed, much of
statistics had its historical
origins in the work of early
evolutionists, like Francis
Galton, Karl Pearson, and
R. A. Fisher (Figure 3.8A).
These evolutionists wanted
to understand such charac-
ters as intelligence and size,
and there were no statisti-
cal tools already available.
So they created them. Some
of the terminology of sta-
tistics reflects its origin in
the words of evolutionists.
One example is the word
regression, which originally
referred to a pattern of in-
heritance and now refers to
a statistical method for cal-
culating the best line to
plot through graphical
data. This combination of
evolutionary interests and
statistical tools gave birth
to the field of quantitative
genetics.

Before introducing quantitative genetics, we will  explain
some elementary statistical ideas. These ideas are the essential
tools for understanding patterns of gene expression in popu-
lations. (For more detail see the Appendices, following
chapter 22.)

What is a quantitative character, when compared to a
qualitative (or “Mendelian”) character? It is a character that
has no clear categories. It is fairly easy to say that a color is
red or blue. It is much harder to say whether a mouse is
large or small.

Therefore, we measure quantitative characters. We might
have 122 weight records for a laboratory population of 124
mice. (You will lose one or two mice during weighing.) These
122 numbers are our record of the quantitative character
body weight in these mice. They are the raw data that we
want to make sense of. This is the starting point for further
research on quantitative characters.

QUANTITATIVE CHARACTERS

3.8 Quantitative characters have to be studied statistically

(i)

(ii)

(iii)

FIGURE 3.8A (i) Francis Galton,
(ii) Karl Pearson, and (iii) R. A.
Fisher
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variance. Formally, a variance (see Figure 3.8B) is the sum of
squared deviations of the observations from the arithmetic
mean, divided by the total number of observations. A
deviation is the difference between an observation and the
mean. (These deviations are squared because the sum of all
deviations by itself is zero.)

Just as a mean gives us a sense of “where” a population is
with respect to a character, its variance gives us a sense of how
dispersed the population is about that location. For example,
a group of mice that has a mean weight of 20 grams might
have a variance of 1.2, while another group of mice might
have a mean weight of 19.5 grams but a variance of 3.8. The
second group can be considered more variable.

Using these concepts of mean and variance, quantitative
genetics studies quantitative characters. Figure 3.8B summa-
rizes these concepts and gives their formulas. The Appendices
give additional information about statistics. ❖

Quantitative Characters 93
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FIGURE 3.8B The variance of a random variable may be
estimated as shown.

An important point about the study of quantitative char-
acters is that the conditions of measurement are often more
important than they are for typical Mendelian characters.
Mendelian characters are not normally changed by minor
differences in laboratory handling. The eye color of a labora-
tory animal will not normally change depending on whether
the animal is hot or cold, recently fed or not, and so on. But
such factors might be important for a quantitative character.
Body weight, for example, will be affected by recent feedings.
Quantitative characters are not only harder to measure, but
those measurements themselves are not always reliable, un-
less efforts are made to control and standardize handling.

Once we have a collection of numbers that are measure-
ments of a quantitative character in a group of organisms,
what is the next step? In quantitative genetics, we normally
calculate two important pieces of statistical information.

First, we usually calculate a mean for these measurements.
Scientists use different kinds of mean. One is the median,
which is the value at which half the measurements are above
and half are below. For example, we might determine the me-
dian height among a group of corn plants. Most of the time,
geneticists employ the arithmetic mean, which is the sum of
all observations divided by their number. For example, the
122 weighed mice will have an arithmetic mean weight.

Means provide crude summaries of the features shared by
groups of organisms. For example, the arithmetic mean is
used to give a sense of “where” a population is located. If one
group of mice has mean weight of 10 grams and another
group has a mean weight of 9 grams, we usually say that the
first group is heavier than the second. We say this even
though the second group probably has members that weigh
more than 10 grams.

The second important piece of information that we nor-
mally collect concerning a quantitative character is its
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94 Chapter 3 The Genetic Engine

3.9 When environmental (E) and genetic (G) influences on a
phenotype (P) are independent, VP = VG + VE

Genetic research started with simple characters that could be
scored qualitatively. As we have noted, color was a favorite
character—the color of eyes and other parts. But geneticists
also studied other discrete differences, like wrinkling of peas,
loss of hair, dwarfism, and so on. In many cases, these dis-
tinctive phenotypic differences were based on differences in
the alleles present at single genetic loci. Because Mendel
himself performed this kind of research, it is called
Mendelian genetics.

But most characters of interest to biologists, especially
evolutionary biologists, do not vary in this discrete
Mendelian fashion, as we have already mentioned. Instead,
they vary continuously. This means that it is hard to pick out
distinct groups. For example, we talk about people as short or
tall. But there are no such distinct groups, leaving aside
dwarfism. Almost everyone falls within a smeared distribu-
tion, in which every height is represented from the very short
to the very tall. And height is just one example of a continu-
ously varying character. Others include weight, endurance,
hand strength, running speed, resistance to disease, fertility,
longevity, and so on.

How can we understand the genetics of such continuously
varying characters? The first step is to realize that most char-
acters are determined by both genetic and environmental fac-
tors. For much of the twentieth century, a controversy raged

P

G

=

+

E

C T C T C TT C

G A G A G AA G

FIGURE 3.9A Phenotype = Genotype + Environment

over the “nature vs. nurture” issue, particularly with respect
to child rearing. In other words, does nature (genes) deter-
mine an organism’s characteristics, or does nurture (environ-
ment)? Scientifically, this controversy is now dead, because
almost all biologists qualified to address this issue agree that
the answer is that both genes and environment are important,
not one or the other (Figure 3.9A). This conclusion is em-
bodied in a simple equation, where P refers to the phenotype,
G refers to the genotype, and E refers to all other influences,
from the physical environment to disease to development:

This equation summarizes the theoretical starting point
for quantitative genetics. It is not, however, always true. As
presented in Figure 3.9B, when there is an interaction be-
tween genetic and environmental effects, the equation fails.
However, it does not fail in such a way that G or E alone de-
termine P. The importance of both components remains.

A very simple statistical law is useful for understanding the
action of genes and environments. When we have a variable A
that is determined by an equation like and B
and C are independent, then the variance of A is equal to the
sum of the variances of B and C. That is, variances accumu-
late as additional causal factors are added in. Recall that vari-
ances (V) are the averages of the squared deviations from the
mean. That is, the more heterogeneity there is for a character,
the greater its variance. In the genetic situation, then,

This equation means that variation in a character like
height has both genetic and environmental sources. The
phenotypic variance is equal to the sum of the genetic
variance and the environmental variance ❖1VE2.1VG2

1VP2

VP = VG + VE

A = B + C,

P = G + E
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Desert plant

Mesic plant

Desert plant

FIGURE 3.9B When Genes and Environment Don’t Add Up If
the populations of a species evolve in both desert and mesic
(not dry) habitat, then plants from these two habitats may
respond to a lack of water very differently. In this example,
the mesic plants grow very poorly when denied additional
water, but desert plants are not affected very much.
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is true of Huntington’s disease, for example. Chapter 4 con-
sider these diseases in more detail.

Another form of dominance in human genetic disease is
recessiveness of the disease-causing allele, so that it takes two
copies to cause the disease. Individuals who have only one
copy of the disease allele are disease-free “carriers.” Recessive-
ness is a very common pattern, illustrated by such genetic
diseases as cystic fibrosis and Tay-Sachs disease. We will dis-
cuss these diseases further in Chapter 4, also. Genetic domi-
nance is not just interesting; it can also be deadly.

Alleles that are not at the same genetic locus can also in-
teract. This interaction is called epistasis. With epistasis, alle-
les at loci located far away in the genome, perhaps on another
chromosome, can alter patterns of gene expression at anoth-
er locus. This type of genetic interaction is not as easy to
characterize as dominance. The simple thing about domi-
nance is that it involves just two alleles, and they are  “across
from” each other genetically on matching (homologous)
chromosomes. With epistasis, the important allele could be
located millions of nucleotides down the chromosome, and
there is no simple way to find it. Experiments with laboratory
and agricultural organisms have also shown that epistasis can
be important in determining such important characters as
early survival, growth, and reproduction, as shown in the ac-
companying box. ❖

96 Chapter 3 The Genetic Engine

3.10 The genes that make up a genotype may determine the phenotype
additively or nonadditively

One concern of biologists is how genes determine characters.
In developmental genetics, this topic would be called the
problem of gene expression. In evolutionary genetics, this
topic is the mapping from genotype to phenotype that is half
of the basic cycle of the evolutionary process. The topic is also
studied in quantitative genetics.

A central difficulty of genetics is that the same allele
does not always have the same effect on the phenotype.
The effects of an allele may be modulated by other alleles
in the genotype. The simplest form of this modulation is
called dominance (see Figure 3.10A). In genetic domi-
nance, the expression of one allele largely or completely
dominates the expression of another allele at the same
locus. For example, diploid loci that code for pigmenta-
tion usually have dominance of nonwhite alleles over
white or albino alleles. This is true in animals as different
as mammals and insects. In these cases, having only one
copy of an allele for normal pigment is enough to produce
an almost normal coloration. This type of genetic domi-
nance was much studied by early geneticists, and is still of
interest to geneticists today.

Of greater medical interest is the fact that many human
genetic diseases also exhibit dominance. This dominance
comes in two forms. In one form, alleles causing genetic dis-
eases may do so when they are present in just one copy. This
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Epistasis for Viability (survival to maturity) in Drosophila

This experiment measured the viability levels of fruit fly
(Drosophila) larvae with different genotypes at two loci: alcohol de-
hydrogenase and alpha-glycerophosphate dehydrogenase. S and F
refer to the mobility of the proteins made by their corresponding
alleles, S meaning slow, F meaning fast. This particular experiment
was performed with alcohol absent. The values shown are average
viabilities for the genotypes at the corresponding genotypes that
align with the row and column of the viability’s position.

Note that in some gene combinations there is superiority of the
heterozygote. In other combinations, the heterozygote is not supe-
rior. This is epistasis, because the effects of alleles at each of the two
loci are modified by the genotype at the other locus. This is an ex-
ample of “nonadditive” inheritance.

(This experiment by Cavener and Clegg is presented in more
detail in many genetics textbooks, including those in the list of
readings at the end of the chapter.)

Alcohol Dehydrogenase Genotype

SS SF FF

SS 0.99 1.06 0.86
Alpha-glycerophosphate SF 1.08 1.00 0.94
dehydrogenase genotype FF 0.77 1.16 0.75
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Total genotypic value equals �4.
We assume, as an illustration, that
alleles represented by capital letters
add �1 to the phenotype, while lower
case alleles decrease the phenotype by �1.

Total genotypic value is �24. We assume, as an illustration of
dominance, that alleles represented by capital letters add �2
to the phenotype, whether there are one of two copies of the allele.
The lowercase alleles have no effect.

Example AA � �2,
Aa � 0, aa � �2

Expression of genes

FIGURE 3.10A Additive versus Fully Dominant Inheritance
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3.11 The resemblance of relatives is determined by the ratio 
of the additive genetic variance to the phenotypic variance

What can we predict with variances? What can we learn from
them? In fact, variances can be highly revealing. Suppose you
wanted to know how much relatives are likely to resemble each
other. Consider the simplest genetic situation: no interactions
between different alleles, no interaction between genes and en-
vironment, and linkage equilib-
rium. This is the simplest,
essentially ideal, case for quanti-
tative genetics. Under these con-
ditions, the genetic var-iance is
reduced to the additive genetic
variance, which is simply the
genetic variance when there is
no dominance or epistasis. We
can define the heritability
of a character as the ratio of the
additive genetic variance 
to the phenotypic variance 
that we have already seen:

Heritability indicates the rel-
ative importance of inheritance
in determining quantitative
characters. When heritability is
zero, inheritance has no impor-
tance. When heritability is 1.0,
inheritance has overwhelming
importance. The surprising
thing about heritability is that it
has a simple quantitative rela-
tionship to the resemblance be-
tween relatives. Resemblance
between relatives means the sim-
ilarity of biological characters
between parent and child, broth-
er and brother, grandparent and
grandchild. This is a quantitative
similarity. We can represent it
graphically by plotting, for example, the average values of
parental characters against the values of offspring characters, as
shown in Figure 3.11A. In this type of graph, each point repre-
sents the quantitative characters that come out of an entire fam-
ily. The collection of plotted points gives the data for the
collection of families that have been studied. This kind of plot is
just like any other in science. If we have two variables that are
closely and positively related, we expect the points to fall near a
rising line.

In Figure 3.11A, we show hypothetical data for adult weight
in Old English Sheepdogs, a breed that you may have seen in

h2
= VA/VP

1VP2
1VA2

1h22

children’s movies, if not in real life. Usually the pattern of data
like this is characterized by linear regression of the y-dimension
data on the x-dimension data. (Linear regression, or least-
squares linear regression, gives the straight line that comes clos-
est to fitting the scatter of data plotted in two dimensions; see the

Appendices.) In this example, the
data are plotted with the average
weight of the parents on the x-
axis and the average weight of the
offspring on the y-axis. A linear
regression of average offspring
weight on the average weight of
their parents gives the best
straight line for the fit of off-
spring to parent data. The slope
of this straight line measures the
strength of the relationship be-
tween parent and offspring
weight when they are measured
at the same age. Genetic theory
shows that the slope of this re-
gression is equal to the heritabili-
ty. Thus characters with higher
heritability, like body weight,
should have larger slopes relating
offspring phenotypes to parental
phenotypes. Characters with
lower heritabilities, such as most
behavioral characters, should
have shallower slopes relating
offspring to parent, which would
mean that genetics are relatively
less important in determining
such characters. Table 3.11A
gives some examples.

It is also interesting that
when the data are re-plotted
using the weight of just one par-
ent, instead of two, the expected

slope falls to half the heritability. This makes sense, intuitively.
If we know the phenotype of half the parents, we have half the
information needed to predict the phenotype of the offspring.
The importance of heritability in the regression scales with
the amount of genetic information available.

Size characters tend to have higher heritabilities than do
characters closely related to fertility. Analysis of many more
characters than those shown here confirms this pattern. This
may indicate that natural selection has used up genetic vari-
ability for characters like fertility, for the reasons discussed
in Chapter 4. ❖
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Morphology

Human height: 0.65 Adult weight in cattle: 0.65
Pig growth rate: 0.40 Adult weight in poultry: 0.55

Fertility

Pig litter size: 0.05 Egg production in poultry: 0.10

Mouse litter size: 0.20 Fruit-fly egg production: 0.20

From D. S. Falconer and T.F.C. Mackay, Introduction to Quantitative Ge-
netics, 4th ed. (Harlow, Essex: Longman, 1996).

TABLE 3.11A Some Examples of Heritabilities

The slope of the line predicting an individual's phenotype
from the phenotypes of its relatives has the following values:

      h2  when the corresponding phenotypes of both parents
            are used to make the prediction

      h2/2  when the phenotype of only one parent is used to
                make the prediction

For characteristics like size and weight, heritability is typically
0.6 – 0.8. For such characters as fertility or running speed,
heritability is typically 0.2 – 0.6.
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FIGURE 3.11A How Much Will Organisms Resemble Their
Relatives? This depends on “heritability” or 
When inheritance is additive, h2

= VG /VP.
h2.
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SEX AND RECOMBINATION

3.12 Population genetics is like shuffling and dealing cards

From an evolutionary standpoint, the important thing about
genetic processes is that they shuffle genes, just like cards are
shuffled in card games. This shuffling process does not create
any new genes, and it is not usually biased. Like the dealer in
a card game, the genetic machinery makes new combinations
of alleles—like new combinations of cards in “hands”—and
thus new genotypes.

From card games, you may know that even with the same
52 cards in a deck, the number of different hands that you
might be dealt is extremely large, if there are a lot of cards per
hand. Blackjack, which has relatively few cards in play at any
one time, may be at the simpler end of the spectrum. But in
bridge, where each player gets 13 cards, the likelihood that
you will get two hands with exactly the same combination of
13 cards in any one game is vanishingly remote.

In genetics, the number of genes per genotype is far high-
er than the number of cards in the hands of any card game.
Humans have about 20-25 thousand genes that code for im-
portant functions, and each of these genes may have many

different alleles. If you calculate the possible genotypes, the
total number that might occur is very large. By some esti-
mates, there are more possible human genotypes than there
are atoms in the universe.

In this sense, the genetics of populations are very big card
games indeed, and we have little prospect of winning by
“counting cards.” In other words, it is unlikely that we can un-
derstand life by directly calculating all of its genetic possibili-
ties. Instead, we try to understand how the evolutionary
machinery works in some average, or typical, sense. What
does the evolutionary machinery normally do?

As mentioned, a notable feature of genetics is that it usual-
ly operates without any bias to its shuffling. Because of this, it
tends to randomize genotype frequencies, within loci and be-
tween loci. Neither of these statements is absolute, however.
Genetic processes are sometimes biased, as we will discuss in
Chapter 5. And the tendency to randomize genotype frequen-
cies is not absolute. Indeed, sustained inbreeding tends to pro-
duce odd combinations of genes, though sustained inbreeding
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is not the rule in the natural world. The idea of genetics as
randomizing is no absolute law of science, but it is a general
rule of thumb.

For example, consider a piece of the genetic machinery
that should already be familiar. We have seen in Module 3.6
what one generation of random mating can do to genotype
frequencies at a single locus. One generation of random mat-
ing leads immediately to the Hardy-Weinberg equilibrium. At
this equilibrium, we can calculate the frequency of genotypes
from the frequencies of the alleles at the locus. If the frequen-
cy of allele A is p, then the probability of A occurring twice in
a genotype (AA) is This is just like the probability of get-
ting two heads in a row when tossing a coin: And
so on. The Hardy-Weinberg equilibrium is a kind of “even” or
“smoothed-out” state, in which probabilities are well be-
haved. Alleles are randomly associated with each other; this
we have already seen.

1
2 *

1
2 =

1
4.

p2.

Figure 3.12A shows two different populations in which the
frequencies of alleles A and B are both 0.5, at their two respec-
tive loci. In part (i), the improbable case, all the uppercase al-
leles are in one genotype and all the lowercase alleles are in the
other genotype. In part (ii), the probable case, the genotype
frequencies reflect the random combination of alleles into
genotypes, with no unusual biases or associations. Intuitively,
we expect the evolutionary machinery to undermine the im-
probable pattern of genotype frequencies, and so produce
something like the random combinations of alleles of this ex-
ample. Next we consider exactly how this happens. ❖
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102 Chapter 3 The Genetic Engine

3.13 With random mating, sex-chromosome genes that start out 
at different frequencies move toward the same frequency

One of the simplest cases of genetics randomizing genotypes
occurs when there are two sexes. In principle, though rarely
in practice, the two sexes can have very different frequencies
for alleles located on the X chromosome. Let’s take a hypo-
thetical example. Imagine a
group of female space-travelers
whose spaceship crashes on an
all-male prison planet. If the fe-
males came from a different
solar system, which had been
colonized long before, then they
might have X-chromosome alle-
les that are totally different from
those of the men in the prison.
All the women would have one
allele, and all the men would
have another allele. The interest-
ing question then is, what will
happen to the X-chromosome
allele frequencies of the two
sexes if they start mating with
each other and thereby create
their own autonomous popula-
tion on the prison planet?

A key factor is that, after the
founding generation, the XY
males of each generation will
have the X-chromosome allele
frequency of the XX females of
the previous generation. This
occurs because males receive
their Y chromosome from their
father and their X chromosome
from their mother. You can see
this in Figure 3.13A, which
shows the outcomes of all possi-
ble matings when there is one X-
chromosome locus having just
two variant alleles. When mat-
ing is random, the male X chro-
mosomes will be a random
sample of the X chromosomes
of the females of the preceding
generation.

But the female case is differ-
ent. Daughters do not get a Y
chromosome from their fathers.
Their XX genotype comes from
a paternal X chromosome paired
with a maternal X chromosome,
exactly one from each parent.

With random mating, this pair of X chromosomes is a ran-
dom combination of X chromosomes from both males and
females, the two sexes equally represented. Therefore, for
daughters, the frequencies of alleles on the X are averages of

(i) (ii)

(iii) (iv)

(v)

X chromosome
with A allele

X chromosome
with a allele

(vi)

Mating

MaleFemale

Offspring

X chromosome

Y chromosome

FIGURE 3.13A All Possible Matings When There Is Polymorphism at a Sex-Linked X
Chromosome Locus
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allele frequencies from both sexes. This averaging tends to re-
duce the difference between male and female allele frequen-
cies for genes on the X chromosomes, because the average of
two different numbers is equidistant between them. (The av-
erage of 2 and 8, for example, is 5.) This averaging does not
immediately eliminate the difference in allele frequency be-
tween the sexes, however. Instead, as Figure 3.13B shows for
allele a, the difference between them progressively falls, as al-
lele frequencies bounce back and forth between males and fe-
males. Eventually, there would be no difference between male
and female X-chromosome allele frequencies in the new pop-
ulation on the prison planet.❖
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FIGURE 3.13B Allele Frequency Change at a Sex-Linked Locus
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3.14 Recombination progressively breaks up nonrandom associations
of alleles among loci

A simple analogy for understanding genetics is that genes are
organized like sentences in books, where chromosomes are
the books. There are 23 pairs of human chromosomes, to-
gether containing about 20-25 thousand genes. This means
that each chromosome has an average of about 1,000 genes.
These genes are not strung along, one after another, with no
gaps. At many places along the length of a human chromo-
some, there are large gaps where the DNA does not code for
useful RNA or protein. Because of these large gaps, pairs of
chromosomes sometimes recombine their genes without
much effect on gene-coding regions.

Let’s continue with the book analogy to see how this hap-
pens. Imagine two novels of the same length being printed at
the same time by a book factory. If a printer mixes up the
printing plates, then instead of producing copies of Death’s
Dishonor and Summer Swoon, they would print some books
in which the text comes from Death’s Dishonor for the first
128 pages, and then Summer Swoon for the last 211 pages, as
well as the reciprocal switch of Summer Swoon for the first
128 pages, followed by Death’s Dishonor for the last 211 pages.
The printer’s recombination occurred between pages 128 and
129. At that point, the two stories cross over. In the same way,
chromosomes of the same type (homologous) can be recom-
bined by breaking in two between genes and then rejoining
by crossing over between chromosomes.

Chromosome recombination has varied results. First, ge-
netic recombination may make no difference, because pairs
of chromosomes may be carrying the same alleles at a genetic
locus, as shown in Figure 3.14B. In our two novels, this case is

analogous to recombination between two books that begin
with exactly the same words, at least up to the point of re-
combination. If the printer’s mix-up takes place before the
two stories differ, then it makes no difference.

But when physical recombination occurs and there are dif-
ferent alleles on the recombining chromosomes, the genetic
system acts to shuffle the alleles. This shuffling tends to break
down unique or unusual genetic combinations, rendering
them only as common as they would be if the alleles had com-
bined at random, irrespective of their chromosomal location.

For example, as shown in Figure 3.14A, A and B alleles
could be associated with each other, and a and b likewise. These
alleles would show coupled phase association with each other,
according to uppercase or lowercase. Similarly, associations be-
tween A and b or a and B, which are called repulsion phase as-
sociations, could occur. Such coupled phase associations and
repulsion phase associations can contribute to linkage dise-
quilibrium. Linkage disequilibrium is measured as the differ-
ence between actual genotype frequencies and the frequencies
expected from random combination of alleles, as described
earlier. Either type of association tends to be broken down by
recombination, as shown in Figures 3.14C and 3.14D, reducing
linkage disequilibrium.

Figure 3.14E shows this process of randomization among
genes undergoing recombination at different rates (
10%, and 1%). The more recombination, the faster the asso-
ciation between alleles disappears. But in all these cases,
recombination does eventually destroy nonrandom associa-
tion, making linkage disequilibrium fall to zero. ❖

r = 50%,

A

b

a

B b

A

B

a

Coupling
phase

Repulsion
phase

a

B

A

B

a

B

A

B
Chromosomes

break and rejoin

FIGURE 3.14B Physical recombination of
chromosomes may not change genetic
makeup.

FIGURE 3.14A Coupling and Repulsion Phases of Linkage Here
and in the other figures on this page, the color of the
chromosome indicates maternal (pink) or paternal (blue) origin
of the chromosome, not the allelic composition of the
chromosome.
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b
Chromosomes

break and rejoin

FIGURE 3.14C Recombination matters in
coupling phase, when it produces
repulsion-phase gametes.
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Chromosomes

break and rejoin

FIGURE 3.14D Recombination matters in
repulsion phase, when it produces
coupling-phase gametes.
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FIGURE 3.14E Decay in Linkage Disequilibrium through Time
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INBREEDING

3.15 Inbreeding is a bad thing in normally outbreeding 
natural populations

Inbreeding occurs when related individuals mate. This
process is very important for the genetics of families and for
the genetics of populations. Inbreeding is not an all-or-noth-
ing event. Instead, the degree of inbreeding is quantitative.
The pedigree in Figure 3.15A diagrams a case of brother-
sister mating, from which three daughters were produced.
The pedigree in Figure 3.15B shows a first-cousin mating that
produces two daughters and a son. Both of these pedigrees
are examples of inbreeding. The critical point in the defini-
tion of inbreeding is whether individuals share alleles that
they inherited from a common ancestor. Only if there is bio-
logical descent from at least one common ancestor can there
be inbreeding. (A stepfather’s rape of his stepdaughter is not
usually biological inbreeding, even when the law considers it
incest.) Having a great-grandfather in common, as may be
true of second cousins, is inbreeding even if it is not consid-
ered incest. From here on, our discussion will consider in-
breeding only, whatever the social or legal conventions
concerning incestuous mating.

Within biology, degrees of inbreeding are distinguished
according to the probability that two mating individuals have
an allele in common from an ancestor. This is a probability
that can be calculated, as we will discuss shortly. For now, the
important point is that inbreeding varies quantitatively.

Inbreeding has many important effects on the evolutionary
process—reducing heterozygosity, decreasing genetic variance,
and so on. In medicine, however, inbreeding is better known
from its effects on health. Many human genetic diseases are

caused by recessive alleles. In such cases, the diseases occur only
when the patient has two copies of a defective allele, resulting in
a failure to produce the normal protein coded for by the genetic
locus. Such disorders are called recessive genetic diseases.
Some of the most common and devastating human genetic dis-
eases, like cystic fibrosis and Tay-Sachs (see Chapter 4), are
caused by a lack of normal alleles at a single locus.

Inbreeding greatly increases the frequency of genetic dis-
eases that arise from homozygosity (having two copies of the
same allele). Natural selection normally keeps disease genes at
very low frequencies, so only a few individuals will have even
one copy of a gene for a recessive genetic disease. But because
there are thousands of loci that can cause recessive genetic dis-
ease, even though disease alleles are rare at each locus, each of
us carries one copy of a few alleles for recessive genetic diseases
among all our loci. Fortunately, these alleles are heterozygous,

a b c

FIGURE 3.15A Females a, b, and c are the inbred offspring of full
siblings. On average, they will be very inbred.

k l m

FIGURE 3.15B Females k and m, as well as male l, are the
offspring of a first-cousin marriage. As a result, they will be
moderately inbred.
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so they cause us few medical problems. Statistically, we are un-
likely to mate with an individual carrying the same disease alle-
les, if we are not related to each other. For this reason, most of
our offspring are normal regarding genetic disease.

Things are different for inbred individuals. Parents that
share a common ancestor are much more likely to have in-
herited the same genetic disease genes, albeit in heterozygous

form. When such related individuals have children, their chil-
dren are at a much greater risk of being homozygous for one
or more alleles conferring a genetic disease. These inbred off-
spring are more likely to suffer medical complaints and more
likely to die young. Such victims of inbreeding also tend to
suffer a range of morphological oddities, such as extra toes or
fingers, along with intellectual retardation. ❖

How Much Inbreeding Is There in Nature?

Inbreeding is common on farms and in scientific laboratories. But
how common is it when humans don’t interfere with animal or
plant breeding?

It is fairly well established that species with very limited dispersal
are often inbred in the sense of having very small populations. Small
cave invertebrates, mostly-selfing plants like peas, plants with very local
pollination, and selfing worms like nematodes all may have high levels
of inbreeding. With such inbreeding comes high levels of homozygosi-
ty and accidental differentiation of local subpopulations.

On the other hand, outbreeding is extremely common. Animals
and plants that seem like they should be inbred often are not. The
humble fruit fly Drosophila melanogaster, which doesn’t seem like
much of a flyer and can’t walk very fast, apparently mates over a
large area, so that it exchanges genes over hundreds of square miles.

Pollen can spread surprising distances, genetically uniting plants
over wide areas. This is to say nothing of organisms that obviously
disperse and mate over large areas, like most birds and many mam-
mals. We currently do not know enough about how common in-
breeding is relative to outbreeding. This is an important question,
because the human impact on the environment accumulates
unchecked. We do not know if we are causing the extinction of dis-
tinct populations or merely reducing the abundance of a species
that disperses widely. If species mate widely, then their homozygos-
ity will be much less than it would be if the species are broken up
into local breeding populations. (This is considered further in
Module 3.20.) Less homozygosity, in turn, should reduce inbreed-
ing depression. With less inbreeding depression, endangered
species should be less likely to go extinct.
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3.16 The degree of inbreeding can be calculated from the probability
that parents share alleles from a common ancestor

Because inbreeding is one of the most important processes of
population genetics, it is convenient that biologists can calcu-
late the degree of inbreeding fairly easily. These calculations
revolve around the probability that related individuals will
have offspring that are homozygous. The most important
thing in these calculations is to keep track of who is mating
with whom. Here we will assume that we know the exact
truth about every individual’s parentage.

Figure 3.16A shows what happens when two half-
siblings mate. Half-siblings have only one par-
ent in common—in this case, their
mother. We can consider one locus
at a time, because we will be
calculating average prob-
abilities for the ge-
netics of this locus.
Many loci may be
made homozygous by
inbreeding, but the av-
erage frequency of ho-
mozygosity will be close to
the results of the one-locus
calculation.

We need to follow the alleles
that each half-sib inherits from
its mother, so we label the moth-
er’s alleles and in Figure 3.16A.
We can ignore the genotypes of the
fathers when we can assume that
they are not related to each
other or to the mother. For
this reason, the alleles that
come from the fathers are rep-
resented by dashes.

Mendelian ge-
netics is like a card
game, as we re-
marked earlier in the
chapter. When the
mother has a son with
one father, the son has a
probability of of getting
allele from his mother
and a probability of of
getting allele from her.
The same thing is true of the
daughter by the other father.

Under these conditions,
there are two scenarios by
which the half-sibs can have an
allele in common: Each receives a

a2

1
2

a1

1
2

a2a1

copy of or each receives a copy of The probability of the
first scenario is because the chance of each of them receiv-
ing an is and these two genetic transmission events are
independent of each other. Therefore, we multiply their
probabilities together to get the probability that both occur:

Likewise, the probability of the second scenario,
in which the two half-sibs have the allele in common, is
also We then sum these two probabilities to get a probabil-
ity of that the half-sibs have a maternal allele in common at

this locus, whether or a2.a1

1
2

1
4.

a2

1
2 *

1
2 =

1
4.

1
2,a1

1
4,

a2.a1
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Mother and two unrelated fathers

—/—

a1/—
a2/—

a1/—
a2/—

4:a1/— 4:a2/— 4:—/—

—/—a1/a2

Offspring of the two half-sibs; 16 possible outcomes of which
one is homozygosity for allele a1 and one homozygosity for a2

One-sixteenth of the offspring: a1/a1.
One-sixteenth of the offspring: a2/a2.

One-eighth of the offspring are homozygous

Two half-sibs
related through
their mother;
F half-sibs = 1/4

1:a1/a1
1:a2/a2
2:a1/a2

FIGURE 3.16A Genetic effects of Incest

Probabilities of genetic outcomes

The inbreeding coefficient can be estimated by multiflying
1/2 by 1/2 to get 1/4. The 1/2 comes from Mendelian segregation

Aa

I J

1/2 1/2

1/2 1/2

K

FIGURE 3.16B A Simple Rule for Estimating the Inbreeding
Coefficient, F.

In the case that the half-sibs have an allele in common,
there is a probability of that a child of theirs would be ho-
mozygous for that locus. (From the rules of Mendelian segre-
gation, two heterozygotes have a chance of of producing an
offspring that is homozygous for a particular allele when
there are only two alleles.) Multiplying this probability by the
chance that the half-sibs do have an allele in common, 1/2, we
find that the probability of homozygosity arising from half-
sib inbreeding is 1/8.

If we choose an allele at random from one of two half-sibs
just described, there is a 50 percent chance that this allele is a
maternal allele. As we have shown earlier, the chance that the
two half-sibs share a maternal allele in common is also 50 per-
cent. Thus the chance that a randomly chosen allele in two
half-sibs is identical by common ancestry is This
probability is sometimes called the inbreeding coefficient or
F value. In large populations that are mating at random, the

1
2 *

1
2 =

1
4.

1
4

1
4

average inbreeding coefficient will be close to zero. In organ-
isms that have been inbreeding for a number of generations, F
may approach 1, its maximum value. In a sense, the inbreed-
ing coefficient is a measure of deviation from random mating.

Inbreeding coefficients can be relatively easy to calcu-
late. You take the two individuals whose inbreeding coeffi-
cient you wish to calculate, and you follow the pedigree
connecting them. For each connection in the pedigree, you
multiply by Thus two individuals related by just one
common parent—such as the half-sibs we have just dis-
cussed—have an F value of (Figure 3.16A). When they
have just one common grandparent, they would have an F
value of 1/16 (Figure 3.16B). With multiple parents and
grandparents in common, these calculations have to be re-
peated for each independent pathway through the pedi-
gree. This can get complicated. However, most types of
inbreeding involve the same patterns. ❖

1
4

1
2.
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represented in the original population. In three inbred lines
derived from the outbred population, only two genotypes are
represented, one genotype by two different inbred lines. Both
of these genotypes specify short plants, though this is only
coincidental. In this way, by accident, inbreeding has pro-
duced a directional change in plant height.

Some plants can self-fertilize; that is, they can be fertilized
by pollen from their own flowers. Selfing is a form of inbreed-
ing. To breed with another plant, plants are often dependent on
pollinators like bees and birds, which carry pollen from one
plant to another. When both selfing and external pollination
are possible, all that is required for inbreeding is the loss of pol-
linators. When all the pollinators are lost, reproduction must
occur by selfing, if it is to occur at all. Self-fertilization is not as
common in animals, but it does occur in some snails and
worms. In some species of nematodes—very simple worms—
reproduction is normally by self-fertilization. This makes in-
breeding, along with homozygosity, very common in these
species; and F (the inbreeding coefficient) approaches 1. ❖

3.17 When relatives mate frequently, homozygotes increase 
in frequency while heterozygotes decrease in frequency

Let’s consider cases in which inbreeding is sustained from
generation to generation. In these situations, groups of in-
breeding organisms are called inbred lines.

Although human inbreeding causes genetic disease, there are
some good reasons for inbreeding in agriculture. We regularly
eat parts of inbred organisms, both plant and animal. When in-
breeding is sustained, the genetic polymorphism of randomly
mating, or outbred, populations is lost (Figure 3.17A). Inbred
lines tend to fix single alleles at each locus. (The term fixation in
genetics refers to 100 percent frequency.) Which allele will be
fixed is not usually predictable. But if several different inbred
lines are produced, plant or animal breeders can choose the line
with the best attributes for their purposes. The advantage of
working with inbred lines is that inbred lines remain “true to
breed.” Their lack of genetic variation ensures that deviant off-
spring will be rare.

Figure 3.17B presents an example of how inbreeding can
reduce the heterozygote frequency. An outbred population of
plants has six genotypes at locus A. All these genotypes are

Plant genotypes have
different sizes

Many generations
of inbreeding

14 in
A2A2

10 in
A2A3

10 in
A2A1

8 in
A3A3

10 in
A3A1

8 in
A1A1

Alleles A1, A2, and A3 at Hardy-Weinberg equilibrium

100% A3A3 100% A2A2 100% A1A1

Inbred line 1 Inbred line 2 Inbred line 3

FIGURE 3.17B Differentiation of Inbred Lines from Each Other Again we suppose that several inbred lines are derived from an outbred
population. When different genotypes are associated with different phenotypes, such as height, then inbreeding will produce inbred
groups with consistent differences in such characters.
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First year: Planting the plants
from the green house.

Second year: Both
families have only

three plants survive.

Third year: Both families
lose one plant from

their garden.

Fourth year: Both families
lose another plant leaving
each family with just one.

A3A3 A4A4

FIGURE 3.17A Creating Inbred Lines Imagine a plant that has one generation per year. If we start with a greenhouse population of 38,
two families might buy plants for their gardens. The Gardenias might buy 5 plants, while the Mudges buy 3. If these plants mate only
within their home gardens, and some plants are lost each year because of bad gardening, then the two families may end up with
genetically distinct plants in their gardens.
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3.18 Inbreeding tends to reduce the variance of quantitative characters
within inbred lines

It is fairly easy to understand that inbreeding will tend to fix
particular alleles at individual loci, increasing the level of ge-
netic homozygosity in a population. It may be more difficult
to understand that similar effects occur where the inheritance
of quantitative characters is concerned; but they do.

Recall that the variation of a quantitative character has
two basic components: genetic variation and environmental
variation. For now, we will assume that changes in the mating
system will not affect the environmental component of varia-
tion. It is the effect on genetic variation that is the basis for
predicting that inbreeding will tend to reduce the variance of
quantitative characters.

To understand the effect of inbreeding, it is important to
distinguish its effect on a group of inbred lines from its effect
on a single line. An entire collection of different inbred lines
may possess a great deal of genetic variation. Just think of the
enormous variation among all the different breeds of dog
(see Figure 3.18A). Domestic dogs are descendants of one, or
a few, populations of dog that humans domesticated 50 to
150 thousand years ago, when these dogs were essentially
wolves. Yet an individual breed of dog does not contain all
this variation. The effect of inbreeding on the individual
breed is very different from its effect on an ensemble of in-
bred lines.

Let us focus on a single inbred line. As inbreeding pro-
ceeds, each locus has an increased likelihood of becoming ho-
mozygous, as we saw in the preceding module. Over all loci,
many will become homozygous as a result of inbreeding.
When loci that affect quantitative characters become ho-
mozygous, there will be less quantitative genetic variance

affecting those quantitative characters. This occurs be-
cause quantitative genetic variance requires genetic polymor-
phism. As Figure 3.18B shows, sustained inbreeding reduces
the genetic component of the phenotypic variance dur-
ing sustained inbreeding, making the phenotypic variance
approach the value of the environmental variance This
reduction in variance increases the predictability of the char-
acters of the inbred line.

If these inbred lines are horses, dogs, cows, or tomatoes,
this increased predictability may increase the value of the in-
bred line. Indeed, dog shows and similar competitions for
agricultural animals often focus on specific standards that
have been established for breeds. Deviations from those stan-
dards result in lost points during competition. Such devia-
tions can be prevented best by maintaining the purity of the
breed, avoiding any crosses with animals from other breeds
or crosses with mongrels. Long-standing human practices
have thereby fostered the continued inbreeding of dogs as
well as other animals and plants. ❖

1VE2.

1VP2

1VG2

FIGURE 3.18A Three Inbred Dog Breeds Proceeding from top to
bottom: American beagle, Belgian sheepdog, Pekingese.
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Inbred line 1

100% A3A3 100% A2A2 100% A1A1

Inbred line 2 Inbred line 3
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(this result now applies within a line)

FIGURE 3.18B Uniformity within Inbred Lines Inbreeding bleeds the genetic variation out of individual inbred lines, so that the
phenotypic variance eventually equals the environmental variance This is how breeders create lines that breed pure;
examples of such inbred lines range from dog breeds to flower varieties.
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3.19 Inbreeding tends to reduce the average value 
of beneficial characters

Inbreeding does more than reduce genetic variances. It also
reduces the value of characters that are related to fitness or
function, when populations begin as outbred. This reduction
is known as inbreeding depression.

Figure 3.19A shows the impact of inbreeding on the dog
pelvis. In highly inbred large breeds, like German shepherds
and Saint Bernards, the joint connecting the femur to the
pelvis is undermined. The head of the femur tends to become
detached—a condition known as hip dysplasia. High levels of
inbreeding in dogs also produce infertility, inappropriate ag-
gression, blindness, and so on, as Figure 3.19B shows. The
phenomenon is well known in a variety of agricultural ani-
mals and plants, and it can be produced in laboratory breed-
ing experiments at will.

Inbreeding depression has an opposite. When unrelated
inbred lines are crossed, their hybrids usually show consider-
able superiority. This is called hybrid vigor. For example,

mongrels usually have fewer health problems than purebred
dogs do. Most grains used in agriculture are hybrids of inbred
lines. These grains produce higher yields, and they are more
resistant to disease. Inbreeding depression and hybrid vigor
are thus fundamental for agricultural breeding programs.

The puzzle is why inbreeding depression should be so com-
mon. One clue comes from organisms that normally inbreed
in nature, such as self-fertilizing worms. These species do not
show inbreeding depression or hybrid vigor. Inbred lines of
such organisms show no decline in function or fertility, nor do
crosses of their inbred lines always give hybrid vigor. Therefore,
mere homozygosity does not cause inbreeding depression.

Wild populations of outbreeding organisms are fairly het-
erozygous. Inbred lines, on the other hand, are highly homozy-
gous. Therefore, relative to inbreeding, outbreeding will tend to
select for alleles that produce higher fitness when heterozygous.
Long-standing inbreeding, by contrast, will select strictly on an

FIGURE 3.19A Hip Dysplasia in a Dog  The x-ray of a normal dog is shown on the left. The dog with hip dysplasia is shown on the right.
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Initial domestication
as dog

Blindness Ear infections

Inappropriate
aggresion

Hip dysplasia
Gastric torsion

MASTIFFS SMALLER MID–LATITUDE 
EURASIAN DOGS

NORTHERN 
EURASIAN DOGS

Wolf

FIGURE 3.19B The History of Dog Breeding, with Annotations for Health Problems in Purebreds The history of dog breeds is in flux as
of this writing, but that does not affect the health problems of inbred breeds. Mongrels are usually free of the health problems of
purebred dogs.

allele’s effect when homozygous, because that is the normal ge-
netic situation with sustained inbreeding.

Consider a rare allele that is fairly benign when present in
heterozygous form, but a disaster when there are two copies of
the allele in the genome. Some human genetic diseases are
thought to fit this pattern, one example being cystic fibrosis.
Many people carry one copy of the gene for this genetic dis-
ease, but they show few, if any, bad effects. They are only carri-
ers. Those with two copies of the gene suffer a debilitating and

life-shortening disease, a disease that renders males almost to-
tally infertile. And for evolution, infertility is a major problem.
(Cystic fibrosis, and other examples of genetic disease, are dis-
cussed further in Chapter 4.) Inbreeding among carriers of
the genetic disease cystic fibrosis would produce many more
afflicted individuals than normally occur in the general popu-
lation. But if humans were always inbred, this situation would
not occur—because selection would then virtually eliminate
the gene for cystic fibrosis. ❖
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3.20 Inbreeding can arise from the subdivision of populations
Inbreeding can be more subtle than the mating of relatives or
the systematic inbreeding of agricultural animals. It can arise
from the geographical distribution of a species. That is, who
mates with whom can be made nonrandom by the mere acci-
dent of location.

Figure 3.20A illustrates this principle of subdivision of
populations. In our hypothetical example, plants are living
on the side of a large mountain. Soil suitable for the growth
of this plant is present only at a few locations—one pasture
high on the mountain, and one on each of the east and west
mountain sides. If these plants have pollina-
tors that do not disperse very far—such as
small beetles—then the three plant pop-
ulations may be largely isolated from
each other. When this occurs, chance
alone will cause genetic differ-
entiation of these small pop-
ulations, as we will discuss

in the next module. There are four possible patterns of flow-
ering—no flowers, pink flowers, yellow flowers, and blue
flowers—determined genetically in part. The three popula-
tions differ in the genes that affect flowering, such that each
population is a bit differentiated from the other. This differ-
entiation gives rise to more variation in the species as a whole
than would be expected from study of just one of the isolated
populations. Conversely, there is less variation within each of
these isolated populations than there is at the level of the

species as a whole.

116 Chapter 3 The Genetic Engine
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High pasture

21 plants - no flowers
16 plants - blue flowers
  2 plants - yellow flowers
   1 plant - pink flowers

West pasture

18 plants - no flowers
16 plants - yellow flowers
  3 plants - pink flowers
  3 plants - blue flowers

East pasture

26 plants - no flowers
  9 plants - pink flowers
  3 plants - yellow flowers
  2 plants - blue flowers

FIGURE 3.20A Some populations in nature often contain more of one genetic variant than do other populations of the species; genetic
variation is in this case described as subdivided.

The frequency of 
heterozygotes

The normal frequency 
of heterozygotes, 
with no population 
subdivision

Twice the variance 
in the allele 
frequency over the 
subpopulations

H = 2pq – 2Vq

FIGURE 3.20B Wahlund Effect The more subpopulations vary
in allele frequency, the fewer heterozygotes will be present in
the population as a whole.

Species with very large populations that frequently inter-
mate do not have this type of population structure. Seagulls
and pine trees, for example, usually mate widely, because
both marine birds and conifer pollen can travel great dis-
tances, breaking down local subdivision and differentiation
of populations.

The impact of population subdivision is known as the
Wahlund effect. Figure 3.20B gives a calculation showing the
effect on heterozygosity of variance in allele frequency be-
tween subpopulations. The more variance in allele frequen-
cy, the greater the depression in the frequency of
heterozygotes in the population as a whole. Conversely, the
isolation of subpopulations increases the frequency of ho-
mozygous individuals. ❖
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Think of genetic drift as the working out of chance on the
next level up from inheritance in individual families.
Mendelian genetics considers the in-
heritance of particular characters with
known parents. It is very much like a
game of chance, such as coin tossing or
cards (Figure 3.21A). If we mate two
heterozygotes, Aa and Aa, what are the
chances that we will get an AA geno-
type with just one child? We know that
the chances are because the chance
that the gamete from one parent is A is

and the same for the other parent.
With independent production of ga-
metes by the two parents, the probabil-
ity of this happening twice is just the
product which equals This
problem is just the same as the chance of getting two heads in
a row when we toss a coin.

But at the next level up, in the genetics of whole popula-
tions, the situation is different. In the genetics of populations,
the effects of the individual genetic processes combine. And
there are as many of these processes as there are individuals
producing gametes from which the next generation is made.
Population genetics without selection is like going to Las
Vegas for a weekend’s gambling. (Figure 3.21B). You will be
playing many rounds of poker or blackjack, putting quarters
in slot machines, each play like the production of gametes by
a single mated couple. The financial outcome for you,
whether you will be richer or poorer, is a higher-level chance
process. In this sense, we can describe genetic drift as a popu-
lation’s random production of gametes and zygotes to create
the next generation, a higher-level process laid on top of the
lower-level process of genetics itself.

1
4.1

2 *
1
2,

1
2,

1
4,

Just as the amount of money in your wallet or purse will
rise and fall as a result of the many individual games that you

play in Las Vegas, so does the frequency
of individual alleles in the population
rise or fall. Both are essentially deter-
mined by “luck,” which is to say by
nothing in particular.

In small populations, allele frequen-
cies change in discrete steps. To under-
stand why, consider a very small
population of just two individuals
(Figure 3.21C). If we consider an auto-
somal locus with two alleles, A and a,
there are five possible values for the fre-
quency of the A allele: 0, 1. Two
configurations will produce an allele
frequency of The population may be

composed of two heterozygotes, or it may have one AA ho-
mozygote and one aa homozygote. When these two individu-
als reproduce to create the next generation of two
individuals, the frequency of the A allele may change to any

1
2:

1
4, 12, 34,

FIGURE 3.21A A Game of Cards in the Eighteenth Century

GENETIC DRIFT

3.21 Genetics is like card games, and genetic drift is like a trip 
to Las Vegas

FIGURE 3.21B Las Vegas around the End of the Twentieth
Century

Just as the amount of money in

your wallet or purse will rise

and fall as a result of the many

individual games that you play

in Las Vegas, so does the

frequency of individual alleles

in the population rise or fall.
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one of these five values. Those of you paying close attention
may not understand how a sexually reproducing species with
one AA individual and one aa individual could produce two
AA offspring, for instance. The answer is that our simple
model permits self-fertilization, although it can be easily
modified to account for sexual reproduction without self-fer-
tilization.

The important point is that with random genetic drift, as
long as both alleles are present, allele frequencies can change
from their current values to any of the other possible values.
As it turns out, the probabilities of changing to any one of
these other values are not all equal, and they depend on the
population size. In a population of size two at an allele fre-
quency of 0.5, the chance of one allele frequency going to
zero in the next generation is 1/16. However, in a population
of 100 at the same allele frequency, the chance of going to
zero in one generation is about ❖10-61.

FIGURE 3.21C Genetic Drift with a Population Size of Two Six
different population types can arise, including one that is the
same as the initial population type: aa, AA.
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other. This grouping enables us to represent the process of
accidental sampling as an expansion or contraction
of the A and a parts of the column.

Figure 3.22A follows the genetic drift
of the population as a whole for gen-
erations 1 to 7. Various chance
processes affect allele frequen-
cies. Some heterozygotes pro-
duce more of allele A, and some 

produce more a
alleles. These are accidents of genetic seg-

regation. Other chance events occur as
well. For example, different families have dif-

ferent levels of fertility. Some offspring do not survive to adult-
hood. All these chance events make allele frequencies fluctuate.

Intuitively, we can see that there will be more fluctuation
in gene frequencies when populations are smaller. With
many individuals producing gametes and many families, ac-
cidental biases in favor of one allele over the other will aver-
age out. For this reason, we expect genetic drift to be more
rapid with inbreeding, and slow when population size is very
large. Again, this is somewhat like what happens on a trip to
Las Vegas. If you start with a large amount of money, you are
not as likely end up broke. Your large cash reserve should
allow you to survive strings of bad luck without going broke.
(Please note, however, that we are not in the business of ad-
vising you how to gamble. We just offer an analogy.) Think
of genetic drift in the same way you would think of being
“ahead” or “behind” in a gambling situation, and you have
its essential features. ❖

120 Chapter 3 The Genetic Engine

3.22 Populations can undergo evolutionary change from 
genetic drift alone

Let’s take a closer look at genetic drift. In any one genera-
tion, some alleles will be lost due to accidents of Mendelian
segregation during gamete production. A parent with both
a and A alleles, a heterozygote, may have offspring that re-
ceive only the a allele. On average, this particular accident
will tend to be canceled out by the opposite happening to
another heterozygous parent, which has offspring receiving
only A alleles.

Think of a population as a column of alleles, as shown in
the first column in Figure 3.22A. In any one generation, there
might be N of the A allele and n of the a allele. (The total
number of individuals in a
diploid population will be
one-half of ) In this
case, we have 10 A alleles
and six a alleles, and eight
individuals. Figure 3.22B
shows in detail what happens
as the frequency of the A alleles
increases and decreases, the total
number of alleles holding con-
stant, over two generations. (No-
tice that both figures start with 10
A alleles and six a alleles.)

Figure 3.22A provides a way
of visualizing changes in allele
frequency over several genera-
tions. Note that we group all of
the A alleles with each other,
and all of the a alleles with each

N + n.

a
a
a
a
a
a
A
A
A

The
ensemble
of alleles A

A
A
A
A
A
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a
a
a
a
A
A
A
A
A
A
A
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1 2 3 4
Generations

5 6 7

FIGURE 3.22A Genetic Drift in a Population of Eight Organisms
with One Diploid Locus and Two Alleles, a and A
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Generation 2

Generation 3

Generation 1

aa Aa AA AA Aa AA Aa Aa

aa Aa Aa AA AA AAAa AA Aa Aa

AaAa AA AaAAAaAAAaAAAaaaAa

FIGURE 3.22B An Example of How Accidents of Genetics and Reproduction Can Produce Genetic Drift
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3.23 Genetic drift can lead to the loss or fixation of alleles
Because genetic drift makes alleles bounce up and down in
frequency, accidental loss of alleles is possible. A key factor is
population size. Large populations—for practical purposes,
those of more than 1000 breeding individuals—make the loss
of alleles unlikely, for two reasons. First, genetic drift is very
“slow” in such large populations, as mentioned earlier.
Chance accidents will average out, so allele frequencies will
not fluctuate much. Second, large populations receive more
genetic mutations per generation, because they have large
numbers of individuals having new offspring, which could
carry new mutations. With frequent mutation, lost alleles will
be regenerated by the mutational process alone. Thus genetic
drift is expected to lead to rapid loss or fixation of alleles only
when populations are relatively small—for practical purpos-
es, fewer than 100 individuals.

When populations are small, genetic drift can cause the
frequencies of alleles to wander erratically. Thus it is not sur-
prising that some alleles might accidentally fall to very low
frequencies, or even disappear altogether from the popula-
tion. We can think of this process as analogous to the path of
a drunk wandering down an unfenced pier in the dark. The
drunk is highly likely to fall off one side of the pier or the
other. In our analogy, when the drunk falls off one side, one
allele is lost (for example, A), and when the drunk falls off the
other side, the other allele is lost (for example, a). When one
of two alleles is lost, the other becomes fixed, as shown in
Figure 3.23A, where the loss of a would be equivalent to the
fixation of A. (If there are more than two alleles, the geometry
of the pier has to be more complicated, but the basic evolu-
tionary event is still analogous to falling off an edge.) In very
large populations, mutation acts as fencing along the sides of
the pier; but small populations have too few mutations and
so lack fencing.

What is the probability that an allele fixes? More com-
mon alleles fix more often. The probability that an allele
fixes is simply equal to its initial frequency. For example,
new mutations necessarily have a frequency of 1/2N in
diploid populations of size N, because at first they are pres-
ent in just one copy out of all 2N alleles at a locus. There-
fore, they have a chance of fixing of only 1/2N, compared to
all other alleles in the population. This is a kind of “fairness”

because, without selection, every allele in the population is
equal. Which allele “wins” and becomes fixed by drift is then
an accident, like picking a card from a shuffled deck of 2N
cards. Because there are a total of 2N alleles in a population,
they each have a chance of 1/2N of fixing, just like one card
out of 2N cards has a chance of 1/2N of being picked at ran-
dom. Figure 3.23B shows some possible gene-frequency tra-
jectories with genetic drift. ❖

Loss of
A allele

Fixation of
A allele

Fr
eq
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en
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1
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0
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0
Time

Evolutionary trajectories lose allele A
Evolutionary trajectories fix allele A

FIGURE 3.23B Multiple Examples of Genetic Drift through Time

FIGURE 3.23A Genetic Drift Leads to Loss or Fixation of an Allele
This process can be compared to the path of a drunk wandering
down a pier at night. The probability that allele A will be fixed =

, its initial frequency. Initially common alleles are more likely to
be fixed accidentally.
pi
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SUMMARY
1. Genetics is perhaps the greatest achievement of twentieth-cen-

tury biology. At its most fundamental level, the genetic engine
transfers hereditary information from one generation to the
next. That hereditary information is packaged into chromo-
somes, either prokaryotic or eukaryotic in configuration. Some
gametes, cells, or organisms have one complete set of chromo-
somes (a haploid genome), while others have two sets (a
diploid genome) or more.

2. The genetics of populations are determined by the frequencies
of genotypes, and thus the frequencies of genes. With random
mating for one generation, and no selection, the frequencies of
the genotypes at a single locus can be calculated from the
product of gene frequencies. The genotype frequencies are sta-
ble at this Hardy-Weinberg equilibrium. When the frequencies
of gametes are the product of the frequencies of the alleles at
multiple loci, there is linkage equilibrium.

3. Quantitative characters are affected by multiple genetic loci
and multiple environmental influences. Sometimes these ef-

REVIEW QUESTIONS
1. The person who discovered genetics was 

2. Gametes are produced using what cellular process?

3. Hardy-Weinberg equilibrium arises after how many genera-
tions, with random mating and no selection?

4. Quantitative characters are influenced by which two major fac-
tors?

5. Evolution proceeds toward linkage equilibrium because of
what process?

Á ? 6. What are the effects of inbreeding on the genotypic composi-
tion of a population?

7. What does genetic drift do to gene frequencies?

8. Heritability measures what biological tendency?

9. Why do mutts live longer than purebred dogs?

fects are additive; sometimes they are not. When inheritance is
additive, the resemblance between relatives is determined by
the genetic variance.

4. With random mating, the frequencies of genes on sex chromo-
somes evolve toward equality. In the absence of selection, ran-
dom mating and genetic recombination lead to the evolution
of linkage equilibrium.

5. Inbreeding occurs when relatives mate. If inbreeding occurs
more than expected by chance, the level of homozygosity rises
in the population, while the level of heterozygosity falls. In-
breeding leads to increased genetic disease. It also depresses
functional characters, such as survival and fertility. Inbreeding
increases when populations are subdivided.

6. Genetic drift results from the combination of individual genet-
ic accidents. Genetic drift leads to the accidental fixation or
loss of particular alleles by chance alone.
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