
Recent Advances in the 
Polymerase Chain Reaction 

The polymerase chain reaction (PCR) has dramatically 
altered how molecular studies are conducted as well as 
what questions can be asked. In addition to simplifjhg 
molecular tasks typically carried out with the use of 
recombinant DNA technology, PCR has allowed a spec- 
trum of advances ranging &om the identification of novel 
genes and pathogens to the quantitation of characterized 
nucleotide sequences. PCR can provide insights into the 
intricacies of single cells as well as the evolution of species. 
Some recent developments in instrumentation, method- 
ology, and applications of the PCR are presented in this 
review. 

into the PCR product and mismatches between the primer and the 
original genoniic template can be tolerated, new sequence informa- 
tion (specific mutations, restriction sites, regulatory elements) and 
labels can be introduced via the primers into the amplified DNA 
fragment (3-5). 

The ability to amplify as well as modify a specific target DNA 
sequence from a complex template in a simple automated procedure 
has facilitated many tasks in molecular biology research (for exam- 
ple, cloning and sequencing), thus opening up new areas for 
experimental investigation. Here, we review some of the recent 
developments in PCR procedures as well as some recent applica- 
tions. 

New Procedures and Reagents 

S INCE ITS INTRODUCTION IN 1985, THE POLYMERASE CHAIN 

reaction (PCR) (1, 2) has transformed the way DNA analysis 
is carried out in both research and clinical laboratories. The 

PCR, which was developed by scientists at Cetus, involves the in 
vitro enzymatic synthesis of millions of copies of a specific DNA 
segment. The reaction is based on the annealing and extension of 
two oligonucleotide primers that flank the target region in duplex 
DNA; after denaturation of the DNA, each primer hybridizes to one 
of the two separated strands such that extension from each 3' 
hydroxyl end is directed toward the other. The annealed primers are 
then extended on the template strand with a DNA polymerase. 
These three steps (denaturation, primer binding, and DNA synthe- 
sis) represent a single PCR cycle. Although each step can be carried 
out at a discrete temperature (for example, 94" to 98"C, 37" to 65"C, 
and 72"C, respectively), a reaction cycled between the denaniration 
and the primer binding temperatures generally allows sufficient time 
for polymerase activity to amp& short PCR products. If the newly 
synthesized strand extends to or beyond the region complementary 
to the other primer, it can serve as a primer binding site and template 
for a subsequent primer extension reactions. Consequently, repeated 
cycles of denaturation, primer annealing, and primer extension 
result in the exponential accumulation of a discrete fragment whose 
termini are defined by the 5' ends of the primers. This exponential 
amplification results because under appropriate conditions the prim- 
er extension products synthesized in cycle "n" function as templates 
for the other primer in cycle "n + 1." The length of the products 
generated during the PCR is equal to the sum of the lengths of the 
two primers plus the distance in the target DNA between the 
primers. PCR can amplify double- (ds) or single-stranded (ss) DNA, 
and with the reverse transcription of RNA into a cDNA copy, RNA 
can also serve as a target. Because the primers become incorporated 
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The initial studies that developed the PCR (1, 2 )  utilized the 
Klenow fragment of Escheruhia coli DNA polymerase I to amplify 
specific targets from human genomic DNA. The inactivation of this 
polymerase at the high temperatures necessary for strand separation 
required the addition of enzyme after the denaturation step of each 
cycle. This rather tedious step was eliminated by the introduction of 
a thermostable DNA polymerase, the Taq DNA polymerase, isolat- 
ed from the thermophilic bacterium 7'hermus aquatuus (6). The use 
of Taq DNA polymerase has transformed the PCR by allowing the 
development of simple automated thermal cycling devices for car- 
rying out the amplification reaction in a single tube containing the 
necessary reagents (7). The availability of a thermostable enzyme has 
not only simplified the procedure for the PCR but has increased the 
specificity and yield of the amplification reaction (7). The incorpo- 
ration of Taq DNA polymerase into the PCR protocol allows the 
primers to be annealed and extended at much higher temperature 
than was possible with Klenow fragment, eliminating much of the 
nonspecific amplification. Moreover, long PCR products could be 
amplified from genomic DNA, probably due to a reduction in the 
secondary structure of the template strands at the elevated temper- 
ature used for primer extension. The upper size limit for amplifica- 
tion with the Klenow fragment was only about 400 bp. Fragments 
as large as 10 kb have been synthesized with Taq DNA polymerase 
and other thermostable enzymes. 

Recent developments in PCR amplification protocols have affect- 
ed critical parameters, including the misincorporation rate, specific- 
ity (target versus nontarget amplification), and maximum length of 
PCR products. Taq DNA polymerase has no 3' to 5' exonuclease 
("proofreading") activity, but has a 5' to 3' exonuclease activity 
during polymerization. The initial estimates of the misincorporation 
rate by Taq DNA polymerase during PCR (about low4 nucleotides 
per cycle) were based on measuring the frequency of nucleotide 
substitutions in the sequence analysis of cloned PCR products (7). 
Since then, changes in the PCR conditions such as lower concen- 
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trations of dNTPYs and MgCl,, higher annealing temperatures, and 
shorter extension times have reduced the misincorporation rate to 
less than nucleotides per cycle (8, 9). 

Other DNA polymerases, like the bacteriophage T4 DNA poly- 
merase, appear to have a very low misincorporation rate in PCR 
(10). The heat lability of this enzyme, however, limits its utility. The 
thermostable VENT DNA polymerase, an enzyme recently isolated 
from Thermococcus litoralis, has the 3' to 5' exonuclease activity, and 
may therefore have a lower misincorporation rate. Further studies 
will be required to determine if the capacity of this 3' to 5' 
exonuclease activity to degrade single-stranded molecules (like oli- 
gonucleotide primers or PCR product prior to primer annealing) 
will pose problems for PCR amplification. In addition, DNA 
polymerases with 3' to 5' exonuclease activity probably cannot be 
used in sequence-specific priming reactions because this activity 
removes the mismatched base at the 3' end of the primer. 

For most PCR applications, such as direct sequencing (11, 12) or 
oligonucleotide probe typing (13), it is the population of amplifi- 
cation products that is analyzed, and therefore rare misincorporated 
nucleotides are not detected. A specific misincorporation will be 
present in a significant fraction of the PCR products only if the 
insertion of an incorrect base occurs at the first cycle of a reaction 
initiated with very few templates. The determination of individual 
cloned sequences derived from PCR products, however, can reveal 
such rare errors; the analysis of the PCR products by denaturing 
gradient gel electrophoresis has also been used to reveal the presence 
of sequences that contain in vitro mutations (10). 

Another category of rare PCR artifacts revealed initially by 
sequencing cloned PCR amplification products is the hybrid se- 
quences generated by in vitro recombination or template strand 
switching (the so-called "shuWe clones") (7, 14, 15). Although 
misincorporation is rare and the appearance of hybrid sequences 
even less frequent, it is advisable to sequence multiple clones derived 
from a single amplification reaction or to clone the PCR products 
from several independent amplifications to distinguish the sequence 
of the true genomic template from any potential PCR artifact. In 
amplification reactions from heterozygous individuals, hybrid se- 
quences can result from a primer that has been partially extended on 
one allelic template switching to the other allelic template in a 
subsequent cycle. In the amplification of multigene families, the 
potential for switching to another template is increased. The prob- 
ability of partially extended primers competing successllly with the 
primer is a function of the PCR product concentration. Two recent 
studies on this PCR artifactual recombination may therefore have 
exaggerated its significance for genomic DNA amplification by 
studying systems with very high concentrations of plasmid target 
DNA sequences (1 4, 15). 

The probability that a primer will not be l l ly  extended (will not 
reach the other primer binding site) is dependent on distance, 
secondary structure, extent of DNA degradation in the template 
(14), enzyme limitation, the time allowed for polymerase extension, 
and the processivity of the polymerase. The use of DNA polymer- 
ases with increased processivity as well as conditions that increase 
processivity (for example, accessory proteins or lower salt concen- 
trations) may aid in achieving lll primer extension. More impor- 
tantly, new DNA polymerases may allow the amplification of larger 
PCR products, a development that would be valuable for the 
physical mapping and sequencing aspects of the Human Genome 
Project (16). Richardson and co-workers (17) have shown that a 
12-kD Escheruhia coli protein can increase the afTinity of the 
bacteriophage T7 DNA polymerase for a primer-template complex, 
conferring a higher degree of processivity on the enzyme. However, 
given the thermal cycling properties of the PCR, only enzymes and 
auxiliary proteins that are heat-resistant are likely to function in new 

PCR strategies. 
Genetically engineered variants of the thermostable Taq DNA 

polymerase exhibit properties that can be usell  for amplifying 
longer PCR products. For example, a mutant Taq DNA polymerase 
lacking the 5' to 3' exonuclease (18) permits efficient amplification 
of long fragments. A truncated Taq DNA polymerase (the Stoffel 
fragment) that lacks the 5' to 3' exonuclease has been generated and 
may reveal properties valuable for particular PCR applications. 

In general, enzymes that have or lack the 5' to 3' and 3' to 5' 
exonuclease activities will perform differently in the PCR. The 5' to 
3' exonuclease of Taq DNA polymerase has been exploited in a 
detection assay based on the cleavage of an oligonucleotide probe 
labeled at the 5' end and blocked at the 3' end. The labeled 
oligonucleotide hybridizes to a target sequence 3' to one primer. In 
the presence of amplified target DNA, the exonuclease activity of the 
polymerase cleaves a labeled fragment from the 5' end of the 
annealed oligonucleotide during primer elongation (19). What 
results is the release of a sequence-specific signal concomitant with 
amplification. 

Many of the new thermostable polymerases have additional usell  
activities. The thermostable DNA polymerase from Thermus thermo- 
philus (Tth) can reverse-transcribe RNA efficiently in the presence of 
MnC1, at high temperatures (20). The DNA polymerase activity is 
enhanced by chelating Mn2+ and adding MgCI,, allowing the 
cDNA synthesis and PCR amplification to be carried out in a 
single-enzyme, single-tube reaction. In addition, these new thermo- 
stable polymerases may be more resistant to blood components that 
inhibit Taq DNA polymerase. 

Reaction Specificity 
The initial PCR amplifications with the Klenow fragment were 

not highly specific; although a unique DNA fragment could be 
amplified -200,000-fold from genomic DNA, only about 1% of 
the PCR product was the targeted sequence (3). A specific hybrid- 
ization probe was therefore required to analyze the amplified DNA 
(1, 13). Amplification with the Taq DNA polymerase greatly 
increased the specificity of the reaction (7), so that for many 
amplifications the PCR products could be detected as a single 
ethidium bromide-stained band on an electrophoretic gel. Condi- 
tions that increase the stringency of primer hybridization, such as 
higher annealing temperatures and lower MgCI, concentrations, 
enhance specific amplification. In addition, the concentration of 
enzyme and primers as well as the annealing time, extension time, 
and number of cycles also effect the specificity of the PCR. The 
concentration of a specific sequence in a sample can also influence 
the relative homogeneity of the PCR products. Thus, a single copy 
nuclear gene present twice in every diploid cell can usually be 
detected as a unique band after gel electrophoresis of the PCR 
products; amplification of a sequence present in only one of 10,000 
cells is likely to yield a more heterogenous gel profile. 

New approaches to improve specificity have been developed. 
These strategies are based on the recognition that the Taq DNA 
polymerase retains considerable enzymatic activity at- temperatures 
well below the optimum for DNA synthesis. Thus, in the initial 
heating step of the reaction, primers that anneal nonspecifically to a 
partially single-stranded template region can be extended and stabi- 
lized before the reaction reaches 72°C for extension of specifically 
annealed primers. Some of these nonspecifically annealed and ex- 
tended primers may be oriented with their 3' hydroxyl directed 
toward each other, resulting in the exponential amplification of a 
nontarget fragment. If the DNA polymerase is activated only after 
the reaction has reached high (>70°C) temperatures, nontarget 
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amplification can be minimized (21). This can be accomplished by 
manual addition of an essential reagent (DNA polyme&e, mag&- 
sium chloride, primers) to the d o n  tube at elevated tempcra- 
tures, an a p p d  termed "hot start." The addition of E. coli 
ssDNAbindingproteinhasalsobeenrcportcdtoinueasespeci6c 
amplification (22). 

Hotstartnotonlyimprovess~atybutminimizesthefbrma- 
tion ofthe soalled "primc14imqn a doubk-stranded PCR prod- 
uct amsistiag of the two primers and their complementary se- 
(IIICIKXS. ?his deqnation may be somewhat misleading, as saqucncc 
-is of some of h pmducts indicates t h  additional bases are 
inscrtbd h e e n  the vrimas. As a d t .  a fhction of thore artifbcts 
may be due to sPdous nonspedc amplification of similar but 
distinct primer biding regions that are positioned in the immediate 
vicini ty.e  synthesGof&ese nonspaci-fic products appears to be a 
function of the prima concentration. The initial fbrmation of dxse 
products can occur at low (ambient) temperatures; hot start elimi- 
nates this phase of the therm;ll profik. Single internal nudeotide 
substitutions in one of the primers may l a d  to difF' in the sizc 
and amount of these bdqpud  products. Orvx fbrmed, this 
a r & k a d  PCR product is cfKaendy amp-, it is ofcm demxd in 
donswi thrarcornospcdf i c templa te . In~c t , the~ceof  
this a r t i f k t  can be used to disdnguish reactions that lack template 
fbm unsucassll arnplificatiom that d t  from an inhibitor ofTaq 
DNA polymerax. In rare template d o n s ,  these short arnplifica- 
tioapromKEsmaywmpetewiththetargetfiPgmentfbrprimcrsand 
enzyme and prevent e&ient target arnpktion.  

Another approach that can improve PCR spedaty is to follow 
the initial amplibtion reaction with an additional PCR with 
internal, single, or double nest& primers. Like the use of +nu- 
~ h y t m d i z a t i o n p r o b g , t h i s ? p p r a a c h u t i l i z c s ~ ~ -  
mation internal to the two outer p h  to identify the subset of 
amplification products that wfzesponds to the carget fragment The 
first use of a d primer strategy was in the amplification of 
p-globin fiom human DNA with the Kkm>w fi-agment (2). One 
complication of the wnvcntional ucsting strategy is that it requires 
opening the reaction tube, dimiaving or Mi the wncentra- 
tion of the onginal outer primns, and adding the inner p k .  
Although this can sometimol be accomplished by simply diluting 
thehreactionintoadoncthis-isbothinconve- - 
nicnt and risky, in that it provides an opportunity for coaaminating 
the sewndary reaction with amplified product from previous reac- 
tions. This diem can be &me ifthe outer anddinner Diimers 
areallp~tintheinitialreactimmixandifthethcnnal~fileis 
~ e d t o a l l o w t h e o u t e r ~ ~ ~ b u t n o t t h e i n n c r p r i m e r s t o  
amplify initially and then to allow the inner but not the outer 

n&l.Thcuseofndrop 1 2 3 4 5 6 7 8 
i%dropout"==d@- c u e n o m e  DNA 
c r s d " h n s t a r t " t 0  +HlV product 
cnhvwc qxsifk amplifica- 
tion of singkaanpktc 
HIV scqumrs. Single- +-primers 

aemplatc PCR lramom 
wcrrsctupbylimitingdihrtionddoncdHNgrggsqnmccsintohumvl 
gcnamic DNA (0.5 pg). Th arpaation ofthc Poisson distribution fbr the 
cmxmrntion uscd (-0.5 templam per tube) is dmt f k c  of eight tubes 
muldhavcooctrmph~c.'IhcwofathcsmalproiSlethudroppcd& 
a m a h g  temperature by 12°C afacr 29 (n) cyds and dmr;rscd thc 
denaturation temperature by 10°C a h  31 (n + 2) cyda albwcd single- 
~ b c n c s t c d p c i m r ~ t i o n . P r i m c r ~ w a s ~ b y ~  
t h C p n m c r ~ a f a c r d l C ~ p c n t ~ r e o f & ~ e ; l & ~ h d ~ 7 2 " C . ~  
o f t h e ~ o n u l d ~ s c q u a x s d t h e t h r c c p r i m e n w a c ~ ~ b c d ( 2 3 ) .  
Lams 1 and 8 show a slngk &dim brvmide-stakd band pxmtcd &om 
a ~ H I V w ~ p r a c m i n a h i g y . c o m p b t e m p l a t c s a m p k ;  no& 
PCRproducnareobservcdNoprodumarcobsavedin~othasix 
madom, pmbably as a rcJutt ofthe absence ofspmfic trmphtc. 

primers to amplify the taxged subset ofthe initial PCR products. 
This can be acwmplished with an outer primer that has a "GC- 
clampn at the 5' end such that the melting temperature ofthe initial 
PCR product is high, and with an inncr primer that is daently  
short (or AT-rich) so that it cannot b i d  to the template at the 
anmahg tern- used in the initial PCR cycling. If the initial 
PCR conditions involve a thermal profile with ekvated denaturation 
and annchg temperatures, then the outer pair of primers but not 
the inner primers will function. After n cycles, the vlnealing 
temperam is dropped, allowing the inner primer or primers to 
anneal.Then,&n+xcydesrhcckmturationtemperatureis 
droppal, preventing the inithl PCR product from denaturing and 
serving as a template and a bding site for the outn primas. This 
strategy, termed Ydrop-in, dropout nested priming," has been 
carried out with a single inner nested primer (hcmi-nesting) (23), 
d t i n g  in the amplification of a singk human immunodeficiency 
v irus (HIV) templa te in theba~ofgenomicDNAf iom 
-70,000 cells (Fig. 1). Thc "drop-out* ofthe outer primer can also 
be acamplished when limiting concamations of this primer are 
used, as in the strategy of "asymmetric PC&" a protocol for 
generating single strands of DNA (24). 

Contamination of PCR Reactions 
Because the PCR can generate trillions of DNA wpis  from a 

template sequence, contamination of the a m p k t i o n  reaction with 
pducts of a previous PCR reaction (product carryover), arogc- 
nous DNA, or otha allular material can create problems both in 
ccSearch and diagno&c applications. In gmeral, attention to careful 
laboratmy --aliquoting reagents, the use of dcdicat- 
cd pipettes, positivedisplacement pipettes, or tips with barriers 
preventing wntamhtion of the p i p  band, and the physical 
separation of the d o n  preparation from the ama of maaion 
product adys- th;: risk of contamination (25). Multi- 
ple negative conads (no tanplate DNA added to the reaction) are 
nerssary to monitor and reveal wntamination. In gemtic typing 
t h e c o n ~ o f a s a m D k r e a c t i o n c a n o f v n b e & d b v a  
potping  r d t  with mot; than two all~le~. 
Several approaches to minimize the potential for PCR product 

carryover ha& been developed, all bas& on interking with the 
ability ofthe amplification products to serve as templates. One such 
strategy developed hdepe&ndy by two groups (26,27) utilizes rhc 
principles ofthe &&n-modification and excision repair systems 
of bacteria to pretreat PCR reactions and sekively b- DNA 
synthesized in a previous PCR. In ader to dtstinguish PCR 
products from sample template DNA, deoxyuridine mphosphate 
(dUTP) is substituted for hxythymidine triphosphate (6ITP) in 
the PCR and is incorporated into the amplification products. The 
presence ofthis unconventional nudeotide allows the disthdon of 
prodm6 of previous PCR amplifications fbm the native DNA of 
the sample. The aayme uracil N-glycosyfase (UNG), prcscnt in the 
reaction prc-mix, catalyzes the excision of uracil tiom any porrntial 
single- double-sm&ed PCR carry- DNA ps in the 
reaction prior to the &st PCR cycle. RNA can still serve as a 
templatcforthePCRbecauseUNGdo*inacexciscuracilfiom 
RNA. Thc abasic pdynwkmids that rcsult h cleavage by UNG 
are susuptibk to hydroiysis in allraline solutions (k PCR buffas) 
and at ekvated tcmpemturcs. During PCR, the abasic pdynude- 
otides cannot function as templates because of DNA 
sozllingorstrand &ion; the aglywsidic hkage is ckaved at the 
h g h ~ t a n ~ o f t h c f i r s t P C R c y c k . F u r t h a m o r r ,  
the rsulting modified-3' tlmlini of the degradch cany-ova prod: 
ucts arc incapabk of priming if a DNA 6- that la& a 3' 
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exonudease (such as Taq DNA polymerase) is used. Fortunately, 
UNG is inactivated at temperatures used in PCR, so that the 
amplification products generated during the thermal cycling are 
stable and can accumulate. This elegant strategy for eliminating 
PCR product carry-over still allows amplified DNA to serve as a 
target for probe hybridization and for doning and sequencing. 

Another approach to PCR product inactivation involves short- 
wavelength ultraviolet irradiation of the reaction mixture prior to 
amplification (28). This strategy, however, requires the addition of 
DNA polymerase and target DNA to the reaction tube after the 
irradiation-inactivation step. An alternative inactivation method 
involves the photochemical modification of the amplified DNA, 
thereby blocking the Taq DNA polymerase from M e r  extension 
after it encounters a modified base in the template strand. Isopsor- 
den reagents can be present throughout the reaction and phoacti- 
vated after amplification; cyclobutane adducts with pyrimidine bases 
in the PCR product are formed, preventing subsequent template 
function (29). 

Instruments for the PCR and Product 
Analysis 

In addition to the advances in PCR reagents and protocols, new 
instruments for automated thermal cycling and for analyzing the 
PCR products have been developed. The reaction vessels accommo- 
dated by the first generation of thermal cyclers were standard plastic 
microfuge tubes. Some new thermal cyclers have increased rates of 
heating and cooling and of heat transfer to modified reaction vessels 
(30). PCR amplification in capillary tubes allows rapid thermal 
cycling and has reduced a complete cycle of denaturation, primer 
annealing, and DNA synthesis to 20 s (31); the speed of the 
temperature changes achieved in this system has allowed the precise 
definition of temperature optima for each individual step in the PCR 
cycle. For the more convenient but slower commercial thermal 
cycling devices, the use of two-temperature (annealing-extension 
and denaturation) thermal profiles can reduce overall cycling time. 
The new generation of automated thermal cyclers is also faster than 
its predecessors, utilizes thin-walled plastic tubes, and can accom- 
modate more samples. Some of these have a reduced thermal 
gradient across the heating block, resulting in more precise thermal 
profiles. In addition, the requirement for mineral oil to prevent 
evaporation and increase the rate of thermal equilibration has been 
eliminated in some new models. Instruments for the electrophoretic 
analysis of PCR products labeled with fluorescent primers have also 
been introduced. 

Research Strategies and Applications 
As the performance of PCR has improved with advances in 

amplification protocols, the strategies for applying it to a variety of 
research problems have increased. Many of these strategies have 
been developed to overcome one of the apparent limitations of 
PCR, namely the requirement for specific sequence information to 
design the amplification primers. Although this requirement still 
allows the characterization of mutations, polymorphisms, and evo- 
lutionary changes in the DNA sequence between the primers, jt 
represents a constraint on the use of PCR to analyze unknown DNA 
sequences. This limitation has been overcome by a variety of specific 
strategies. The general approach has been to create primer binding 
sites by adding DNA of a known sequence and was illustrated 
initially by the amplification of unknown cDNA sequences cloned 
into A g t l l  with primers for the vector sequences that flank the 

insertion site (7). In general, flanking sequences for priming are 
added by ligation (32) or homopolymer tailing with terminal 
transferase (33). These approaches, termed anchored or single-sided 
PCR (33, 34), have generally been applied to cDNA, bacterial 
genomes, or cloned sequences, all of which are less complex than 
human genomic DNA. - 

One strategy for the analysis of unknown sequences that flank a 
region of known sequence (inverse or inside-out PCR) involves the 
digestion of the template with a restriction enzyme that cuts outside 
the known sequence (35-37). The resulting fragment is then circu- 
larized by ligation and amplification is carried out with primers that 
hybridize to the known sequence but whose 3' hydroxyls point away 
from each other. After circularization. the unknown seauences that 
had flanked the known region becomkjoined between &e 3' termini 
of the primers and can therefore be amplified and analyzed. A recent 
approach to capturing flanking sequences that is not dependent on 
template circularization is to use a specific target primer and a panel 
of random oligonucleotide primers; specific amplification from the 
target into the flanking region is detected by a primer for the 
sequences on one side of the target primer (38). 

Performing the PCR with generic primers such as those comple- 
mentary to repetitive DNA families represents another approach to 
amplifying unknown sequences. Amplification with primers of 
repetitive DNA sequences dispersed in the human genome has 
proven valuable in the analysis of yeast artificial chromosome (YAC) 
clones and somatic cell hybrid cell lines (39). Alu, Kpn, and other 
interspersed repetitive sequences (IRS) have been -used for the 
design of primers and are used either singly, in combination, or with 
vector sequence primers to generate unique patterns of PCR 
products (fingerprints). These patterns can be used to construct 
genome maps from overlapping clones or cell hybrids. Amplification 
carried out with human IRS-PCR primers can be used to amplify, 
from templates of limited comp~exity, DNA fragments that G t i d n  
as hybridization probes or sequencing templates. Fluorescent probes 
generated by Alu-PCR from hybrid cell lines have been used for in 
situ hybridization or "chromosome painting" in both metaphase and 
interphase cells (40). PCR amplification with these repetitive se- 
quence primers can also provide a source of the sequence-tagged 
sites (STS) (41) proposed for the integration of various physical and 
genetic mapping strategies. An approach for sequencing long cloned 
sequences exploits the ability of transposons to integrate at random 
into large DNA fragments that have been cloned into vectors (PI 
bacteriophage, F' bacterial plasmids, and YAC vectors) propagated 
in bacterial and yeast cells. After transposon integration, this elegant 
strategy then uses primers complementary to the transposon se- 
quences to generate amplified DNA fragments from the cloned 
inserts (42, 43). Transposon PCR strategies may help overcome 
some of the limitations of IRS-PCR that arise from nonrandom 
distribution of these repetitive sequence regions. The amplification 
of DNA fragments from genomic DNA has recently been carried 
out with short (lo-nucle&ide) primers of random or arbitrary , L 

sequence (44, 45). In some cases, the pattern of amplification 
products, dubbed APPCR (arbitrarily primed PCR) or RAPD 
(random amplified polymorphic DNA); varies between different 
individuals and may, thus, serve as potential genetic markers in 
mapping studies. 

In general, these approaches have uncoupled the ability to amplify 
DNA from the seleitive extraction of a specific fragment from a 
complex genomic template, which was a hallmark of the initial PCR 
strategies. Experimental strategies for isolating a specific targeted 
sequence can then be applied independently of the PCR amplifica- 
tion. In genomic PCR (32), primer sites are ligated onto a restric- 
tion enzyme digest of genomic DNA and the resulting DNA 
fragments are amplified; specific DNA fragments that bind a partic- 
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ular protein can be identified in electrophoretic mobility shift assays, dinucleotide repeats] are dispersed every 30 to 60 kb throughout the 
isolaied, and reamplified, thus overcoming the usud losses that 
accompany or enrichment procedures. 

Introduction of new sequences via PCR primers. New nucleotide 
sequence information can be introduced into the PCR product by 
addition to or alteration of PCR primers; these includerestriction 
enzyme sites as well as specific mutations incorporated for the 
analysis of structure-function relations (5). Specific sequences can be 
added to the amplified DNA by PCR that are complementary to 
vector sequences, eliminating the need for restriction enzyme diges- 
tion and ligation (46). Regulatory elements such as promoters and 
translation initiation sites can be added to allow expression of the 
PCR products in in vitro systems (47). The isolation of proteins 
expressed in vitro or in vivo from PCR products has been facilitated 
b; the addition of seauences that encode a monoclonal antibodv 
epitope (48), thus allowing one-step aflinity purification of the 
protein encoded by the amplified DNA. 

Footprinting (analysis of DNA-protein interaction). The in vitro 
analysis of protein-DNA interactions known as footprinting in- 
volves the determination of a pattern of protection from chemical or 
enzymatic cleavage conferred by a DNA binding protein onto a 
specific nucleotide sequence. In vivo footprinting identifies the 
guanine bases in a DNA segment that are protected from methyl- 
ation by bound protein. Because only methylated guinosines can be 
cleaved by piperidine, this approach makes possible the determina- 
tion of protein-DNA interaction sites within a cell. However, it is 
difficult to detect these interactions. A modification of the in vivo 
procedure that utilizes PCR amplification with ligated primer sites 
to increase the amount of each cleaved genomic fragment has made 
genomic footprinting much more sensitive and, thus, a highly 
promising method for studying DNA-protein interactions in vivo 
(49). In addition, the insertion of unconventional bases that modify 
protein recognition may be usel l  for delineation of specific DNA- 
protein contact points. 

PCR and the Human Genome Project. The PCR promises to be 
important in both the mapping (physical and genetic) and the 
sequencing aspects of the Human Genome Project (16). Many 
physical mapping strategies rely on the use of IRS-PCR to obtain 
fingerprint patterns of PCR-amplified human chromosome frag- 
ments in order to create an overlapping linear array. The sequence 
tagged site (STS) proposal (41) also requires the use of PCR to 
generate the 200- to 500-bp sites unique to a given genomic 
fragment, thus identifying the common element necessary to inte- 
grate various physical and genetic maps. The STS proposal, which 
envisions landmark sites distributed -100 kb apart, eliminates the 
need to store and distribute clones and probes and allows the 
dissemination of STS markers in a database for the design of PCR 
primers. 

The ability of PCR to generate large amounts of pure template for 
sequence analysis will also facilitate the sequencing aspects of the 
Human Genome Project. PCR can be used to generate single- 
stranded products to serve as sequencing templates by minor 
modifications of the amplification protocol (24, 50-52). Recently, a 
variety of protocols for chain-termination sequencing with Taq 
DNA polymerase have been developed (53), including a linear 
amplification strategy that allows the repeated use of a single 
template by thermal cycling. 

The construction of genetic maps also relies on PCR approaches. 
Many restriction fragment length polymorphism (RFLP) markers 
for the existing map consist of two alleles (the presence or absence 
of a restriction enzyme cleavage site). These markers are less usel l  
than multiallele markers for the fine-structure map because they will 
not allow discrimination of all four parental chromosomes in many 
pedigrees. Short repetitive sequences [for example, the (CA), 

human genome: manv of them exhibit variation in the &ber of " 
the repeat units (54). With primers to unique flanking sequences, 
these simple repeat regions can be used as polymorphic markers for 
genetic mapping by measuring the frequency of recombination 
within human families. Conventional genetic mapping considers 
each child as the combination of two meiotic products (the sperm 
and egg) and measures the meiotic recombination between linked 
markers by pedigree analysis. Thus, the genotype of the meiotic 
products and the fraction that have undergone genetic exchange are 
deduced from analysis of the diploid cells of the progeny. The ability 
of PCR to coamplify linked DNA segments from individual sperm 
(55) has made possible the direct measurement of recombination 
frequency in the meiotic products themselves. This powerful new 
approach, termed sperm mapping, can be used to construct detailed 
genetic maps from a single individual, allowing the analysis of 
genetic differences in recombination rates. Sperm mapping involves 
;he coamplification of n polymorphic sequences from-& individual 
gametes of a donor heterozygous at each of the n loci. The amplified 
products are typed to determine which alleles are present, and the 
hroportion of recombinant haplotypes is cakulated,~n addition, the 
analysis of linked loci in individual sperm also offers the opportunity 
for haplotype assignment without the transitional requirement for 
pedigree analysis. 

Molecular evolution. The nucleotide sequence in DNA provides the 
most informative set of characters for the reconstruction of the 
evolutionary history of species, as well as organism or virus phylog- 
eny. A variety of computer programs have been developed for 
generating phylogenetic trees based on the nucleotide sequences of 
a given gene from different individuals in various contemporary 
species. Prior to the introduction of PCR, the difficulty in obtaining 
so much sequence information prevented the approach of molecular 
systematics from realizing its full potential. Recently, PCR has been 
used to amplify mitochondrial DNA sequences from different 
human populations, allowing the construction of phylogenetic trees 
that confirm the African origins of humans and suggest a date for the 
migration out of Africa (56). In addition, PCR was used to obtain 
ribosomal DNA sequences from a variety of fungal species to resolve 
the phylogenies of the fungi (57). PCR has also facilitated the 
phylogenetic analysis of the origins of polymorphism in the major 
histocompatibility complex (MHC) by amplifying DNA from a 
wide range of contemporary primate species (58). The capacity of 
PCR to amplify small amounts of degraded DNA has allowed for 
the first time the sequence analysis of historic or ancient DNA. 
Sam~les of DNA from extinct species like the woolly mammoth and 
the quagga, a zebra-like animal, have been subjected to PCR 
amplification (59, 60). The MHC sequences from a 7500-year-old 
m&ified brain have also been amplified and sequenced (61). In 
general, museum specimens, such as the dried skin of the quagga or 
kangaroo rat, can provide a rich source of samples for sequencing 
and phylogenetic analysis. The ease of obtaining sequence informa- 
tion and the ability to amplify ancient DNA has already had an 
impact on evolutionary studies, turning museums of natural history 
into hotbeds of PCR amplification and molecular analyses. 

Gene ex~ression. ~rn~liiication from mRNA rathe~ than DNA 
templates allows the analysis of gene expression. This approach 
requires the conversion of the mRNA template to cDNA with 
reverse transcriptase and oligonucleotide primers. A thermostable 
DNA polymer~se (from T. ;hermophitus) that uses manganese as a 
metal cation and can synthesize DNA from both RNA and DNA 
templates has been isolated; thus, the initial reverse transcription 
step and the subsequent PCR amplification can be carried out by the 
same enzyme. The use of this thermostable polymerase with efficient 
reverse transcriptase activity should reduce the amount of secondary 
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structure in the mRNA template, allowiag more &acnt synthesis 
of the cDNA strand (26). 

Many studies of gene expression quire quantitative analysis of 
the mRNA manscripts in the cell. Quantitation can posc problems, 
as the amplihtion d o n  proceeds through an exponential phase 
to a linear or plateau phase when the amount of po1yma;lsc is 
limiting and when the PCR produm reach a concentration where 
their -on competes with prima annealing and extension. 
Several approaches to quantitative PCR have been developed based 
on coamplification of a standvd template (62-64); one method uses 
an i n d  s t a d a d  RNA transaipt addcd to the reaction in known 
amountstoQtermineastandardcunre.Thiss~templanhas 
the same primer binding sites as the targct mRNA but can be 
dhhgukhed by kngth or by restricton site analysis from the target 
PCR product (63). 

One urn of gene expression studies that has benefitted &an the 
use of PCR is the analysis of specific T cell receptor (TCR) mRNA 
traasaipts assaciated with specific immune rrspollscs. Some ofthese 
studies have revealed that only a h v  ofthe many difkmt potential 
TCR d p t s  arc present in specific autoimmune T cell dona  
(65). In humans, only a few monoclonal andbodies arc avaiIabk for 
daacting X R  cxprcssion; consequently, PCR has anerged as the 
primaryanalyticmethodfbrdcttnniniagtheaqmspcdTCRccpcr- 
toirc.IngenenZtheuseofPCRallowsthecteationofhighly 
specific cDNA libraries, the mudy of gme expression from 
thelcveloftissmdadllbanestothelcvelofspecificcdl~. 

I d e d j h h  4 n#rtcrti4ns and new mnnbm 4 inulti-gmefomliies. 
PCR has proved valuable in the identification of mutations and 
polymorp6isms in amplifkd DNA Cloning and stquencing as well 
a s d i r c c t s t q u e n c i n g o f t h e P C R ~ r r p r e s e n t t h e m o s t  
hhmativt, albeit most laborious, approach to charactaizhg am- 
plified DNA. Ekcwphontic methods such as denaturing gradient 
gels arc sensitive and rapid approaches for rcvtaling sequence 
variation. Sequencedependent variation in the clcctrophomic mo- 
bilityofsingkstrandshasalsobcenrwdtoidcntify~hisms 
and mutations [singlestrand amhnnational polymorphism or 
SSCP] (66). Another general approach has been to detect the 
cleavage products that arc generated by the chemical or enzymatic 
treatment of mismatches betwcen a labeled probe and the PCR 
P ~ Q  target stland (67). 
The identification of gencs that arc related to g a ~ ~  of known 

scqucnce has been hilitatmi by PCR approaches. The use of 
p r i m e r s t o s a p n c c s t h a t a r c ~ ~ n g s c v w a l m c m b t i s o f  
a gene h d y  can kad to the ampli6cation and isolation of ncw 
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R g . 2 . R c v c r s c Q t b l o t ~ c m o f w i o v s m ~ i n t h e ~ g e n c .  
Biotinykbcd primer paka sp& for exom 10 and 11 were used to 
co-amprify a 492-bp and 425-bp f-, @vely, h DNA samples 
A to D. nK amplified DNA from each sampk was hybridized to a CFZa 
typingstripthatcontainedtheacrayofimmobWprobcsspai6cfixthe 
normal ud the mutant sequcna fix codons 508,542,551,553, and 1303. 
( T h c p r i m a s f i x c x o n 2 1 w a e n o t u s c d i n t h i s ~ t , ~ t h c p r o b c  
dotshrthe1303~of~aton~notrracc~ l ththeampl i f i edDNA)  
Comr~lprobcsfixanimnriamscquamincronslOandllwcrcalPo 
immobikd on the nylon membrane strip. The prcsa~t of bound PCR 
produn was rcvcakd by incubating the strip with mcpmidm-HRP and a 
dvolnogclllcsubsatt. 
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fimily manbas (68). Thcsc strategies may use dcpcrate pools of 
oligon-dc primas, which consist of oligonwkoticks that 
contain multiple basa at a sin& position. In some cases, use of 
inosine (69) at sitcs wherr all four basa arc possible has reduced the 
multiplicity ofthe primcr pool, thereby inar;lsing the concentration 
of individual oligonudeotides. This approach has imxtased the 
&aency of the PCR amplification and the sucass rate of finding 
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l O ~ 1 1 ~ Y l  

Control 
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Diagnostic Applications of the PCR 
The initial diagnostic application of PCR was in the pmmtal 

diagnosis of sickle cell anania through the amplification of p-globin 
sequmccs. Hybridization of labeled o l i g o n w d e  probes (1, 13, 
70) or restriction site analysis of the amplified products (2) allowed 
the distinction of normal and mutant all&. This genetic dise;rse, 
which is caused by a nuckdde substitution in the &globin gene, 
has semd as the model system fbr developing a variety of simpk 
diagnostic methods fbr detecting a known mutation. I h e  amplifi- 
cation of a specific locus by PCR made the use of nomadoactive 
allele-specific oligonucleotide (ASO) probes in a dot blot hybridiza- 
tion test a rapid, gaM;11, and practical method of gamic typing (13, 
71). This approach, which depends on the instability of binding of 
a probe mismatched with the target sequence (72), has been applied 
not only to sickle ccll anemia and pthalassania (71), but to other 
genetic disascs as well as to the analysis of human kukocyh antigen 
(HLA) p o b ~ h i s m s  (73, 74). 

Mismatchesbetwcenthetargctscqucncedthc3'baseofan 
anncakd oligonucleotide intlu&ce the-ability ofthis o h p d c d d e  
to be ligated to another oligonucleotide; this dfkt fwms the Wi 
of the oligomcr ligation assay (OLA), a recently automated a p  
proacfi to &F didmination (75). The specificity of this method 
has been incrclsad by the introduction of a thcrmostabk DNA 
ligase isolated from T. aquaiicus (76). This dmmosrpble ligast can 
beusedinconjunctionwithtwopairsofcompkmtntaryoligow- 
deotides to generate the targctdcpcndmt exponential accumulation 
ofthe ligated o ~ d c s  (the ligation chain reaction). Another 
method of allclic dkimination that uses PCR is based on the efEct 
of mismatches in the 3' cnd of an oligonucleotide on the priming 
step (alldcs@ amplification). This approach quires that either 
two separate PCR ampkt ions  be conduced (one with primers 
specific fbr the mutation and one with primas specific for the 
normalallde),orthatthePCRprodu~t~fromthetwo~esbe . .  . 
dmqdabkbylcngthorbythelabdonthetwoprimcrs(77). 
Thisrnethod,whichis dcpedcntonthes~tyofpriminginthe 
first PCR cyck, has recently been applied to sickle cell anemia (77, 
78). 

unlike s i d e  cell anania, most gamic diseases result fiom a 
variety of mutations, making the practical diagnostic application of 
thesc applwacha diEdt.  For example, the anaIysis of genetic 
variation at a locus with n allelcs and with n AS0 pro& would 
quire preparation of n difkmt membranes with the immobilized 
PCR pmduas h m  the sample. Each membrane would then be 
hybridized to a diffhtnt AS0 probe. This problem can be ov~come 
by i m m o b i i  the AS0 probcs rather than the DNA amplified 
from the sample. In this %verse dot blot" method, a man& that 
amtains an immbilizcd array of AS0 typing probes is hybndizcd 
tothePCRproduct,whichislabckdbytheinanprationof 
bbtinyladprimers (79). TheprcsaKtof~PCRproductbound 
to a specific probe is d e d  by incubating the strips with S t r e p  
vi- pcmxkk  and a chromog.cnic substrate. The 
rrvastdotblotapproachtogcncticdiseascciiagnosisisiUustcatcd 
by the detection of four of the most firqwnt cystic fibrosip 
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mutations (Pi .  2). Cystic fibrosis is the most frequent genetic 
disease among Caucasians, with a carrier Ercqucncy of about 1 in 25. 
Many difkcnt mutations in the cystic fibrosis transport regulator 
(CETR) gcne have been identified since the isolation of the gcne 
(80). Thus, methods like the reverse dot blot, which allow a sampk 
to be analyzed for many diilknt mutations in a sin& hybridization 
stcp,promisctobeusefulinaddrcssithisandothergcncticaUy 
compkx diseases. 

When both members of a coupk arc carriers (hemmygom 
containing one mutant a k k )  for an autosomal rcassive distasc, 
they have a onc in fbur chance of having an affixed chiki. For such 
coupks, PCR has made prenatal tcsting of the fctal arnniocyes or 
the chorionic villus biopsy simpkt and Edstcr. The ability to amplify 
a DNA segment from a single cell has allowed genetic tcsthg to be 
carried out on in vitro ferdlized eggs prior to implantation. A single 
cell taken from an early dcvdopmend stagc has been the 
biopsied unbryo was then implanted and developed normally (81). 
In addition, by analyzing one of the haploid cdls produced during 
oogcncsis (the polar body), it is sometimes possible to ider the 
genotypcofthecggbdbrcitis fkrdkd (82). 

In addition to the diagnosis of genetic diseases, PCR has W- 
tatcd the analysis of disease susaptibility. Specific alleles at the HLA 
class I and class 11 loci are associated with increased risk for a wide 
variety of autoimmune diseases, such as insulin- diabetes 
or rheumatoid arthritis (83). V i  all of the extensively ply-  
morphisms at the HLA dass 11 loci (the DRBl locus has mon than 
40aMes)arclocalizedtothcsccondaron,allawingtheamplifica- 
tion and adysis of dass 11 s c q u a ~ ~  variation with primers to 
conserved regions h k h g  this exon. This approach, utilizing a 
panelofohgonudcotideprobcsinathathedotblotorthereverse 
dot blot method, fbrms the basis for a rapid and precisc method of 
HLAtyping(74).Thisisvaluabknotontyinthe~isofgenctic 
susoeptibility to autoimmune diseases but also in the tissue typing of 
donor and recipients in mmplantation. 

In the area of cancer restarch, PCR has played a role in the 
identification of dur>mosomal abnormalities and specific somatic 
mutations in oncogenes and tumor supprrssor genes. Chronic 
myeloid leukemia (CML) was the first canax in which a specific 
genetic a b d t y  called the Philadelphia chmmmmc was iden- 
tified. This chromosomal amdocation [t(9;22)] fws the abl and &cr 
genes, resulting in the c~qmssion of a chimeric mRNA, the bn-abl 
transaipt. The identification by PCR ofthe fusion transaipts from 
this (84) and other c a n c e r - d a d  chromosomal translocations 
has proved usdid in diagnosis as wdl as in the sensitive dmction of 
minimal midual disease after treatment. 

The detection of known mutations in the rar oncopes  in a 
variety of cancers has also been achieved with PCR amplification and 
dot blot and reverse dot blot hybridization. Some tumors (fix 
example, panaeatc and colon) show a high proportion of rar 
mutations (85). Specific mutations in the p53 tumor supprrssor 
gtneonduomosome 17 (86) aswdlasthetarndydcscribcdDCC 
(deleted in colon cancer) locus on chromosome 18 (87) and the 
MCC (missii in colon cancer) locus on chmmomme 5 (88) have 
been identified by PCR amplifhtion and saquencing. In addition, 
p53 mutations were identified in the gumhe of paricnts with 
Li-Fraumeni syndrome (89), a hereditary predisposition to breast 
canca. For most cancers Qmmined thus far, however, the variety of 
mutations identified at tumor suppressor loci pose a challenge fbr 
simple diagwstic approaches. 

Sevaal cancers have been associated with RNA or DNA tumor 
viruses. The PCR has been used to detect Epacin-Barr virus, human 
T cdl kuirtmia virus, hepatitis B, and human papilloma virus, which 
arc associated with Burkttt's lymphoma and nasophvyngeal carci- 
noma, adult T all Icukunia, hepatocellular carcinoma, and cavic;ll 

cucinoma, mpcaivcly (90). The dctcction ofthcsc l!irusq as well 
as the inherited and &c mutations and chmmomme d o c a -  
tions associa&d with specific cancers, will provide valuabk prognos- 
tic and diagnostic information 

The denction of specific pathogcn scqua~s by PCR also 
promises to be hportant in W o u s  disease diagnosis and envi- 
ronmental testing, particularly whae the pathogcn is di!Ecult to 
d~.AISO,la~viraldiseaseschancttrizadbyfewiafi.rtcd& 
and transaiptional dormancy will benefit fiom this approach. The 
analysisofbaucd,fungal,andparasiticpathogensbyPCRwill 
also affia clinical diagnostic practia (91). The ability to carry out 
"mmspdve cpidcmiologf' is ihmated in a raxnt report that 
identified DNA fiom Bonrlia but&@ (the Lyme Disease patho- 
gen) in museum spcciwns of ticks (59). In gcneraZ the ability to 
prepare PCR template DNA a dinical sunpk (92) should haw 
important implications for all diagnosdc applications of PCR. 

Forensics 
In a forensics setting, PCR has allowed the genetic typing of 

biologicalcvidcmrfoundatthecrimcsctatbyamplifyingpolymor- 
phic seqwnces. DNA fhgqwhting, the analysis o f h p c n t  length 
polymorphism (variable number tandem repeats or VNTR's) based 
on Southern (DNA) blotting, rrquirrs large amounts (> 100 ng) of 
intact, high molecular size DNA. nK PCR is capabk of analyzing 
minute quantities of degraded DNA and has been used in the 
analyses of over 2000 evidence specimens since the first use in 1986 
(Pcnnqhnia versus Pestinikis) (93). For most of thcsc evidence 
samples, DNA typing based on RFLP analysis could not provide a 
genotyping d t .  PCR typing of evidence samples fbr individual 
identification is bascd on the analysis ofeither length polymorphism 
(VNTR regions) or sequence polymorphisms. The amplification of 
VNTR regions can be h e d  out with primers complementary to 
unique sequences that.&nk the tandem repeat regions, and allclic 
variants can be distinguished by detamining the length of thc PCR 
products amplified fiom the sample. Howenr, if the two all& give 
rise to PCR products of difkent lengths, the smaller fhgment can 
also be pdkmtdy amplified. The analysis ofdtgndcd DNA can 
pose problems in that the largcr allelic fragment is prefkrcntillly lost 
when ampQing a VNTR polymorphism fiom a partially degraded 
DNA sample. Nomthelcss, length polymorphisms based on tandem 
repeats provide a rich source of PCR-based genetic m a h  for 
individual idcn&cation and genetic mapping (94, 95). The ampli- 
fication of a VNTR in the 16th intron of thc rctinobhtoma (Rb) 
gene (96) is shown in Pi. 3. The band patterns, revealed by 
Southern blot analysis, ihstrate the preferential amplification of the 

Fi@.bAmplilidmofdK 1 2  3 4  5 6 7 11 9 10111213 
-VNTR.nK - - 
~ ~ o f r w o d i & r r n t  -' 
hurnan DNA sampks was car- .. 
hdoutSx24,26,E8,d32 j, I 1 ' -  
cydes with prkncrs and condi- =- -D-= - 
tionsas~bcd(96).The;1g;l- - -- - 0 0 - 
rosc gel that contained the PCR -0 - 0 

@ - - - b y  -- - 
smldlcm blotting with an 4 

HRP-labckd p b e  compk- - 
menary to an internal unique 
supaxe (96) and the bound 
probe Qbcbcd with a cham- submate. Lanes 1 and 12, a 
123-bpmolcculvsizesandvd~,Lncs2d13,asizckddadaivcd 
f r o m ~ @ - g l o b i n s u p e n a s ; ~ 3 d 4 , ~ a m p l % ~ o f  
s a m p l e s A a n d B f w 2 4 c y d ~ , h n a r 5 d 6 , t h e P C R ~ & 2 6  
Eyclcs;hnar7d8,&28Eycks;dlvlg9uld1O,lfrrr32~.Both 
sampks arc fiom hcamqpu individuals. 
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smaller allelic PCR product and the appearance of artifactual "ladder 
bands" as the cycle number increases. These "ladders," whose 
"rungs" are separated by the repeat unit length, result presumably 
from slippage of the polymerase or the out-of-register annealing of 
repeat unit sequences at high PCR product concentration. 

Although sequence polymorphisms can be detected by a variety of 
methods, in our experience, the use of oligonucleotide hybridization 
probes represents a general and powerfd approach to genetic 
typing. With the use of the reverse dot blot method, the complexity 
of the test is independent of the number of probes because the 
sample is analyzed with all of the probes in a single hybridization 
reaction. This format has been developed for typing the polymor- 
phism at the HLA-DQA1 locus (79) and is commercially available as 
the first PCR-based genetic typing kit. If the genotype of the 
evidence sample differs from that of the reference sample of the 
suspect, the suspect is excluded or eliminated as a potential donor of 
the evidence. If the genotype of the suspect and evidence sample 
match, the suspect is included (that is, cannot be eliminated as the 
donor). The significance of this match for identifying the source of 
the evidence specimen is a function of the frequency of this genotype 
as determined by population surveys (97). In the >200 cases in 
which the DQAl test has yielded conclusive results, 65% have 
resulted in an inclusion and 35% have resulted in an exclusion (93). 
Similar dot blot tests for determining the sequence polymorphism in 
the D-loop segment of mitochondrial DNA have been developed 
and applied to the forensic analysis of bone fragments (98). 

The ability to amplify a specific DNA segment in a simple 
automated reaction has had an enormous impact in many areas. The 
increased accessibility of DNA analysis made possible by PCR has 
been referred to as "democratizing the DNA sequence" or enabling 
the "practice of molecular biology without a permit," in reference to 
Chargaffs dictum that molecular biology itself was "the practice of 
biochemistry without a license." As advances in the reagents, 
instruments, and protocols for carrying out PCR continue, research- 
ers and clinicians will be able to access the information encoded in 
nucleotide sequences more easily and apply PCR to an even more 
diverse set of problems. 
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Complementary DNA Sequencing: Expressed 
Sequence Tags and Human Genome Project 

MARK D. ADAMS, JENNY M. KELLEY, JEANNINE D. GOCAYNE, MARK 'DUBNICK, 
MIHAEL H. POLYMEROPOULOS, HONG XIAO, CARL R. MERRIL, ANDREW WU, 

BJORN OLDE, RUBEN F. MORENO, ANTHONY R. KERLAVAGE, 
W. RICHARD MCCOMBIE, J. CRAIG VENTER* 

Automated oartial DNA seauencine was conducted on 
more than 600 randomly sefected hwuman brain comple- 
mentary DNA (cDNA) clones to generate expressed se- 
quence tags (ESTs). ESTs have applications in the discov- 
ery of new human genes, mapping of the human genome, 
and identitication of coding regions in genomic se- 
quences. Of the sequences generated, 337 represent new 
genes, including 48 with significant similarity to genes 
&om other organisms, such as a yeast RNA polymerase I1 
subunit; Drosophila kinesin, Notch, and Enhancer of split; 
and a murine tyrosine kinase receptor. ~orty-six ESTs 
were mapped t o  chromosomes aftei amplXcation by the 
polymerase chain reaction. This fast approach to cDNA 
characterization will facilitate the tagging of most human 
eenes in a few vears at a Eraction of the cost of comolete 
0 

genomic seque&cing, provide new genetic markers, and 
L 

serve as a resource in diverse biological research fields. 

T HE HUMAN GENOME IS ESTIMATED TO CONSIST OF 50,000 
to 100,000 genes, up to 30,000 of which may be expressed 
in the brain (1). However, GenBank lists the sequence of 

only a few thousand human genes and ~ 2 0 0  human brain messen- 
ger RNAs (mRNAs) (2). Once dedicated human chromosome 
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sequencing begins in 5 years, it is expected that 12 to 15 years will 
be required to complete the sequence of the genome (3). It is 
therefore likely that the majority of human genes will remain 
unknown for at least the next decade. The merits of sequencing 
cDNA, reverse transcribed from mRNA, as a part of the human 
genome project have been vigorously debated since the idea of 
determining the complete nucleotide sequence of humans first 
surfaced. Proponents of cDNA sequencing have argued that because 
the coding sequences of genes represent the vast majority of the 
information content of the genome, but only 3% of the DNA, 
cDNA sequencing should take precedence over genomic sequencing 
(4). Proponents of genomic sequencing have argued the difficulty of 
finding every mRNA expressed in all tissues, cell types, and devel- 
opmental stages and have pointed out that much valuable informa- 
tion from intronic and intergenic regions, including control and 
regulatory sequences, will be missed by cDNA sequencing (5). 
However, many genome enthusiasts have incorrectly stated that 
gene coding regions, and therefore mRNA sequences, are readily 
predictable from genomic sequences and have concluded that there 
is no need for large-scale cDNA sequencing. In fact, prediction of 
transcribed regions of human genomic sequence is currently feasible 
only for relatively large exons (6). 

On the basis of our high output with automated DNA sequence 
analysis of 96 templates per day and consideration of the above 
issues, we initiated a pilot project to test the use of partial cDNA 
sequences (ESTs) in a comprehensive survey of expressed genes. 

Sequence-tagged sites (STSs) are becoming standard markers for 
the physical mapping of the human genome (7). These short 
sequences from physically mapped clones represent uniquely iden- 
tified map positions. ESTs can serve the same purpose as the random 
genomic DNA STSs and provide the additional feature of pointing 
directly to an expressed gene. An EST is simply a segment of a 
sequence from a cDNA clone that corresponds to an mRNA. ESTs 
longer than 150 bp were found to be the most usefid for similarity 
searches and mapping. 
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