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ABSTRACT Denaturing gradient gel electrophoresis
(DGGE) can be used to distinguih twoDNA molecules that differ
by as little as a single-base substitution. This method detects
=50% of all possible single-base changes in DNA fragments
ranging from 50 to -1000 base pairs. To increase the number of
single-base changes that can be distingished by DGGE, we used
the polymerase chain reaction to attach a 40-base-pair G+C-rich
sequence, designated a GC-clamp, to one end of amplified DNA
fragments that encompass regions of the mouse and human
13-globin genes. We show that this GC-clamp allows the detection
of mutations, includig the hemoglobin sickle (HbS) and hemo-
globin C (HbC) mutations within the human P-globin gene, that
were previously indiishable by DGGE. In addition to
providing an easy way to attach a GC-clamp to genomic DNA
fragments, the polymerase chain reaction technique greatly
increases the sensitivity of DGGE. With this approach, DNA
fragments derived from <5 ng of human genomic DNA can be
detected by ethidium bromide staining of the gel, obviating the
need for radioactive probes. These improvements extend the
applicability of DGGE for the detection of polymorphisms and
mutations in genomic and cloned DNA.

Genetic linkage analysis has been severely limited in humans
due to a paucity of informative polymorphic loci. The
recognition that DNA sequence polymorphism can fill this
void has revolutionized the field of human genetics (1, 2).
Consequently, approaches that allow the detection of single-
base differences in specific regions of genomic DNA have
been extremely powerful for both linkage analysis and direct
detection of mutations associated with human disease (3-9).
The vast majority of base changes have been identified by the
restriction fragment length polymorphism approach, which
measures DNA sequence alterations due to a loss or gain of
a restriction enzyme cleavage site or to variation in length
caused by deletion or insertion (1). However, many single-
base changes do not alter a restriction enzyme cleavage site
and, therefore, cannot be detected by the restriction fragment
length polymorphism method. One alternative method that
makes it possible to detect a larger fraction of all possible
base changes in a DNA fragment is denaturing gradient gel
electrophoresis (DGGE; refs. 10-13).
DGGE is a gel system that separates DNA fragments

according to their melting properties (10-12). When a DNA
fragment is electrophoresed through a linearly increasing
gradient of denaturants, the fragment remains double
stranded until it reaches the concentration of denaturants
equivalent to a melting temperature (tm) that causes the
lower-temperature melting domains of the fragment to melt.
At this point, the branching of the molecule caused by partial

melting sharply decreases the mobility of the fragment in the
gel. The lower-temperature melting domains of DNA frag-
ments differing by as little as a single-base substitution will
melt at slightly different denaturant concentrations because
ofdifferences in stacking interactions between adjacent bases
in each DNA strand. These differences in melting cause two
DNA fragments to begin slowing down at different levels in
the gel, resulting in their separation from each other. How-
ever, DGGE will not separate DNA fragments differing by a
base change in the highest temperature melting domain due
to loss of sequence-dependent gel migration upon complete
strand separation (14, 15). Because of this limitation, it is
estimated that on average, only 50% of all the possible
single-base changes in DNA fragments between 50 base pairs
(bp) and several hundred base pairs long can be detected by
DGGE (14-16). In a previous study, we were able to
overcome this problem by cloning a high-temperature melting
G+C-rich sequence, designated a GC-clamp, into a plasmid
vector next to the mouse ,3major globin promoter (14, 15). This
cloned GC-clamp increased the number of mutations in the
promoter detectable by DGGE from 40% of all possible
single-base changes to close to 100%.
The polymerase chain reaction (PCR; refs. 17-19) is a

method that uses two opposing oligonucleotides to amplify
fragments of genomic DNA manyfold. The observation that
short segments ofDNA coding for restriction enzyme cleav-
age sites can be incorporated into the ends of PCR-amplified
DNA fragments (18) suggested a mechanism for attaching
short GC-clamps to genomic DNA fragments. Even though
our initial cloned GC-clamp was 300 bp long, theoretical
considerations (14, 15) and recent experimental results (E.
Abrams and L.S.L., unpublished results) indicated that a
GC-clamp as short as 30 bp would be sufficient to use with the
DGGE system. Here, we show that 40- to 45-bp GC-clamps
can be attached to amplified cloned and genomic DNA
fragments by using the PCR. Using both cloned mouse
,p-globin promoter mutants and genomic DNA from humans
with hemoglobinopathies, we show that such GC-clamps
allow the separation of single-base mutations by DGGE that
otherwise cannot be separated. The huge amplification of the
genomic DNA fragments by the PCR also allows the signals
to be detected by direct ethidium bromide staining of the gel,
making the use of radioactive probes unnecessary.

MATERIALS AND METHODS

Materials. The wild-type and mutant cloned mouse pmajor
globin promoter fragments were constructed as described

Abbreviations: DGGE, denaturing gradient gel electrophoresis;
PCR, polymerase chain reaction; tm, melting temperature; nt, nu-

cleotide(s); HbA, HbC, and HbS, normal hemoglobin and mutant
hemoglobins C and sickle, respectively.
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(20). Genomic DNA samples from an individual with normal
hemoglobin (HbA) alleles was prepared as described (21).
Genomic DNA samples containing hemoglobin sickle (HbS)
and hemoglobin C (HbC) alleles were provided by D. Higgs
(Oxford) and H. Kazazian (Baltimore). Oligonucleotides
were synthesized on an Applied Biosystems 480B DNA
synthesizer and purified by denaturing acrylamide gel elec-
trophoresis. The base sequences of the oligonucleotides are
as follows: primer 1 (20-mer), 5'-GATTCCGTAGAGCCA-
CACCC-3'; primer 2 (20-mer), 5'-AACACAACTATGTCA-
GAAGC-3'; primer 3 (60-mer), 5'-CGCCCGCCGCGCCCC-
GCGCCCGTCCCGCCGCCCCCGCCCGGATTCCGTA-
GAGCCACACCC-3'; primer 4 (20-mer), 5'-GCTTCTGAC-
ACAACTGTGTT-3'; primer 5 (20-mer), 5'-CACCACCAA-
CTTCATCCACG-3'; primer 6 (65-mer), 5'-GCGGGCGGG-
GCGGGGGCACGGGGGGCGCGGCGGGCGGGGC-
GGGGGGCTTCTGACACAACTGTGTT-3'.
The pairs of primers 1 plus 2 or 3 plus 2 are used to amplify

the mouse pmajor globin promoter region from position -100
to position +26 relative to the cap site (20). Primer pairs 4 plus
5 or 6 plus 5 used to amplify the region of the human 1-globin
gene from position +6 to position +129 relative to the cap
site.
PCR. The PCR conditions used were similar to those

described in refs. 22 and 23. Briefly, 0.1-10 pg ofcloned DNA
or 50 ng of human genomic DNA was mixed with 50 pmol of
each appropriate oligonucleotide primer and 75 nmol of each
deoxyribonucleoside triphosphate in 50 pl ofPCR buffer [67
mM Tris*HCl, pH 8.8/6.7 mM MgCl2/16 mM ammonium
sulfate/10 mM 2-mercaptoethanol/10% (vol/vol) dimethyl
sulfoxide]. One unit of Thermus aquaticus DNA polymerase
(Perkin-Elmer/Cetus) was added and 100 ,l of mineral oil
was layered over the samples. The samples were incubated
at 93°C, 55°C, and 70°C for 1 min, 1 min, and 1.5 min,
respectively; this cycle ofincubations was manually repeated
30-40 times. The aqueous layers were transferred to another
test tube, extracted with phenol, and precipitated with
ethanol. The pellets were resuspended in 50 ,ul of nondena-
turing loading buffer [15% (vol/vol) Ficoll 400/10 mM
Tris'HCl, pH 8.0/1 mM EDTA/0.1% orange G dye]. About
10% ofthe total amplified material was used in the agarose gel
and the DGGE analysis.
DGGE. The gel apparatus and conditions for DGGE were

exactly as described in ref. 13. A portion (5 pul) of each
PCR-amplified DNA fragment was electrophoresed in a 10%
polyacrylamide gel with a linearly increasing gradient from
40%o denaturant to 75% denaturant [10%o denaturant = 7 M
urea/40% (vol/vol) formamide] at 150 V for the lengths of
time indicated in the figure legends. After electrophoresis,
the gels were stained in ethidium bromide (2 ,ug/ml) for 10
min and photographed by UV transillumination with Polaroid
type 55 positive/negative film.

promoter fragment (Fig. 1A) shows that the 3' half of the
promoter melts as a single domain with a tm of =70°C
(designated domain 1), while the 5' half of the promoter melts
as a single domain with a tm of -75°C (designated domain 2).
On the basis of melting predictions, promoter fragments
carrying mutations in domain 2 should not separate by
DGGE; experiments with a large number of mutant promot-
ers have confirmed these predictions (14, 15, 20). The same
type of calculations performed for the promoter fragment
containing a 40-bp GC-clamp at its 5' end predict that the
fragment has a similar domain structure in the promoter
region, but has an additional high-temperature melting do-
main with a tm of 90°C at its 5' end (Fig. LA). Thus, addition
of the GC-clamp to the promoter fragment should allow the
detection of mutations in domain 2 by DGGE.
To test this prediction, two sets of oligonucleotides were

used to amplify the 126-bp promoter fragment from small
amounts of cloned DNA. One set of oligonucleotides was
comprised of two 20-mers (designated primers 1 and 2) that
amplified the fragment from end to end, resulting in a 126-bp
"nonclamped" fragment (Fig. 1B). The second set of oligo-
nucleptides was comprised ofone 20-mer (primer 2, the same
used at the 3' end of the promoter fragment above) and a
second oligonucleotide (primer 3) that is 60 nucleotides (nt)
long. The 40 nt at the 5' end of primer 3 are composed of
guanosines and cytosines, whereas the remaining 20 nt at the
3' end are composed of the same sequence as primer 1 (Fig.
1B). In the initial round of DNA synthesis, only the 20 nt at
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RESULTS

Use of the Cloned Mouse P8"'r Globin Promoter Region as
a Test System. Because >135 single-base substitutions in the
mouse 8maJor globin promoter region were available (20), we
used this fragment as a test for the method in our initial
studies. In an earlier study, a computer algorithm that uses
the nucleotide sequence of a DNA fragment to predict
melting behavior (24) indicated that this DNA promoter
fragment melts in two distinct melting domains (14, 15).
Extensive experimental analysis has confirmed that these
melting predictions are accurate (14, 15, 20). A convenient
way to display the predicted melting behavior of a DNA
fragment is a melting map, which is a plot of tm (the
temperature at which each base pair in a molecule has a 50%
chance of being helical or melted) versus the nucleotide
sequence of the molecule. The melting map of the 126-bp

PRIMER 2 '

FIG. 1. Melting calculations for the mouse Bmajor globin promoter
region. (A) Melting maps for the mouse promoter fragment. The tm
is plotted as a function of the nucleotide sequence position of the
DNA fragment. The lines show the temperatures at which each base
pair is in 50:50 equilibrium between the helical and melted configu-
rations. At temperatures below this line, a base pair will be helical,
and at temperatures above the line, it will be melted. The solid line
is the melting map for the 126-bp fragment, and the dashed line is for
the 126-bp fragment carrying a 40-bp GC-clamp at its 5' (position
-100) end. (B) The mouse .3major globin fragment amplified by PCR
for these studies. When primers 1 and 2 were used in the reaction,
a fragment of 126 bp extending from position -100 to position +26
relative to the mRNA cap site (20) was amplified. Primers 3 and 2
amplify the same fragment, but also attach a 40-bp GC-clamp to the
end at position -100, resulting in an amplified DNA fragment of 166
bp.
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FIG. 2. PCR amplification of the mouse pmwJor globin promoter
region. This figure shows a negative image of an ethidium-stained
agarose gel containing the PCR-amplified products of the cloned
mouse promoter region. Primers 2 and 3 amplify a fragment of 166 bp,
which include the wild-type (lane 1) and mutant (lanes 2-4) promoter
fragments attached to a GC-clamp. Primers 1 and 2 amplify a
fragment of 126 bp, comprised of the wild-type (lane 5) and mutant
(lanes 6-8) promoter fragments without a GC-clamp. Each lane
contains about one-tenth of the total products from the PCR
amplification. The same quantities of a single band of amplified
human globin DNA fragments were obtained under similar condi-
tions in the genomic DNA experiments, even though the amount of
starting template was much lower (data not shown).

the 3' end of primer 3 were capable of annealing to the DNA
sample, leaving the 40 nt at the 5' end ofthe G+C-rich region
unpaired. After the first round of amplification, however, the
entire 60 nt were incorporated into the fragments, resulting in
amplified promoter fragments with the GC-clamp attached at
one end. The PCR conditions that were used for this and
subsequent fragments resulted in single DNA fragments of
the appropriate sizes when examined by agarose gel electro-
phoresis (Fig. 2). In these examples, PCR amplification ofthe
cloned mouse promoter fragments with primers 1 and 2
resulted in fragments 126 bp long (lanes 5-8), whereas am-
plification with primers 2 and 3 yielded fragments 166 bp long
(lanes 1-4), a result of the incorporation of the additional
40-bp GC-clamp.
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The PCR procedure was used with primers 1 and 2 or
primers 2 and 3 to amplify the wild-type promoter fragment
and several cloned DNA samples carrying single-base sub-
stitution mutations in melting domain 2. The resulting am-
plified DNA fragments were then subjected to electrophore-
sis in a denaturing gradient gel under conditions that placed
the fragments in a position of the gel such that domain 2 was
melted. As shown in Fig. 3A, the wild-type and mutant DNA
fragments amplified with primers 1 and 2, which do not carry
the GC-clamp, did not separate from the wild-type fragment
in the gel. However, when the same fragments were amplified
with primers 2 and 3, the mutant DNA fragments separated
from the wild-type fragment and from each other (Fig. 3B).
Amplification of 25 additional domain 2 mutants gave similar
results (data not shown). These data indicate that the PCR
procedure can be used to attach a 40-bp GC-clamp to cloned
DNA fragments and that the GC-clamp allows the detection
of single-base substitutions present at positions in the frag-
ments that otherwise would not be detected.

Analysis of Single-Base Substitutions in Human Genomic
DNA. We used a similar strategy to examine a region of the
human f8-globin gene known to carry at least two clinically
significant mutations: the HbS mutation and the HbC muta-
tion. In the melting map shown in Fig. 4A, the HbS and HbC
mutations lie in the highest temperature melting region of the
fragment in the absence of a GC-clamp; therefore, mutations
in this region should not be resolved by DGGE. However,
melting calculations predict that attachment of a 45-bp
GC-clamp to the 5' end of the fragment results in a single
melting domain (with a tm of 750C) for the j3-globin portion of
the fragment, and a second domain with a tm of 950C for the
GC-clamp.
Two additional sets of oligonucleotides were synthesized

to amplify the 123-bp region of DNA in the human S-globin
gene around the HbS and HbC loci (Fig. 4B). One set,
designated primers 4 and 5, was used to amplify the 123-bp
region directly without attaching a GC-clamp, whereas the
second set, designated primers 5 and 6, resulted in the
amplification of the 123-bp fragment with an additional 45-bp

B
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FIG. 3. DGGE analysis ofamplified mouse ,8mior globin promoterfragments. (A) A negative image ofan ethidium bromide-stained denaturing
gradient gel containing the wild-type and 13 mutant promoter fragments PCR-amplified with primers 1 and 2, which do not attach a GC-clamp
to the fragment. Electrophoresis was at 150 V for 4 hr; the final positions of the DNA fragments in the gel are equivalent to a temperature of
-76°C. The mutant promoters, designated by the nucleotide substitution and the position from the mRNA cap site, are as follows. Lanes: 1,
C-68; 2, A-6; 4, T-63; 5, A-33; 6, A-32; 7, A-39; 8, C45; 9, G_48; 10, A-49; 11, T-s4; 12, G-59; 13, A-63; and 14, C-1. (B) A negative image
of an ethidium bromide-stained denaturing gradient gel containing the wild-type (lane 3) and the same 13 mutant (lanes 1-2 and 4-14) promoter
fragments shown in A, but PCR-amplified with primers 2 and 3, which introduce a 40-bp GC-clamp at the 5' end of the fragment. Electrophoresis
was at 150 V for 5 hr; the final positions of the DNA fragments in the gel are equivalent to a temperature of -76°C. Note that the electrophoresis
time for these fragments was 1 hr longer than in A since they are 40 bp longer than the nonclamped fragments.
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FIG. 5. Effect of a GC-clamp on DGGE analysis of the human
_-globin gene region containing the HbS and HbC mutations. (A) A

negative image of an ethidium bromide-stained denaturing gradient
+129

gel containing P-globin DNA fragments PCR-amplified from human
+129 genomic DNA with primers 4 and 5, which does not introduce a

I I i GC-clamp onto the fragments. Genomic DNAs from the following
100 150 individuals were used. Lanes: 1, homozygous normal HbA; 2,

homozygous HbS; 3, homozygous HbC; 4, heterozygous HbS/HbC.
Electrophoresis was at 150 V for 5.5 hr; the final position of the
fragments in the gel is equivalent to a temperature of 78TC. (B) A
negative image of an ethidium bromide-stained denaturing gradient

HbC) (HbS) gel containing P-globin DNA fragments PCR-amplified from humanAT
genomic DNA with primers 5 and 6, which attach a 45-bp GC-clamp

ItIat the 5' end of the fragments. The same genomic DNA samples in
__________ A were used. Lanes: 5, HbA/HbA; 6, HbS/HbS; 7, HbC/HbC; 8,

PRIMER 5 HbS/HbC. Electrophoresis was at 150 V for 6.5 hr; the final position
of the farthest migrating fragments in the gel is equivalent to 78°C.

FIG. 4. Melting calculations for the human P-globin gene region
containing the HbS and HbC mutations. (A) A melting map for the
human P-globin gene fragment. Calculations and plotting of the
melting behavior are as in Fig. L4. The solid line is the melting map
for the 123-bp human fragment in the absence ofa GC-clamp, and the
dashed line shows the melting behavior for the same fragment with
a45-bp GC-clamp attached to its 5' end at position +6. (B) The region
of the human 3-globin gene amplified by the PCR for these studies.
Primers 4 and 5 amplify a fragment of 123 bp from position +6 to
position + 129 relative to the mRNA cap site, whereas primers 6 and
5 amplify the same fragment but also attach a 45-bp GC-clamp to its
5' end at position +6. The mutations resulting in sickle cell anemia
(HbS) and HbC, which occur at positions +70 and +69, respectively,
are indicated.

GC-clamp at its 5' end (Fig. 4B). The PCRs were performed
with each set ofprimers and 50 ng ofgenomic DNA from four
individuals. Individual 1 carried (-globin alleles of the HbA
sequence; individual 2 had sickle cell anemia and was,

therefore, homozygous for the HbS allele; individual 3 was

homozygous for the HbC allele; and individual 4 was a

compound heterozygote carrying one HbS allele and one

HbC allele.
A portion of each PCR-amplified genomic DNA sample

was electrophoresed in a denaturing gradient gel under
conditions that placed the DNA molecules in a region of the
gel such that the 8-globin sequences were melted. The gel
was stained with ethidium bromide and examined by UV-
transillumination. As predicted, when the four DNA samples
were amplified with primers 4 and 5, no separation of the
fragments occurred in the gel (Fig. 5A). However, when a

GC-clamp was attached to the amplified genomic DNA
fragments with primers 5 and 6, separation in the gel was

observed (Fig. 5B). The HbA alleles from individual 1 (lane
5) resulted in a single band in the gel that separated slightly
from the single band representing the two HbS alleles from
individual 2 (lane 6). The single band resulting from the two
HbC alleles from individual 3 also separated from both the
HbA allele and the HbS allele (lane 7). Four bands were seen

on the gel when DNA from individual 4, an HbS/HbC het-
erozygote, was examined (lane 8). The lower band corre-

sponds to the homoduplex DNA fragment of the HbS allele,
the second from the lowest band corresponds to the homo-
duplex HbC allele fragment, and the two upper bands
correspond to the two heteroduplex DNA fragments formed

by annealing of the strands of the HbS allele to those of the
HbC allele. In agreement with earlier studies (12, 25), these
heteroduplexes melt at higher positions in the gel because
they are destabilized due to the single-base mismatches in the
fiagments. Heteroduplexes form in the PCR because the
double-stranded DNA fragments are separated and rean-

nealed during the thermal cycling of the reaction, allowing
reassortment of the DNA strands from different alleles.

DISCUSSION

The results in this paper illustrate an approach for extending
the usefulness of DGGE for detecting genetic variation. This
approach is particularly applicable where the site ofmutation
or polymorphism is not known in advance and it is desirable
to screen up to several hundred base pairs in a single test.
Short (40- to 45-bp) GC-clamps, attached to genomic or

cloned DNA fragments by the PCR, alter the melting prop-

erties of the DNA fragments such that otherwise inaccessible
single-base mutations can be detected by the gel system,
while the PCR amplification increases the ease and sensitivity
of detection of mutations in genomic DNA. In previous
studies (12) in which human genomic DNA fragments were

examined by DGGE, 5-10 ,ug ofgenomic DNA was required
for each analysis, and the complex mixture of DNA frag-
ments in genomic DNA required that radioactively labeled
DNA or RNA probes be used for the detection. By contrast,
the amplification by PCR presented here allows each analysis
to be done with <5 ng of genomic DNA, and the results can

be examined directly by ethidium bromide staining. This
feature not only increases the speed of the detection of the
signal, but also makes the construction of a probe unneces-

sary.

Both melting theory and experiments suggest that attach-
ment of a GC-clamp to either end of almost all DNA frag-
ments in the size range from 50 to several hundred base pairs
improves the resolution of separation of most mutant DNA
fragments by DGGE. In some cases, the attachment of a

GC-clamp to one end of a DNA fragment alters the melting
behavior of a domain in a way that simplifies the choice of
denaturant conditions to use. For instance, the clamp at-
tached to the human f3-globin fragment in Fig. 4A smoothes
out the melting profile of the fragment into a single melting
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domain; this effect should allow any base change within the
DNA fragment to be detected in the same type of denaturing
gradient gel used in Fig. 5. In designing an approach for using
this system to examine other DNA fragments, it is useful to
perform the computer calculations (Figs. LA and 4A) to
predict the melting behavior of the fragment so that optimum
denaturant conditions can be determined. Alternatively, gel
conditions can be determined empirically by examining the
fragments in a perpendicular denaturing gradient gel (13, 20).

Several other points should be considered in designing
oligonucleotides for this approach. The length of the GC-
clamp is not critical; 40- and 45-bp clamps worked equally
well in the present study, and it is likely that 30 bp would be
effective. Although the nucleotide sequence of the GC-clamp
is also not critical, it would be prudent to avoid using
sequences that contain indirect repeats. In addition, because
DNA synthesizers have some difficulty generating multiple
adjacent guanosine residues, it is recommended that the
GC-clamp portion of the oligonucleotides be composed of
mostly cytidine residues, as is primer 3.
Although the sizes of the PCR-amplified DNA fragments

reported here are <200 bp, it is possible to use fragments up
to -1000 bp with this system. DNA fragments larger than
1000 bp are difficult to examine by DGGE because they
migrate very slowly in the polyacrylamide gels and because
the degree of separation between mutant and wild-type
fragments decreases with size due to the melting of multiple
melting domains in the larger fragments. We do not know the
upper limit in size of the attached DNA fragment for which
a short GC-clamp will be effective. However, we have found
that a similar clamp works well with a 500-bp region including
the human /3-globin promoter, exons 1 and 2, and intron 1
(data not shown). One potential way to maximize the reso-
lution of mutations in a large (1000-bp) DNA fragment would
be to attach GC-clamps to each end by the PCR and to digest
the amplified fragment with a restriction enzyme such that
two clamped DNA fragments are generated. An additional
increase in resolution could be obtained by examining het-
eroduplexes rather than homoduplexes after PCR amplifica-
tion. Heteroduplexes occur during PCR when an individual is
heterozygous at the locus being examined (for example, see
Fig. 5, lane 8). Alternatively, heteroduplexes between the
PCR-amplified alleles and a wild-type probe can be formed
(12, 23).
The overall error frequency of Thermus aquaticus DNA

polymerase after 30 cycles of amplification by PCR is
estimated to be 0.25% (26, 27). Consistent with this error rate
is a background smear of bands, apparently comprised of
DNA fragments with mutations introduced by the polymer-
ase, occurring in the denaturing gradient gels in some of the
experiments performed in our study (Figs. 3 and 5 and data
not shown). However, this smear is not large enough to cause
ambiguous interpretation ofthe data, even when fragments as
large as 500 bp are examined. It should be noted that the
smear of bands observed in DGGE after PCR amplification
largely occurs in the region of the gel migrating slower than
the genuine test band (for example, see Fig. 4B). This result
is expected since mutant DNA fragments form heterodu-
plexes during the cycles of denaturation and reannealing in
the PCR amplification, resulting in a majority of fragments
melting at temperatures lower than the homoduplexes.

Currently, it is possible to distinguish the HbA, HbS, and
HbC alleles by using several radioactively labeled or biotinyl-
ated oligonucleotides as hybridization probes with PCR-
amplified DNA (28, 29). The HbS allele can also be directly
detected by restriction enzyme cleavage, and often the

presence of the HbC allele can be deduced by haplotype
analysis (4, 6, 8, 30). The test that we have devised here is
simple, and it requires tiny amounts ofgenomic DNA, single
lanes on a gel for each analysis, no radioactive or biotinylated
probes, and no hybridization steps for detection. Thus, it may
be worthwhile to consider its application in clinical tests for
these specific mutations. In addition, DGGE is particularly
reliable for detection of heterozygosity, since many different
alleles at a locus can be distinguished unambiguously in a
single test. Our results with numerous mouse mutants, the
human HbS/HbC region, and additional regions in the human
,3-globin gene suggest that this approach will be a general one
for detecting single-base changes in genomic DNA.
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