
Chapter 1

Biological Basis for Gene
Hunting

1.1 Historical Background
Thomas Hunt Morgan was a famous geneticist who, in the initial years of the
20th century, studied Drosophila, the fruit fly, in his lab at New York City’s
Columbia University. Morgan’s choice of Drosophila was both fortuitous and
prescient not only for his own historic findings but also for introducing a model
organism that has evolved to become a major workhorse in the science of ge-
netics. These tiny flies reproduce quickly and leave a large number of progeny.
While Mendel had to wait months to plant and harvest two generations of peas,
Morgan could study half a dozen generations in the same time. Moreover,
Drosophila have only three chromosomes.

Two of Morgan’s many findings stand out. Despite all the complicated loop-
ing of the DNA around chromosomal proteins, Morgan found that the genes on
a chromosome have a remarkable statistical property –namely, mathematically
genes appear as if they are linearly arranged along the chromosome. Thus, one
can draw a schematic of a chromosome as a single strait line, with the genes in
linear order along that straight line, even though the actual physical construc-
tion of the chromosome is a series of looped and folded DNA. Morgan’s second
finding was no less important. He discovered that chromosomes recombine and
exchange genetic material.

The chromosomal mechanism of inheritance and recombination are the bi-
ological basis for linkage analysis and the genome-wide association study or
GWAS. This chapter explains recombination and along the way introduces other
concepts important for gene hunting.
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1.2 Basic Definitions

1.2.1 Homologous Chromosomes
We humans are diploid organisms1. That means that we have two copies of every
gene, except for those genes on the X and the Y chromosomes. We inherit one
gene from our mother and the other from our father. Because the chromosome
(and not the gene) is the physical unit of inheritance, it is more appropriate to
say that we inherit one maternal chromosome (that happens to have that gene
on it) and one paternal chromosome (that also happens to have a sequence of
DNA that codes for the same kind of polypeptide as the gene on the maternal
chromosome). Those two chromosomes that have the same ordering of genes on
them are termed homologous chromosomes and are illustrated in Figure 1.1.

Homologous chromosomes have the same ordering of genes. But they do
not always have the same alleles (i.e., DNA spelling variations) at the gene.
For example, the homologous chromosomes depicted in Figure 1.1 have four
different genes—the A locus, the B locus, the C locus, and the D locus. At the
A locus, however, one chromosome has the A allele while the other has the a
allele.

1.2.2 Recombination
Recombination or crossing over, as it also called, refers to the fact that in the
genesis of a sperm or egg, the maternal chromosome pairs with its counterpart
paternal chromosome and two chromosomes exchange genetic material. We have
already discussed recombination in Chapter 2 under the topic of meiosis. Here,
we will deal with the statistical implications of crossing over. The process is
diagrammed in Figure 1.2.

In this figure, we begin with the same homologous chromosomes depicted in
Figure 1.1 (the left hand pair of chromosomes). In the genesis of a sperm or
egg, these chromosomes pair up and exchange genetic material. In Figure 1.2
(middle panel), the exchange occurs between the B and the C locus. As a result,
the chromosome that is transmitted by a sperm or egg is a combination of the
original paternal and maternal chromosome (right hand pair of chromosomes in
the figure).

The most important fact to recognize about crossing over is that the prob-
ability that a recombination event occurs between two loci is a function of the
distance between the two loci. The alleles at two loci that are far apart on a
chromosome are more likely to encounter a recombination event than the alleles
for two loci that are close together on the chromosome

A convenient mnemonic to remember this principal is a dart game. Imagine
that the target for a dart contest consisted of the two chromosomes in Figure

1Not all life forms are diploid. Many single cell organisms such as bacteria and virus
are have only one copy of a chromosome and are called haploid. Some plants are polyploid,
and have more than two copies of a chromosome. Some social insects (bees, termites, ants)
are haploid-diploid. That is, some individuals, usually the workers, have only one copy of a
chromosome while others have two copies.



CHAPTER 1. BIOLOGICAL BASIS FOR GENE HUNTING 3

Figure 1.1: Homologous Chromosomes
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Figure 1.2: Recombination (crossing over).



CHAPTER 1. BIOLOGICAL BASIS FOR GENE HUNTING 5

10.1. The place where a dart hits one of these chromosomes signifies a recombi-
nation event at that spot. What is the probability of placing a dart somewhere
between the A and the B loci as compared to the probability of hitting some-
where between the A and the D locus? The probability of hitting somewhere
between the A and the B locus is much lower than the probability of placing a
dart between the A and the D locus. Hence recombination is less likely for two
genes located close together on the same chromosome than it is for two genes
that are far apart on the same chromosome.

Another convenient mnemonic is “close together, stay together; far apart,
stay apart.” Genes close together tend to be transmitted together. Genes far
apart tend to be broken up by recombination.

1.2.3 Haplotypes
In genetics, a haplotype is defined as the series of alleles on a short chromosomal
segment. There is no clear demarcation between a “short” and “long” section, but
short usually is taken as anywhere up to several hundreds of thousands of base
pairs. Like many definitions, examples of haplotypes can be more informative
than abstract definitions. So examine Figure 1.3 which depicts a short segment
of the paternal and maternal chromosomes for two hypothetical individuals,
Abernathy Smith and Zebulon Jones. Three loci occur in this segment, the A,
D, and B loci. Both Abe and Zeb have the same genotypes at these loci. Both
have genotype Aa at the A locus, Dd at the D locus and Bb at the B locus.

But Abe and Zeb have different haplotypes. Abe has haplotype ADb on his
maternal chromosome and adB on his maternal chromosome. Hence, one would
denote his haplotypes as ADb/adB. Despite having the same genotypes as Abe,
Zeb’s haplotypes are aDB/Adb. The two have the same genotypes but different
haplotypes because the ordering of the alleles on their chromosomes is different.

1.2.4 Recombination Fraction (θ)
The recombination fraction is the probability that a transmitted chromosomal
segment is a recombinant. Again, an example is easier to understand that a
wordy definition. Reconsider Abernathy Smith in Figure 1.3, and to make
matters simple, let us ignore the B locus.

One of Abernathy’s chromosomes has the AD haplotype while the other has
the ad haplotype. Now imagine the 300 million sperm that Abe produced when
he impregnated his partner and fathered his first child. We want to calculate
the different combinations of alleles at the A and D locus on the chromosomal
segments in the sperm cells. These are illustrated in Figure X.X. Some of the
sperm will have the AD haplotype while others have the ad haplotype. These
cells have the same haplotypes as Abe and are termed non-recombinant DNA
sections.

Other sperm have recombinant DNA sections. These haplotypes are the
result of crossing over so that the DNA section has some of Abe’s maternal
chromosome and some of his paternal chromosome. A very simple definition of
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Figure 1.3: An example of haplotypes.
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Figure 1.4: Non-recombinant and recombinant gametes.
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a recombinant DNA section is a haplotype in a gamete that is different from the
parent’s haplotypes.

The recombination fraction is simply the probability of a recombinant DNA
section. Usually, it is denoted by a Greek lower case theta (θ). Because the
probability of a physical recombination event is a function of the distance be-
tween two loci, θ is also a function of distance. In fact, θ was often used as a
measure of the distance between loci2.

The numeric value of θ can range from 0 to .5. What does a value of 0 mean?
Think of the definition. Of Abe’s 300,000,000 sperm, all are either AD or ad.
There are no recombinants. In this case, the probability of a recombination is
certainly much less than 1 in 300,000,000 so locus A and locus D must be very,
very close.

A θ of .5 implies that half of Abe’s sperm are non-recombinants and half are
recombinants. This is a distribution due solely to chance. It imples that the
two loci are on different chromosomes or, if they are on the same chromosome,
they are very far apart.

1.2.5 Linked and Linkage
The terms linked and linkage refer to two or more loci where the recombination
fraction is less than .5. In other words, they are located relativiely close to one
another on the chromosome. Loci with larger values of θ (but ones still less
than .5) are said to be weakly linked. Those with low values of θ are spoken of
as being in strong linkage.

1.2.6 Linkage Equilibrium and Disequilibrium
Linkage equilibrium and linkage disequilibrium are purely statistical concepts
applied to haplotypes at the population level. Let’s examine an example before
giving formal definitions. Recall the A and the D locus used to introduce the
recombination fraction in Section X.X. In the general population, there are four
possible haplotypes—AD, Ad, aD, and ad. Assume that the frequency of allele
A is .3 and the frequency of allele D is .6 in the population. If haplotypes AD
occurs at chance frequency, then its predicted frequency is .3 x .6 = .18. If
we were to assess the haplotypes in a very large sample and found that the
observed frequency was very close to .18, then the A and D locus are said to be
in equilibrium. If the frequency differs from .18—either higher or lower—then
the loci are in disequilibrium.

Hence, equilibrium is defined as the ability to predict the frequency of a hap-
lotype by knowing only the frequencies of the alleles. In different terms, loci are
in linkage equilibrium when their haplotypes occur at chance frequency. Link-
age disequilibrium is defined as haplotypes frequencies that differ from chance,
i.e., cannot be predicted by knowing the frequencies of the alleles. Another way
of stating this is in terms of actual prediction. Take a random DNA strand

2With a reference genotype at hand, distance is now measured in base pair units.
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that has allele A at the A locus. Can we predict the allele at the D locus on
this strand better than change? If the answer is “yes,” then the two loci are
in linkage disequilibrium. Later, in Section X.X, we will give some numerical
examples to illustrate concepts of equilibrium and disequilibrium.

In the human genome, linkage disequilibrium is the norm and not the excep-
tion. This strong disequilibrium permits us to use some gene hunting techniques
that would be much less powerful if they were used in a species with weak dis-
equilibrium.

1.2.7 Marker Genes
Previously a gene was defined as a section of DNA that contains the blueprint
for a polypeptide chain or a protein. This is the definition used in molecular
biology. In human genetics, however, this definition is expanded to include
marker genes or marker loci. A marker gene is a polymorphic locus that has a
known chromosomal location. Hence, the two key aspects of a marker locus (or
gene) are that it is (1) has common spelling variations, and (2) has a known
location on the 23 human chromosomes. Marker genes may code for polypeptide
chains, but they do not necessarily have to code for polypeptides. Indeed,
the vast majority of marker genes are DNA spelling variations that occur in
noncoding sections of the human genome.

1.3 Polymorphisms
The different types of polymorphisms logically fit into the section on Basic Def-
initions given above. These polymorphisms are so important, however, that
they deserve a section of their own. Table 1.1 provides a classification of poly-
mophisms along logical and conceptual lines. (Recall that molecular biologists
often classify polymorphisms by the laboratory techniques used to detect them.)
The major division here is between polymorphisms based on gene products and
those that assess spelling variations directly in the DNA.

1.3.1 Gene-product Polymorphisms
In the early days of human genetics, the majority of polymorphisms were those
associated with gene products, especially proteins and enzymes in blood. These
polymorphisms detected differrences in proteins and enzymes and then inferred
genotypes from these differences.

When your blood is typed, you are informed that you are blood group O+
or AB- or A+, etc. The letter in this blood group gives your phenotype at the
ABO locus, and the plus (+) or minus (-) sign denotes your phenotype at the
Rhesus locus. A number of other loci such as Kell, Duffy, MN, and Kidd can also
be phenotyped from blood. These polymorphisms are still used today to assess
suitability of donors and recipients for blood transfusions (ABO locus) and to
assess Rhesus incompatibility between a mother and her fetus. However, blood
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Table 1.1: Types of polymorphisms.

1. Gene-product Polymorphisms (blood group proteins, enzyme polymor-
phisms).

2. DNA Polymorphisms

(a) Single Nucleotide Polymorphism (SNP)

(b) Tandem Repeat Polymorphism

i. Short tandem repeat (STR) or microsattelite
ii. Variable number of tandem repeats (VNTR)

(c) Structural Polymorphisms

i. Insertion/deletion
ii. Inversion
iii. Transposition (Translocation)
iv. Copy number variant (CNV)

(d) (Re)sequencing Polymorphisms

group polymorphisms have given way to other, more sophisticated techniques
in modern human genetic research.

1.3.2 DNA Polymorphisms
These polymorphisms examine the DNA directly for spelling variations. The
ability to detect differences direcly in the DNA was the spark that united the
revolution in human molecular genetics in 1980. Logically, DNA polymorphisms
can be divided into three types: (1) single nucleotide polymorphisms or SNPs,
(2) tandem repeat polymorphisms, and (3) structural variants3.

1.3.2.1 Single nucleotide polymorphisms (SNPs)

A single nucleotide polymorphism or SNP is a sequence of DNA on which hu-
mans vary by one and only one nucleotide. Because humans differ by one nu-
cleotide per every thousand or so nucleotides, there are several millions of SNPs
scattered throughout the human genome. A major advantage of SNPs, however,
lies in the fact that they can be detected in a highly automated way using DNA
arrays (see Section X.X). SNPs are the major polymorphisms used in genome-
wide association studies of GWAS (see Section X.X). Figure 1.5 (top) illustrates

3There is another type of polymorphism—a restriction fragment-length polymorphism or
RFLP. RFLPs started the genetic revolution in the 1980s. They, however, are not as amenable
to automation as other polymorphisms so their importance has declined. Also many RFLPs
can be detected using the SNP technology.
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a SNP.

1.3.2.2 Tandem repeat polymorphisms

A tandem repeat polymorphism is a sequence of nuclotides that is repeated
one after another (i.e., in tandem). The polymorphism consists in the number
of repeats. Figure 1.5 (bottom) illustrated this type of polymorphism. The
repetitive nucleotide sequence is GAAC, which is contained eight times in allele
1 but only four times in allele 2.

Unfortunately, even though the concept of a tandem repeat is simple, the
terminology for referring to these polymorphisms is quite confusing to the unini-
tiated. Why? Because they are named after the laboratory techniques useds
to detect them. Short tandem repeats or STRs (also called microsatellites) are
repeats involving 1 to 6 nucleotides. The example in Figure 1.5 is an STR. STRs
also form the basis for comtemporary forensic applications (see Section X.X).

Repeats of longer length (between 9 to 60 base pairs) comprise a variable
number of tandem repeats polymophism or VNTR.

1.3.2.3 Structural variants

A SNP may be viewed as mistyping “teh” for “the.” A tandem repeat poly-
morphism occurs when DNA “stutters” to differnt degrees. The definition of a
structrual variant is simple—it is a polymorphism other than a SNP or tandem
repeat. Usually, structural variants are called by their specific names, e.g., an
insertion or a translocation or a CNV, rather than the term “structural variant.”

Insertion/deletion polymorphisms are illustrated in the top of Figure 1.6.
Whether an allele is an “insertion” or “deletion” depends on the consensus or
reference human genome sequence. If the reference genome contains a nucleotide
sequence that is missing in an allele, then the spelling variation is called a
deletion. If the allele contains a nucleotide sequence that is not found in the
reference genome, then it is called an insertion.

Think of an inversion has a nucleotide sequence that has been cut out, flipped
180 degrees (i.e., inverted), and then spliced back (see Figure 1.6, middle). An
inversion of a DNA section is akin to reading the same sequence of nuclotides
but from right to left.

A transposition occurs when a section of DNA is cut out (or copied and then
cut) and then spliced into another region of the genome, usually to another chro-
mosome. Transpositions that involve large amounts of DNA are usually rare and
deleterious4. A translocation is a special type of transposition in which a sec-
tion of one chromosome breaks off and attaches to another chromosome. Many
geneticists, however, use the terms transposition and translocation interchange-
ably. A duplication is a transposition that involves a copy-paste operation (see
Figure 1.6, bottom).

4A phenomenon related to transposition is the mobile genetic element or transposon first
described by Barbara McClintock in 1950.
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Figure 1.5: Polymorphisms.
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Figure 1.6: Polymorphisms: Structural Variants
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A very important class of structural-variant polymophisms involve copy num-
ber variants or CNVs. A copy number variant is simply a large (from1,000 to
several million nucleotides) insertion, deletion, inversion, duplication or trans-
position. In short, it is a large structural variant.

It had long been known that these large structural variants existed in the
human genome, but they were not easy to detect. Lab techniques such as
flourescent in-situ hybridization or FISH (see Section X.X) had been used for
some time to detect very specific chromosomal microdeletions. (A microdeletion
is a deletion of a large section of DNA, but one too small to see through a light
microscope. Hence, it fits the definition of a CNV). These techniques, however,
were labor-intensive and used mostly in clinical practice to diagnoses suspected
cases of pathology. Even before the term CNV came into vogue, however, it was
recognized that structural mutations were highly prevalent in tumor cells. For
behavioral phenotypes, subtle chromosomal abnormalities in the telomeres were
found in children with severe mental retardation (Knight et al., Lancet, 1999).

Such findings spurred development of better methods of detecting CNVs,
and within the past few years it it has become possible to assess them in an
automated and relatively cheap way. This technology revealed that the number
of CNVs in the human genome was much larger than expected (Nature paper).
It also made it feasible to genotype people on a large number of CNVs. Studies
of CNVs and psychopathology are just beginning to hit the journals, so it is
premature to assess their importance, Early results, however, suggest that they
may be associated with some cases of autism and possibly schizophrenia (Cook
& Scherer, 2008, Nature, 455:919-923).

1.3.2.4 (Re)sequencing Polymorphisms

Undoubtedly, the favored method for detecting polymorphisms is to directly
sequence a long section of DNA and then compare all the spelling variations in it
to a reference sequence. The technique is called resequencing. One suspects that
molecular biologists adopted this term to deliberately confuse the lay public.
Most of us automatically think of “resequencing” as sequencing anew something
that we have already sequenced, as if we already know the sequence of our two
ABO genes but want to do it over again just to make sure it is correct. In fact,
resequencing just means sequencing. Hence, the first time you sequence your
two ABO genes, you are really resequencing them. (Don’t ask.)

The technology for resequencing is already available, but it is practical for
only small selected portions of the genome. Eventually, there will be studies
that resequence several important genes for a disorder and eventually it will
become practical to resequence a whole genome.


