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A general problem in genetics is 
the identification of s~ecific DNA 
sequence differences underlying 
phenotypic variation. These differ- 
ences can be foreign DNA segments 
from an infecting pathogen that in- 
tegrate into a host genome, sponta- 
neously arising DNA rearrange- 
ments or point mutations that cause 
cancer in somatic tissues, or a wide 
variety of induced and naturally oc- 
curring mutations that are transmit- 
ted from generation to generation, 
often resulting in genetic diseases in 
humans. Each of these situations re- 
quires a somewhat different ap- 
proach to identify the particular 
DNA difference in the genomes of 
the unaffected and the affected cell 
or organism that causes the pheno- 
m e .  But. as a rule for all of these , . 
cases, the larger the genome or the 
smaller the DNAdifference, the more 
difficult it is to find. In this issue of 
Science, Lisitsyn and co-workers (1) 
describe a new method, based on the 
principles of subtractive hybridiza- 
tion, for cloning even the smallest 
DNA differences between two or 
more complex genomes that shows 
great promise for speeding up this 
rate-limiting step in genetic analysis. 

Subtractive hybridization was 
first used in 1966 to identify se- 
quences from a small deletion in 
the bacteriophage T4 genome (2). 
Subtraction approaches usually in- 
volve repeated rounds of hybrid- 
ization of excess DNA from the 
source lacking a desired sequence 
with DNA from the source contain- 
ing the desired sequence, followed 
bv removal of the undesired se- 

base pairs that turned out to be key reagents 
in cloning the Duchenne muscular dystro- 
phy gene. Other groups (8) have successfully 
applied this approach to isolate difference 
~roducts from similar-sized deletions in other 
regions of human chromosomes. 

These ~revious ex~eriments with mam- 
malian genomic DNA, while quite 
noble, are difficult to perform and, 
more important, yield enrichments 
of only between 10- and 100-fold. 
Thus additional work is required to 
sort through large numbers of un- 
desired DNA ~robes. and the use- 
fulness of the procedures is limited 
to cloning portions of the DNA 
present in fairly large deletions or 
insertions. What distinguishes the 
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new method is its relative simplicity 
and its ability to enrich for the de- 
sired sequences lO5- to 1O6-fold af- 
ter a small number of rounds. This 
increases the sensitivity of the 
method so that it can be used to 
isolate very small insertions or dele- 
tions in a genome as complex as a 
mammal's. Furthermore. the sen- 
sitivity and experimental design of 
the method are unusual in that 
they provide a way to isolate at least 
a portion of the very small differ- 
ences that result in restriction en- 
zyme fragment length polymor- 
phism~ (RFLPs) between two com- 
plex genomes. 

The method. Lisitsvn and co- 
workers demonstrate two general ap- 
~lications of their method. which 

Two general applications of RDA. (A) Cloning DNA fragments the~callRDA(re~resentationaldif- 
present in an insertion. The left and right chromosomes are identical ference analysis), for cloning DNA 
except for a small DNA insertion (red segment). Restriction enzyme fragments that differ insizebetween 
cleavage sites are indicated by diamonds. Three rounds of RDA, genomes. the first experi- 
depicted by arrows of increasing size, selectively generate DNA ment,theyisolaterestrictionenzyme fragments from the insertion. The same procedure can be used to 
clone DNA fragments that are removed by a small deletion; in this fragmentsfromaviralDNAgenome 
case. the chromosome on the left would be "normal" and that on the Present as a single COPY in a mam- 
right would harbor the deletion (B) Cloning DNAfragments differing by malian genome. In the second ex- 
RFLPs The left and rlght chromosomes dlffer by a number of restrlctlon mriment. thevisolate restrictionen- =- - - - - -  ~ ---, - - ~  , - ~ -  - - - - ~  - - - 

enzyme cleavage sites (one of which is shown as a red diamond). zyme fragments from human ge- 
Three rounds of RNA selectively generate DNA fragments that are D~~ that are po~ymorp~ic 
unique to the left chromosome because of the polymorphic restriction 
sites. [Drawing courtesy of L. Stuve] between two closely related indi- 

viduals. Notablv. these difference 
quences at each round. Numerous 
such methods have been developed for iso- 
lating differentially expressed mRNA se- 
quences (3), but there have been few ex- 
amples of this approach being used to isolate 
differences in genomic DNA segments. One 
genomic subtraction approach (4) yielded 
a several hundredfold enrichment of de- 
sired sequences from a small (5-kilobase 
pair) deletion in yeast after several rounds 
of subtraction, making it possible to iden- 
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tify DNA fragments from the deletion 
among a small number of fragments that 
survived the procedure. 

The situation has been much more diffi- 
cult with mammalian genomic DNA, how- 
ever. Several DNA probes were isolated from 
the Y chromosome as the DNA sequence 
difference product between male and female 
genomes by a subtractive method (5). Kunkel 
and co-workers (6) combined subtraction 
with a method called PERT (phenol emul- 
sion reassociation technique) (7) for increas- 
ing rehybridization rates to isolate several 
DNA probes from a deletion of a few million 
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, , 
fragments, or "targets," were the only 

DNA fragments isolated by both applications 
of the procedure. Thus, in the authors' ex- 
periments, no additional sifting through an 
enriched library was required with RDA. 

In the initial step, the complexity of the 
two test genomes is decreased by amplifying a 
relatively small fraction (less than 10%) of 
each genome with a "whole genome" poly- 
merase chain reaction (PCR) method (9). 
These "representations" of the genomes are 
used in a subsequent subtractive hybridiza- 
tion step, in which the amplified segments of 
the genome lacking the target are hybridized 
in great excess to those from the target-con- 



taining genome. In this step, the hybridiza- 
tion is allowed to proceed to the point that a 
small percentage of the target segments 
reanneal, but a large percentage of the re- 
maining DNA fragments in common between 
the two genomes reanneal because of the 
molar excess of the genome lacking the tar- 
get. PCR amplification is then performed with 
urimers that allow onlv the small (less than 1 
&base pair) doubld-stranded &get seg- 
ments to amplify exponentially; the design is 
such that all other undesired DNA fragments 
either do not amplify or do so only linearly. 
Single-stranded DNA is then removed by a 
simple nuclease digestion step. Even after 
this single round of the method, the resulting 
double-stranded amplified fragments are 
greatly enriched in the desired target frag- 
ments. Additional rounds of the same treat- 
ment generate a few discrete DNA fragments, 
all of which appear to be difference products, 
that can be isolated in pure form from agar- 
ose gels and cloned. 

Three key features distinguish RDA from 
other genomic subtraction methods and 
contribute to the technique's overall effec- 
tiveness: 

First is the step in which the complexity 
of the two starting genomes is reduced by 
making representations. This step appears 
to be critical, at least when mammalian ge- 
nomes are used. uresumablv because it allows . . 
the concentration of target fragments to be 
high enough that practical levels of rean- 
nealing can occur. Although a representa- 
tion made with a single restriction enzvme 
limits the amount o? the genome that is 
sampled, it is possible to obtain a higher frac- 
tion of the genome, although probably never 
loo%, as representations by using several 
different restriction enzymes in separate re- 
actions. However, it is usually not critical 
that most of the genome be represented (1 0). 
For example, if RDA is being used to identify 
an unknown viral DNA insertion that is 10 
kilobase pairs in length, the use of two or 
three restriction enzymes to generate repre- 
sentations has a very high chance of gener- 
ating small target fragments that can be am- 
plified by PCR. 

Second is the "kinetic enrichment" steu. . . 
which, in later rounds of the procedure, in- 
creases the amount of target that reanneals " 

by a factor roughly the square of the amount 
of nontarget sequences that reanneal. This 
effect can be dramatic. For instance, if tar- 
get sequences are present at 100 times the 
amount of nontarget sequences after a round 
or two of RDA, the kinetic enrichment in 
the next round can be as much as 10,000- 
fold. Although subtractive methods for nor- 
malizing complementary DNA libraries have 
used something akin to kinetic enrichment 
(3), it appears that none of the other ge- 
nomic schemes were knowingly designed to 
take advantage of this phenomenon. 

The third key feature is the attachment of 
linkers onto the ends of only the target- 
containing genome representation. This step 
provides a simple way (that is, PCR) to sepa- 
rate the difference products away from most 
of the undesirable DNA after each round of 
subtraction and kinetic enrichment. and it 
allows a much higher degree of purification 
than do commonly used physical separation 
methods, such as chromatography. It is also 
likely to be easier to perform. 

Applications of RDA. RDA was designed 
as a versatile way to solve a particularly diffi- 
cult step in genetic analysis, that of identify- 
ing DNA sequence differences between indi- 
viduals. Thus, it is likely that it will be useful 
for studying a large number of biological prob- 
lems in a wide variety of organisms. The 
method appears to be especially effective 
for isolating DNA fragments present in in- 
sertions or removed by deletion, which should 
lead to the identification of new viruses, trans- 
posable elements, and DNA segments at sites 
of chromosomal rearrangements that cause 
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cancers and many hereditary diseases. Be- 
cause it is so simple to confirm, by hybridiza- 
tion or PCR, that a putative target DNA is 
derived from an insertion or deletion. it 
seems likely that we will rapidly see many 
such successful applications of RDA. 

If these were the only uses for RDA, the 
techniaue would be auite valuable. However, 
the prospect of using the approach to identify 
at least some of the polymorphic variation 
due to single base differences expands the 
scope of RDA to a wholly different set of 
interesting applications. At the very least, 
it provides a way to isolate polymorphic DNA 
probes for standard meiotic mapping and ge- 
netic linkage analysis. Although there are 
already many highly polymorphic DNA 
markers available for the human and mouse 
genomes, a substantial number of the mark- 
ers are not informative in any particular 
family study, so it is often necessary to search 
for new markers. In addition, there are many 
experimental organisms for which large 
numbers of polymorphic markers are not 
available, and RDA could provide a rapid 
way to make better genetic maps of these ge- 
nomes. It may be possible to use RDA with 
groups of individuals to identify DNA mark- 
ers in linkage diseauilibrium with a disease " 

or another phenotype caused by a founder 
mutation. Similarlv, the method mav be a , . 
useful adjunct for strategies for mapping 
regions of genomes that are identical-by- 
descent in related individuals affected with a 
genetic disease (1 1 ). Despite these potential 
applications, there are some important limi- 
tations in using RDA to identify single base 
changes. For example, the requirement for 
representations and the low chance that a 
specific single base mutation changes a re- 
striction enzyme site in the required manner 
make it unlikely that RDA will be used for 

the initial identification of a mutation that 
causes a genetic disease. 

Numerous other uses of both the dele- 
tion-insertion and single base polymorphism 
isolation schemes of RDA can be imaeined. " 

The classic closure problem of filling in gaps 
in physical maps of genomes (1 2) could ben- 
efit from applying RDA to DNA from so- 
matic cell hvbrids from mammalian svstems 
and, perhaps', to cloned versus genomid DNA 
from less complex organisms. While RDA 
clearly has applications for studying cancer 
and genetic diseases in humans, the method 
could be a powerful tool for genetic analysis 
of other organisms, especially those with small 
genomes. In addition, there are many or- 
ganisms that can be studied by classical ge- 
netics but that have been difficult to study at 
the molecular level because of the inability 
to do insertional mutagenesis. However, in 
many cases-for example, the zebrafish-it 
is straightforward to generate deletion mu- 
tations by irradiation (1 3). It may be possible 
to use RDA to simplify the cloning of DNA 
fragments from such deletions for the same 
types of gene searches that have been suc- 
cessful in Drosophila and other organisms. 
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