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An understanding of genome function within the context
of human cells requires new methodology. This article
describes comparative approaches that are used for
genomes and genes in situ. However, the major focus of
the article is on differential display (DD) and subtractive
hybridization (SH) because these two methods are most
accessible to a large number of researchers. The basic
principles of these methods are described along with some
fundamental reminders about the important factors that
must be kept in mind for successful experiments.

1 INTRODUCTION

There are an increasing number of genomic sequences
becoming available. Within the next 5 years even the

human genome sequence should be completed. Under-
standing the meaning of these DNA sequences will
take much more work and involve many comparative
experiments.

In the past, gene function was defined by comparing
a cell containing a specific mutation with a cell that did
not have the mutation. Mutations are also used quite
effectively for dissecting biochemical mechanisms and
pathways. The power of using mutations lies in the fact
that a very well defined change is being studied. In the
past, most research was confined to model organisms
with well-developed genetic systems that allowed gene
manipulations. This type of approach is quite useful
for experimental organisms that have well-developed
genetic systems which allow gene manipulation. It is
quite clear that these types of experiments will continue
in the future. However, it is also clear that we need
to understand gene function in complex organisms
where gene manipulation is not possible or easily
done.

Comparative studies in the complex genomes are dif-
ficult. For instance, it is estimated that there may be
over 100 000 genes in the human genome. Of course,
there are many naturally occurring mutations that aid
geneticists and other researchers to understand disease
and other natural processes. However, even putting aside
the ethics of manipulating human genomes for exper-
imental purposes, humans are not good experimental
organisms because their life span is too long. Hence, it
is quite clear that comparative methods focused on com-
plex organisms with long life spans must be independent
of gene manipulations. Furthermore, even with ‘‘good’’
experimental organisms, the number of known genes and
interactions are too great to be dissected by past meth-
ods using conventional recombinant DNA methods. In
such experiments, genes are cloned, sequenced, modi-
fied and studied in detail out of their native genomic
environments.

A large number of methods and variations have
been developed for comparing whole genomes and
entire repertoires of genes. Most methods can be
applied to large and small genomes. The technical
difficulty of a particular approach is usually a function of
genome size. This article will review genomic comparative
techniques, focusing on DD and SH because these
methods are most accessible to a large number of
researchers.

For simplicity, all calculations done will assume a ran-
dom DNA sequence composition. However, for many
organisms the amount of sequence information available
in the databases allows for more accurate calcula-
tions of experimental results and for some completely
sequenced genomes, a total modeling of the experimental
results.
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2 OPTIONS FOR COMPARING GENOMES

There are several approaches for comparing, globally,
genome structure and function. These studies can be
divided into those that compare the primary structure of
genomic DNA and those that compare gene expression
profiles. It should be noted that gene expression profiling
requires quantitative analysis of levels that vary by
105-fold. This means that quantitative studies on gene
expression are more complicated than direct genome
comparisons.

Gene expression profiling is currently most often done
at the mRNA level. Such experiments do not pro-
vide information about post-transcriptional regulation of
gene expression. Two-dimensional gel electrophoresis has
been used for some time to establish and compare protein
profiles from different samples. Some recent experiments
compare mRNA and protein profiles from the same sam-
ple. In yeast, Gygi et al..1/ found little correlation between
protein and mRNA expression levels. It will be interesting
to see what post-transcriptional regulatory mechanisms
are uncovered and how these initial observations are
extended to other organisms and systems. These types of
comparative experiments and protein profiling in general
will not be discussed here.

2.1 DNA Fingerprinting Methods

Genomic sequence comparisons between different sam-
ples is the only reliable method to detect all differences.
Gene expression profiling can be done using DNA
sequencing methodology. In these approaches, random
cDNAs are sequenced and the frequency of occurrence
of specific sequences is recorded in different cells or
under different conditions such as disease states. Some
have termed this electronic profiling and several success-
ful biotechnology companies specialize in this approach.
These types of experiments form the new field of
pharmacogenetics. (Pharmacogenetics promises to tailor
treatment and medication to individuals.)

A variation on random cDNA sequencing is called
serial analysis of gene expression (SAGE)..2/ SAGE
links short bits of cDNA sequence together in a single
sequencing template to increase efficiency of the analysis.
Even so, the financial cost of current technology prevents
widespread use of large-scale sequencing experiments for
global comparative studies.

DNA fingerprint methods have been used to com-
pare both genomic DNA and cDNA sequences. The first
method that was developed hybridized a multilocus sim-
ple, tandem repeat probe to restriction enzyme cleaved
genomic DNA fractionated electrophoretically..3/ Since
then a number of easier polymerase chain reaction (PCR)
methods have been developed for DNA fingerprinting.

In some cases, PCR is used to amplify unique sequences
located between primer sequences composed of arbitrary
primers (randomly amplified polymerase chain reaction,
RAPD)..4,5/ In other cases, the primer sequences con-
sist of interspersed repeat sequences, for example Alu
sequences in the human genome..6/ The pool of PCR
amplified fragments are size fractionated electrophoret-
ically to create a complex DNA fingerprint. The DNA
fingerprints of two or more samples are compared to
assess the similarity and differences between samples.

DD.7/ compares the size distribution pattern of DNA
fragments generated from random amplification of two
mRNA samples. Here, we will distinguish cDNA differ-
ential display (cDD) from genomic differential display
(GDD). A more detailed discussion of these methods is
given below.

Methods such as sequencing by hybridization (SBH,
also known as DNA chip arrays).8,9/ replace time-
consuming electrophoretic size fractionations with a
single-stranded DNA array composed of different
sequences. Hybridization of a single-stranded sample to a
DNA array produces a DNA fingerprint revealing which
array sequences are complementary to a position of the
sample DNA. In conventional SBH, the presence but
not the location of the sequence is obtained. The sam-
ple sequence may be reconstructed from the pattern of
short oligonucleotides that hybridize to the template.
An alternative method, called positional sequencing by
hybridization (PSBH),.10/ revealed both the presence and
location of the complementary sequence. In this protocol,
the array targets are partially double stranded and have
a single-stranded end. In this format, the single-stranded
end of the target sequence hybridizes to the probe ele-
ment with stacking interactions from the duplex region
insuring a high level of matching bases. The specificity
of this hybridization may be increased by adding enzy-
matic steps, such as a DNA ligation and/or polymerase
extension reaction.

In SBH, oligonucleotides are typically immobilized
in an array format on a silicon chip to which a
labeled template is hybridized. The presence of the
template on each array element is scored as positive
or negative when conventional radioactive, fluorescent or
chemiluminescent labels are used.

Conventional SBH experiments have been severely
handicapped by the hybridization of mismatched sequen-
ces, especially end mismatches. PSBH reduces the level
of mismatches at least 10-fold. Further enhancement may
be obtained when SBH experiments are analyzed by mass
spectrometry (MS)..11/

MS analysis does not require a label. MS not only
detects the presence of a species as do the other detection
methods but also provides the mass of the molecule.
Since the masses of the bases are known, different
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sequence compositions with distinguishable masses may
be distinguished when they are hybridized to the same
array element. Potentially, MS allows the experimental
results to be precisely correlated to DNA sequence(s).

DNA arrays may also be composed of other
molecules. For instance, cloned cDNAs,.12,13/ or genomic
sequences.14/ or even uncloned single or pools of genomic
restriction fragments.15/ may be used as targets.

Comparative genome hybridization (CGH).16/ exper-
iments hybridize pairs of differentially labeled genomic
DNA or cDNAs to normal metaphase chromosomes.
Usually, one sample is labeled with fluorescein and
the second with 40,6-diamidino-2-phenylindole (DAPI).
The samples are mixed together at equimolar ratios.
Hybridization to metaphase chromosome means that the
DNA probes are sorted to chromosomal regions. The
fluorescein/DAPI signal ratio will remain contant unless
there is a region that is amplified or deleted in one
of the genomic DNA samples. Likewise, when cDNA
probes are analyzed, the fluorescein/DAPI signal ratio
will remain constant except for those regions where there
is a difference in gene expression. CGH provides a low res-
olution (¾10 Mb) genomic localization of differences and
does not provide directly the sequence causing the differ-
ence. The advantage is that a controlled pairwise compar-
ison is done, providing a much more robust quantitative
analysis. The disadvantage is that the complexities of this
method do not allow it to be adapted by a large number
of laboratories. A similar type of ‘‘two-color’’ approach
has also been applied to analyzing DNA arrays..17/

2.1.1 Isolation of DNA Differences Between Samples

All of the experiments discussed above may be classified
as DNA fingerprinting methods. These methods present
similarities and differences between samples. An alter-
native to these approaches are methods that provide
information only about the differences between samples.

In SH, only ‘‘candidate’’ differences are provided to the
experimenter. An advantage of the DNA fingerprinting
methods are that they can be quantitative and provide
ongoing information to the experimenter. An advantage
of the SH experiments is that they provide directly
the candidate differences between samples. The DNA
fingerprinting experiments provide information about
differences that then must be isolated for further testing.
In both approaches, the first chore of the experimenter
is to prove that the indicated differences are real. This
will allow the level of false differences between samples
(i.e. false positives) to be assessed. The level of false
negatives (false similarities) between samples is more
difficult to assess. Our own approach to this problem
has been to verify our method using a model system
where the experimental results can be compared with

the theoretical results (see below) and where few, if any,
differences should exist between samples.

DD and SH are technically demanding. The key to
success lies in understanding the underlying biochemistry
and biophysics. The goal of this article is to provide the
user with a basic understanding of the principles of these
methods and factors that affect reliability. Also discussed
are some of the many options and applications.

3 DIFFERENTIAL DISPLAY

3.1 Principles

DD was originally developed by Liang and Pardee.18/

as a PCR method for amplifying and labeling subsets
of mRNA to identify differences in gene expression. A
recent useful collation of a variety of DD articles can
be found in Liang and Pardee..7/ The pool of amplified
products <500 bp (base pairs) is size-fractionated on a
high-resolution DNA sequencing gel. This produces a
display consisting of the size-dependent banding pattern
of the pool of PCR products. The display produced from
two or more samples is compared to identify differences
in gene expression patterns.

In the originally described method,.18/ the starting
material was purified mRNA which is converted to cDNA
using conventional methods. Then PCR was used to
amplify subsets of the cDNA library. One of the PCR
primer pairs was complementary to the polyA tail of
eukaryotic mRNA with additional 30-anchor bases (e.g.
50T11CA30). The use of a homopolymer T primer with
a unique dinucleotide 30-end serves two purposes. First,
the unique dinucleotides anchored the primer to the
unique genomic sequences adjacent to the 50-end of the
polyA mRNA tail. This insured the polymerase extension
reaction initiated at the sequence adjacent to the polyA
tail and not randomly within the mRNA polyA tail. The
anchor bases also control the complexity of the PCR
amplification products. Twelve different dinucleotide
(e.g. CA, CT, CG, CC, GA, GT, GG, GC, AA, AT, AG,
AC) anchors are needed to amplify all mRNA specifically.
In a random sequence, a dinucleotide anchored primer
sequence would reduce the number of PCR amplification
with a specific dinucleotide anchor products by 1/12.

The second PCR primer was a 10-mer composed of an
arbitrary sequence (e.g. Ltk3, CTTGATTGCC). There
are 1049 different possible 10-mer combinations and any
one 10-mer sequence would be expected to occur once in
106 bp. Since an average mRNA is about 103 bp in length,
a single 10-mer should hybridize to 1 in 103 cDNAs.

DD analysis is usually restricted to fragments less than
103, hence the number of amplified products should be
even less. The arbitrary primers used in these experiments
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were chosen after testing to give reproducible and specific
amplification products with the polyT anchored primers.
Subsequent studies have taken a more critical look at the
theoretical distribution of primers so that the speed and
efficiency of DD could be maximized..19/

3.2 Options

3.2.1 Genomic Analysis

Genomic comparisons of simple genomes may be done
directly. For instance, it is quite easy using pulsed field
gradient (PFG) techniques to compare chromosomal
fingerprints of small genomes like bacteria, yeast and
protozoan..20/ The resolution of these methods can be
improved by establishing fingerprints using restriction
enzymes that cleave infrequently and in some cases
restriction enzymes that cleave frequently. These types of
approaches can be applied to organisms whose genomes
range in size up to about 100 million bp. In contrast,
the human genome is 1000-fold greater than this. With
today’s technology it is still impossible to compare directly
total human genomes. Instead genome complexity must
be reduced.

We.21 – 25/ and others.26 – 28/ have reported on the
use of targeting in DD. In this approach, a class
of fragments containing a specific sequence (a target
sequence) is selected for analysis (see below). In contrast
to others, our methods have focused on analyzing
selected genomic fragments rather than cDNAs (targeted
genomic differential display (TGDD) vs targeted cDNA
differential display (TcDD) respectively). The focus on
genomic DNA allows for an exact modeling of the
expected results using DNA from genomes whose entire
sequence is known and was easier to develop as a
quantitative method because of the smaller dynamic
range requirements (e.g. ¾2-fold versus 105-fold for
genomic vs cDNA studies, respectively).

Two methods for TGDD were established by us..29/

In both methods, oligonucleotides of known sequence
are ligated to the ends of genomic restriction fragments.
In Method I, there is an initial hybridization – capture
step which is used to purify the restriction fragments that
contain the target sequence away from the remaining
restriction fragments. An immobilized oligonucleotide
complementary to the target sequence is used for the
hybridization – capture step. Subsequently, the captured
fragments are amplified by PCR. A single PCR primer
complementary to the adapter sequences ligated onto
the ends of the genomic fragments may be used.
Alternatively, the adapter primer may be used with a
primer complementary to the target sequence. In the
former case, sequences from each side of the target are
amplified; in the latter case the sequence from only one
side of the target is amplified.

Method I eliminates the capture step and uses long
(40-mer) adapter primers to enhance self-annealing of
the adapter primers, an effect called PCR suppression..30/

In this method, a primer to the target sequence and a short
20-mer primer to the adapter sequence are used. Only
fragments that contain a target sequence can be amplified.
This version of the method has the advantage that it is
easier to perform. Although, the adaption of interspersed
repetitive element-bubble PCR.31/ with Method I should
prevent self-annealing of the adapter sequences,

Targeting has been adapted to cDNA studies (Nguyen
et al., unpublished results). In TcDD, the adapter
primer was replaced by a primer complementary to the
polyA tail.

3.2.2 Targeting

A detailed discussion of targeting issues can be found in
Bouchard et al..29/ In brief, it is important to realize that
targeting can be done with a simple repeating sequence
(the polyA tail of eukaryotic cDNA is one example of this)
or more complicated sequence coding for a protein motif,
a cis-acting sequence such as transcriptional activation
signal. The method can analyze the target sequence itself
and/or the surrounding sequence depending on the PCR
primer that is used. Usually, the target is interspersed
throughout the genome. This means that the method
samples sequences spread throughout the genome. In
some cases the target may be more confined to a specific
chromosomal region, for example telomeric sequences.
In the case of simple repeating sequences, unique bases
added to the 30- or 50-end of the primer serves to anchor
the primer to the target end and to reduce complexity
(see above).

The question of how to design more complex motif
primers that target gene families is not yet answered.
Most, if not all, gene families consensus sequences were
developed comparing amino acid compositions and not
DNA sequences. In fact, very little work has been done on
characterizing gene families at the DNA sequence level
because it is clear that there can be much more variability
at the DNA sequence level because of the redundancy
of the genetic code. Additionally, different preferential
codon usage is observed in different organisms and an
emerging complication is that codon usage in a particular
species may reflect the expression level of the protein
sequence and/or be protein class specific.

3.3 Trouble Shooting

The major problem with DD experiments is the high
number of false positives. A suggested way of dealing
with this issue is to reconfirm each alleged difference
individually by hybridization. This requires that the
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DNA fragment be isolated and/or sequenced so that
a hybridization probe can be generated.

Our own experience with TGDD has suggested
several ways of improving the experimental results.
One of the most important factors is to analyze high-
resolution Gaussian-like distributions of the fragment
size fractionations. In most DD experiments, the sample
is radioactively labeled and the fractionation results
recorded by exposure of the polyacrylamide gel to film to
produce a banding pattern. Although this type of analysis
is useful, especially if the focus is kept on the differential
presence of very dark bands, a much more realistic pattern
of intensity changes is obtained when higher resolution
data are collected in real time on an automated DNA
sequencing instrument.

Our extensive characterization of the factors that
influence the reliability of DD has led us to the conclusion
that the most important aspect is to match the starting
DNA concentrations. There are several reasons for doing
this; in particular, the occurrence of unequal amplification
of the PCR product during the late cycles. This problem
is likely related to the specific sequence that needs to be
amplified. For example, although the human genome is
60% AC T, usually equal amounts of the trinucleotide
precursors are added to the PCR. This may mean that
in each cycle of PCR there is a 20% difference in the
use of trinucleotide precursors dATP and TTP vs dCTP
and dGTP. Furthermore, the Michaels constant (Km) of
each trinucleotide is different. Hence, the cycle at which
precursors become limiting will differ. Of course, this is
only a theoretical consideration. The real inequities must
be based on the base composition of each fragment in the
amplified pools. Another cause of unequal amplification
may be the rapid annealing of high concentration PCR
products, which would then prevent the subsequent
annealing or extension of primers. These considerations
emphasize the importance of using samples with matched
DNA concentrations and a low number of PCR cycles.

Another consideration in any experiment involving
nucleic acids, and especially those involving DNA, is the
accurate determination of the sample concentration. It
is difficult to accurately determine DNA concentrations.
In the cell, 90% of the nucleic acid is RNA. This means
that the greatest detriment to accurately determining
DNA concentration from a cell extract is contaminating
RNA sequences. Although it is possible to purify DNA
from RNA via density gradient centrifugations, this
is not usually done because of the limiting amount
of material that is available. RNA or DNA specific
dyes can be used but they will bind to the alternative
species with less affinity as pointed out by many of
the manufacturers. The problem is that the amount of
contaminating material is unknown. Hence, it is more
useful to be consistent in the manner in which DNA

concentrations are determined and correlating this with
useful results. In fact, since the entire scientific community
has this problem it might be best to try several initial
(two-fold variations below and above the target) DNA
concentrations. Additionally, one might consider varying
the number of PCR cycles by two cycles around the
target to minimize the number of experiments needed,
especially when starting out.

An important issue that cannot be ignored is the ratio
and concentration of the primers in the PCR. For small
oligonucleotide primers, the annealing temperature will
be concentration dependent in addition to being sequence
dependent..32/ Other considerations in these types of
multilocus are the frequency of occurrence of particular
sequences in the template DNA as well as the sequence
conservation. The best way to handle these variables is
to determine the best ratio and concentration of primer
pairs to use empirically. Typically we titrate multilocus
primers against each other in the 0.3 to 2 mM range.

3.4 Applications

There are many applications for DD and an increasing
number of publications are appearing using this technol-
ogy. Most publications focus on cDNA applications. Our
own studies using TGDD on closely matched genomes
compare the genomes of twins, families and different
tissues from the same individual. The goal of these exper-
iments is to determine the effect of genome stability and
heritability on phenotype.

4 SUBTRACTIVE HYBRIDIZATION

4.1 Principles of Subtractive Hybridization

The goal of SH experiments is to isolate a target
sequence(s) (T) that is present in one sample, called
the test DNA (S), and absent in a matched sample,
called the driver DNA (D). There are a large number
of published protocols. In all cases, a mixture of excess
D mixed with S, is denatured and allowed to reanneal.
In this reaction there are three single-stranded species
which can be distinguished as shown in Figure 1.

The D and S DNAs can form parental homoduplexes
or heteroduplexes with complementary strands. All

D S T

Figure 1 Single-stranded DNA.
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D D S S D S S T TD

Figure 2 T DNA homoduplexes.

sequences are in common except for the T DNA. The
T DNA can only form homoduplexes (Figure 2).

Equation (1) describes the kinetics of double-stranded
DNA formation..32/

fds D k2C0t
1C k2C0t

.1/

where k2 is the second-order rate constant, C0 is the
initial concentration of single-stranded DNA segments,
and t is time. The fraction of DNA that has formed
double strands, fds, can be calculated from the initial
concentration as shown in Equation (2):

Cds D fdsC0 D k2C2
0t .2/

When this equation is applied to SH, two DNA samples
must be considered. The first sample contains S- and T-
type DNA; the second sample, D, contains only S-type
DNA. Since T strands will only form double strands
with other T strands the concentration of T : T, denoted
CTds, can be determined from Equation (2). Equation (3)
shows:

CTds D k2C2
Tt

1C k2CTt
.3/

The formation of S : S, S : D, D : D can be determined
by considering first the kinetics of D : D formation and
then extracting the amount of S : S formed from the mole
fraction of S : S, XS : S (see Equation 4). This can be done
under the conditions where the concentration of S is
negligible compared to the concentration of D.

XS : S D C2
S1

C2
D1

.4/

where CS1 and CD1 denote the initial concentrations of S-
and D-type strands respectively.

Equation (5) shows

.CSds/ D .CD1/ðXS : S D k2C2
D1t ð C2

S1

.1C k2CD1t/C2
D1

D k2C2
S1t

1C k2CD1t
.5/

After the hybridization the next step is enrichment by
PCR. Only the T : T and S : S strands have matching

primers so only those strands will be exponentially
amplified. This effectively removes S : D and D : D strands
reducing the amount of S contaminants and enriching the
amount of T strands. The ratio of enrichment resulting
from the first subtraction round is given by Equation (6):

E D .CTds/

.CSds/
D .k2C2

Tt/
.1C k2CTt/

ð .1C k2CD1t/

k2C2
S1t

D .C2
T/ð .1C k2CD1t/

.C2
S1/ð .1C k2CTt/

.6/

Since the T and the S strands come from the same genome
they have the same concentration. Under this assumption
the enrichment effectively simplifies to Equation (7):

E D .CTds/

.CSds/
D CD1

CT
.7/

Therefore the enrichment ratio is increased or the amount
of contaminating S strands is decreased simply by using a
much higher concentration of D strands relative to T.

4.2 Options

Many variations and ‘‘improvements’’ on the SH con-
cept have been published. Despite this, routine success
has been elusive, although it is becoming more frequent.
The major improvements in the technology included a
minimization and simplifying the number of manipula-
tions, use of PCR amplification, and developing more
effective protocols through an improved understanding
and modeling of the hybridization kinetics of a variety of
approaches.

4.2.1 Polymerase Chain Reaction Subtraction

A commercial SH kit sold by Clontech is called ‘‘PCR-
Subtraction’’. The principles but not the details of
this procedure will not be presented here. (Details of
this protocol can be found in material available from
Clontech.)

This protocol was developed from modeling experi-
ments of a variety of SBH protocols..33 – 35/ The authors
considered several protocols: double-stranded DD and
double-stranded SS (CTT); double-stranded DD and
complementary single-stranded S (CT); single-stranded
D and double-stranded SS (CTT); single-stranded D and
complementary single-stranded SS (CTT). The initial
modeling experiments focused on cDNAs and a sin-
gle cycle protocol was developed. This method, called
PCR subtraction, allows differential expressed genes to
be isolated in a single round of subtraction for com-
plex genomes and genomic differences to be isolated for
microorganisms of genomes less than 10 Mb (Figure 3).
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T D T

Plus more denatured D

TT Duplexes

Figure 3 PCR subtraction.

In this protocol, first denatured 3 g D and 0.1 g S (CT)
DNAs are annealed together in 1.5 L for 20 h at 68 °C. This
allows an approximate equalization of the differentially
expressed genes in the single-stranded fraction because
of the second-order hybridization kinetics of the different
cDNA abundance classes. In practice, two simultaneous
initial SH reactions are carried out. The only difference
in the reactions is that the S DNAs have different adapter
sequences ligated onto their 50-ends. The 50-ends do not
have a ligated adapter sequence because double-stranded
unphosphorylated adapters were used. No adapters are
ligated onto the D samples. The two reactions are mixed
together and added, undenatured, to a new fraction
of denatured D. During the second hybridization, the
fragments shared between D and S are reduced further.
The single-stranded T fragments in the two reactions
will now form a TT with different 50-end sequences. In a
subsequent PCR the ends are filled in. Only duplexes with
unmatched ends are amplified because the homoduplexes
with complementary adapters self-anneal and preventing
annealing of the shorter PCR primers, a phenomenon

called suppression PCR..30/ This method takes advantage
of rapid annealing of T DNA relative to the remaining S
DNA in the single-stranded fraction.

4.3 Trouble Shooting

The major nonobvious difficulties in SH experiments, are
similar to those encountered in DD experiments. Many
of the problems can be alleviated by careful attention to
DNA concentrations. However, a major difficulty is the
assessment of DNA concentrations that are extremely
critical and may best be handled empirically, especially
when getting started.

4.4 Applications

There are many applications of SH experiments and
progress is being made in identifying cDNAs differen-
tially expressed. The major problems that need to be
resolved are how to detect single base pair differences
between samples and how to carry out total genomic
subtraction experiments. In fact, more complex proto-
cols have been developed using a complex reduction
protocol with a gel electrophoresis step called in-gel com-
petitive hybridization (IGCH).36 – 38/ and/or a preferential
PCR amplification step called representational difference
analysis (RDA)..39/ In IGCH, excess D and T are mixed
together, denatured and then fractionated using high-
resolution electrophoresis. Individual size fractions are
isolated from the gel and allowed to anneal.

5 OTHER CONSIDERATIONS

Most genome comparative experiments are not done on
single cells because of the added difficulty of working with
small amounts of DNA and in the case of genomic DNA,
two molecules. Hence, the results present an average of
several and usually, many cells. It is clear that it would be
valuable to develop comparative methodology that allows
the analysis of single cells. For instance, the analysis of
single cells making up a tissue would provide information
on the range of changes occurring in a tissue rather than
the average of the changes.

There are several methods that can use the PCR to
amplify DNA from low copy, including single molecules.
One of the first methods was primer extension pre-
amplification (PEP)..40/ Reasonable success was reported
with a primer pool of length n D 15, containing every
possible 415 primer. The concentration of any unique
species is extremely low, but apparently high enough to
insure amplification (e.g. 30 cycles) of most (estimated to
be¾80%) of the genome after 50 cycles of PCR. A major
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problem with this method is the potential for the primers
to interact with each other.

An improvement to this method used a chimeric
primer, with a variable portion and a conserved portion.
This method was called tagged polymerase chain reaction
(T-PCR).41/ because genomic fragments were tagged with
a common adapter sequence during the PCR. In T-PCR,
each primer had a 50-end with a constant 17 base sequence
and a 30-end with a variable 9 base sequence. The first
few rounds of PCR were done with the chimeric primer,
then this primer was removed and the remaining PCR
cycles were done with a primer solely composed of the
constant region located at the ends of the tagged amplified
fragments. A number of variations were developed,
such as degenerative oligonucleotide-primed polymerase
chain reaction (DOP-PCR)..42/ Here the primer contains
an internal variable portion (9 bases in length), a long
50 constant region of 13 bases in length and a short 30

constant region (3 bases in length). Cheung and Nelson.43/

demonstrated that, with a slight modification, DOP-PCR
could be used to amplify random genetic markers from
small amounts of DNA.

6 PERSPECTIVE

Comparative genomics is a rapidly changing field. Perhaps
the most important aspect in the application of a specific
technology is adaptability. Not only is it important to
stay advised of critical improvements in methods and
conceptualization that create quantum improvement in
the technology, but it is also important to be able to adapt
new technologies as they become available.

The question of how one decides on a specific approach
is more difficult. DD does not, in general, provide
sequences of interest but rather shows you where they
are so they may be isolated. DD provides quantitative
information on the number and the extent of differences.
The end results of an SH experiment are the sequences
of interest. However, SH does not provide information
about the number or the level of differences.
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