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Automated DNA Sequencing Methods Involving Polymerase Chain Reaction

L. J. McBride,1 S. M. Koepf,1 R. A. Gibbs,2 W. Salser,3 P. E. Mayrand,1 M. W. Hunkaplller,1 and M. N. Kronlck1

Polymerase chain reaction (PCR) as a method for preparing

DNA templates has been used for several DNA sequencing

applications. An in situ procedure for directly sequencing

PCR products by the dideoxy-termination method has been

developed by using fluorophore-labeled sequencing primers.

Completed sequence reactions were combined and loaded

into a single electrophoretic lane of a fluorescence-based

DNA sequence analyzer. DNA targets devoid of a universal

primer sequence could be sequenced with labeled universal

primers by incorporating a universal primer sequence into the

PCR product. With this method, the sequence of a 351-bp

region in the bacteriophage lambda genome was fully ana-

lyzed in a single lane with automatic base identification

accuracy of >99%. An unknown sequence, 1.7 kb long, also

was sequenced by this procedure, in combination with a

“PCR gene walking” strategy. Comparison of the 1110 bases

in overlapping sequence data from both strands yielded only

two single-base ambiguities. Automated DNA sequence

analysis of the highly polymorphic HLA-DQA-1 (alpha) region

in the human genome can be performed with this simple

methodology. Use of this PCR-sequencing method to ana-

lyze DNA extracted from a one-month-old blood sample from

an individual who is heterozygous at this locus allowed

unambiguous assignment of genotype.

AddItIonal Keyphrases: dideoxy-termination procedure
fluoromet,y . ‘gene walking” . “fingerprinting”

The advent of the dideoxy-termination method of DNA

sequencing (1) has encouraged scientists to devise rational

strategies to tackle large sequencing projects (2). Clearly,

development of high-throughput methods suitable for au-

tomation is a reasonable focus for the future. Toward this

goal, automated DNA sequence analysis has been achieved

by combining fluorescence-based detection with dideoxy-

termination (3). The other aspects of a sequencing project-

cloning, preparing templates, and running sequencing re-

actions-are, however, complex manual operations that

require significant labor and skill. Furthermore, the types

of manipulations required for these manual methods vary

with the type of template and therefore lack the repetitive

nature conducive to automation.

Polymerase chain reaction (PCR), an in vitro DNA am-

plification scheme (4), has been proposed as a technology to

automate template preparation before DNA sequencing (5,

6). The PCR process has been semi-automated largely by

virtue of its cyclical nature, consisting of (a) denaturation
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of the DNA template (95 #{176}C),(b) hybridization of deoxyoli-

gonucleotide primers to the denatured template (50 #{176}C),

and (c) template replication (70 #{176}C)catalyzed by Thermu.s

aquaticus DNA polymerase (Taq polymerase). We have

combined the PCR technology for DNA template prepara-

tion with the fluorescence-based method for automated

DNA sequence analysis (3, 7) to automate more fully the

multiple stages of DNA-sequencing projects.

Materials and Methods

Instrumentation and Reagents

For thermal cycling we used a DNA Thermal Cycler

(Perkin-Elmer, Norwalk, CT 06859), generally according to

the following cycle: 50 #{176}Cfor 2 mm, 70 #{176}Cfor 2 mm + 20 s

autoextension, and 94#{176}Cfor 1 mm. For DNA amplification

we used solely the biochemical reagents in the “GeneAmp”

DNA Amplification Reagent Kit, which included lOx re-

action buffer, deoxynucleotide triphosphates, and Taq poly-

merase isolated from Thermus aquaticus (Perkin-Elmer

Cetus, Norwalk, CT 06859). Light mineral oil was pur-

chased from the Sigma Chemical Co. (St. Louis, MO 63178;

cat. no. N-3516); sterile 0.5-mL tubes were from Robbins

Scientific (Mountain View, CA 94043).

Fluorescence-based DNA sequence analyses were ob-

tained by using a 370A DNA Sequencer [Applied Biosys-

tems Inc. (ABI), Foster City, CA 94404) fitted with a 6%

polyacrylamide gel and run with the manufacturer’s ver-

sion 1.3 software. Polyacrylamide gels were prepared on

glass plates purchased from ABI. Modified T-7 DNA poly-

merase (“Sequenase” version 1, cat. no. 70700) and termi-

nation nucleotide mixes (cat. nos. 70714, 70716, 70718,

70720) were purchased from United States Biochemical

(Cleveland, OH 44122). Sequenase (20 units) was diluted in

water containing 50 mmol of dithiothrietol, 3.8 mmol of

Tris, and 0.38 mmol of EDTA per liter. Lyophilized se-

quencing primers (-21 M13 and reverse M13, labeled with

the four fluorophores, FAM, ROX, JOE, and TMRA) were

purchased from ABI (8). Stock solutions of each fluorescent

primer were prepared by dissolving a primer into 10

mmollL Tris buffer (pH 8.0), containing 1.0 mmol of EDTA

per liter, to give a final concentration of 0.8 �tmoI!L, and

were stored in the dark at -20 #{176}C.

DNA was extracted from whole blood with an ABI 340A

Nucleic Acid Extractor (according to ABI User Bulletin no.

14, October, 1987). A 1.7�kb fragment of human DNA

cloned into pGEM was donated by Dr. Craig Venter (Na-

tional Institutes of Health, Bethesda, MD 20892).

We synthesized deoxyoligonucleotides by the phosphora-

midite approach (9), using a 381A DNA Synthesizer (ABI)

at 0.2 p.mol scale (0.2 �mol cycle, version 1.23 software;

ABI User Bulletin no. 7, August, 1986) with (2-O-cyano-

ethyl)-phosphoramidites (ABI). Oligonucleotide Purifica-

tion Cartridges were purchased from ABI.

For ultraviolet absorbance spectroscopy we used a 8451A

diode array spectrophotometer (Hewlett-Packard, Palo

Alto, CA 94304).
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Forward M13 -21

Reverse M13

1st step forward

2nd step forward

3rd step forward

1st step reverse

2nd step reverse

3rd step reverse

4th step reverse

lambda excess

lambda limiting

HLA-DQA-1

HLA-DQA-1

HLA-DQA- 1

:ig. 1. 2’-Deoxyoligonucleotide primer sequences

Lower-case letters denote regions not complementary to the target sequence

Drocedures

Preparation of PCR primers. After incubation in concen-

rated aqueous NH3 at 57 #{176}Cfor 20 h, one half of the crude

)rimer (1.5 mL in NH3) was enriched on an Oligonucleotide

Purification Cartridge as described elsewhere (10). Stock

tolutions of the limiting PCR primers (Figure 1: 101-109,

[11, 112, and 114) were prepared by evaporating to dryness

m aliquot (approximately 5%) of the enriched product and

iissolving the residue in 1 mL of de-ionized water. We

letermined the concentration spectrophotometrically, as-

turning that an absorbance of 1.0 A at 260 nm indicated the

resence of 33 �tg of DNA. Final concentrations were

etween 0.5 and 1.0 �zmolJL. Stock solutions of the PCR

rimer used in excess (Figure 1: 101, 102, 110, and 113)

were prepared similarly to give final concentrations of

etween 20 and 50 irnol/L.

DNA amplification. An example of the general procedure

br preparing a single-stranded DNA template (11) is as

bllows: Heat 1 pg to 1 ng of bacteriophage lambda DNA

Figure 2) on a Thermal Cycler at 95 #{176}Cfor 3 mm in the

resence of 100 �L of PCR cocktail (lx reaction buffer

�ontaining 0.02 nmol of each deoxynucleoside triphosphate,

[.0 pmol of PCR primer 111, and 50 pmol of PCR primer

27412

I �4- � � iii
5 � �GGTC2CTATCAGTC ____________________

3 �GTCGA�GCAGCWCTG TCCAG�1ATAGTCAG

110 CAGCTGCGTCGTTTCAC -� 27745

ASY3�IMETRlC PCR

C�GCTGCGTCGT�0GAC kGG�CACThTCAGTCT5GCCGTCGTTTTACA

DNA SEQUENCE ANALYSIS

:ig. 2. PCR-sequencing model system in the bacteriophage lambda

�enome

‘rimer 111 (upper righi) contains the -21 M13 universal sequence denoted by

ower-case letters. X(middle diagram) denotes a 5’.fluorophore-Iabeled primer

1UFAAAAcGAcGGcCAGF

CAGGAAACAGCFATOACC
tgtaaaacgacggccagtTCAGAGCGATCGTGTTAA

tgtaaaacgacggccagtGCTATGGCACACAGGTTC

tgtaaaacgacggccagtGAGTAGAAACTACCAGT

caggaaacagctatgaccTAACOGATAGCTl’CTGC

caggaaacagctatgaccGCCTGCCACAAA’ITFCACT

caggaaacagctatgaccTGCGCATCGTCCACAACT

caggaaacagctatgaccTCGCTGCrGATAAGTAG

CAGCIX3�3�UIT�GAC

tgtaaaacgacggccagtGACTGATAGTGACCT

gtgctgcaGGTGTAAACTTGTACC

cacggaIccGGTAGCAGCGGTAGAGT

tgtaaaacgacggccagt’ITTACGGTCCCrCTGGC

110), after overlaying with 100 �L of light mineral oil.

Then add Taq polymerase (0.5 �L, 2.5 units) to the aqueous

phase at 50#{176}Cand perform 35 thermal cycles. Store the

aqueous phase at -20 #{176}Cuntil further use.

We modified the above procedure for amplification of

human genomic DNA. We amplified the HLA-DQA-1 re-

gion (11) to single-stranded form with simultaneous incor-

poration of a universal priming sequence in a two-step

procedure (Figure 3) as follows: Dissolve 2 pg of purified

genomic DNA in 10 �tL of de-ionized water and add this

5.

SEQUENC�G REAC11ONS

SEQUENCE ANALYSIS

Fig. 3. PCR scheme used to sequence the human HLA-DQA-1 locus

(12)

The fluorophore-labeled sequencing primer is marked with an asterisk
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solution to 100 �L of PCR cocktail (lx reaction buffer

containing 0.02 nmol of each deoxynucleoside triphosphate,

5.0 pmol of PCR primer 112, and 20 pmol of PCR primer

113). After overlaying the solution with 100 �L of mineral

oil, heat for 3 mm at 95 #{176}C.After subjecting the sample to

30 thermal cycles (55 #{176}C,2 mm; 72#{176}C,1 mm; and 94#{176}C,1

mm), transfer 1.0 �L of the aqueous phase to 100 pL of a

similar PCR cocktail containing 3.0 pmol of primer 114 and

50 pmol of primer 113. Subject this solution to 20 thermal

cycles (50 #{176}C,2 mm; 72 #{176}C,1.5 mm + 3 s autoextension;

96 #{176}C,45 a), and store the resulting aqueous phase at

-20#{176}C.

DNA sequencing. For the dideoxycytidine sequencing

reaction we added 3 �L of the PCR solution in situ to 1.5 pL

of a solution containing 0.4 pmol of fluorescein-labeled

(FAM) -21 M13 primer and a final concentration of se-

quencing buffer (10 mmolJL Tris-HC1 buffer, pH 8.5, con-

taining 10 mmol of MgC12 and 50 mmol of NaC1 per liter).

After incubation at 90#{176}Cfor 5 mm, we cooled the solution

on ice for 2 mi lightly centrifuged, and added 2 pL of

2’-deoxy/2’,3’-dideoxycytidine-5’-triphosphate mix and 1.5

,uL of freshly diluted Sequenase. This solution was incu-

bated at 37#{176}Cfor 5 mm, then quenched by heating at 65 #{176}C

for 10 mm. The reaction mixture was manually transferred

into heating blocks pre-equilibrated at the appropriate

temperatures. The three other sequencing reactions for

dideoxyguanosine, dideoxyadenosine, and dideoxythymi-

dine were performed in parallel (with TMRA, JOE, and

ROX primers, respectively) in nearly identical fashion

(dideoxyguanosine and dideoxythymidine reactions re-

quired twice the volume of all ingredients). The four

sequencing reactions were cooled to 4#{176}C,pooled, precip-

itated with ethanol, resuspended in 6 pL of a solution ol

formamide/EDTA, 50 mmol/L (5/1 by vol), and loaded intc

a single electrophoretic lane.

Results and DIscussIon

The dideoxy-termmnation method of DNA sequencing is

generally accepted as being more robust with single-

stranded templates than with double-stranded ones. There-

fore, we developed a fluorescence-based sequencing proce-

dure, using single-stranded DNA generated by asymmetric

amplification (12), a variant of PCR. By using unequal

molar amounts of the two amplification primers, it is

possible to produce an excess of single-stranded DNA of a

chosen strand for direct sequencing. We introduced a uni-

versal primer sequence into the PCR product (Figure 2) by

synthesizing the limiting PCR primer (111) to contain the

-21 M13 universal sequence (14). This sequence incorpo-

ration method allowed us to use commercially available

universal fluorescent primers for sequencing DNA targets

originally devoid of universal sequences. Four aliquots al

the PCR solution (3 �L each for the sequencing primers

labeled with fluorescein derivatives FAM and JOE, and 6

pL each for the primers derivatized with rhodamine deriv-

140 to 6000 6ase 1: 140

Fig. 4. Example of automated sequence analysis: a 351-bp region in the bacteriophage lambda genome

UctoDer’ 19�



G.Tcrcc,�rG � �,. � � CCAGCGA?GG

TGGCCACGAA OOATCTCGATG �AGACEATCG TCATGATGGC CAGCGGAATA AAGMGGAGC CCAGCGk-GG

TGGCCACGAA GATCTCGATG TAGACGATCG TCATGATGGC CAGCQGAATA AAGAAGGAGC CCAGCC*-gG

410 1)0 90 90 90 90

..GTAGATCAC GThCCCTC-G CTGCG&GGTC AcCTCGCAGG GcGTGGCGCT TGTGAACTCG TCCGGCCAGt

I.G�AGATCAC GTAGCC’rCAc CTGCG*CGTC AGCT-GCA�G C-G�GGCGCf T?�GAAC?CS TCCGGCCAGT

�GTAGATcAC GTAcCc�C?G CTGCGAGGTC AGCTcgCAGG 5CGTGGCGcT TqTGAACTcG �CCGGCCAGT

1)0 110 �1#{176} 90 1)0 2)0 2)0

GTTCCAGCC GA?CA*�GGC GGACT*CTtA TCAcCAGCGA AAGtAGCCAc ACCCCGG?,GA TGAGGA�C?.G

OGTTCCAGC- 11ATCAAC9GC GGACTAC�TA TCA�CAGCGA AAGTAGCCAc ACCCCGGAGA TGAGGAOCAG

�CTTCCAGCc GATCAACGGC GGACTACTTA TCAGCAGCGA AAGTAGCCA� ACCCCGOAGA TGAGGAGCAG

2)0 2)0 210 010 2)0 210 210

�ACGCGACCA ACGG�r?C�CT TCTGGGCATA GTTGATGGGG TCCGTAATGG CCCI.GTACCG GTCGAOGGCT

IACGCGACCA ACGGTCCTCT TCTGGGTATA GTTGA?GGGG TCCGThATGG CCCAGThCCG G�CG�GGCT

1ACGC�ACCA ACGG’rCCTCT TCTGGG?ATA G1’TGATGGGG TCCGTAATGG CCCAGT?.CCG GTCG*GGGCT

2)0 310 3)0 310 3)0 ‘1#{176} 310

r.TGGCACACA GGtTCAGGAT GGAGCTAGTG CAGCACSCCA CGTCGC*GGT GAGCCACAGC TTGCAC*GGT

�TGGtACACA GGTTCAGcAT GGAGCTAGTG CAGCACAGCA CGTCGCAGGT GAGCCACAGC TTGC*CAGg?

I.�GGCACACA GGTTCAGGAT GGAGCTAGTG CAGCACAGC?. CGTCGCAGGT G?.GCCACAGC TTGCACAGGT

310 �1#{176} 3)0 3)0 410 4)0 4)0

�G6TGCCG.A CTCC�AGCGC ?CCAGG?TCG *GT?A9CCAC GDOG*AGGGC AGCACC*GA GGGCCACCG�

GgATGCCG?J. CtCCCAGCGC CCCAGqATCO AGTAAGCCAC GTtGAAG9GC 7,GCACCAGAA GGGCCAcCGT

IGATGCCGAA CTCCCAGCGC CCCAGG*TCg AG’raAGCCAC CDT GMCGGC AGCACCAGAA GGGCCACCGT

4)0 470 4)0 4)0 410 4)0 410

*G*TCCGCC ACCGCCAGCG AaACThTGA* GAACrTCTCG ACGoTGCCCA ?-CGCTTGTA GGTG**CACP.

GAGATCG-CC ACCCCCAGC9 AAACTATGAA GAAGTIITGG ACGATGCCCA CCCGCTTGTh GGTGAACACA

GAGATCGgCC ACCGCCAGCG AAACTATCAA CAAGtT0TCC ACCATGCGCA gcGCCDTGTA GGTGAACACA

5)0 5)0 90 5)0 510 010 370

.TCAGAATCA CCAGCATGTT CCCGATGATG GTCACCACCA TAATGA�CCA GAGAACCAGG GCGG?GA�AA

CTC�GAATCA CCAGGATCTT CCCGATGkTG GTC7,CCACGA ThATGO,CCCA GAGAACCAcG GCGGTGAGAA

TCACAATCA CCACGATCTT CCCCATGATG GTCAOOCACGA ThATGAcCCA GAGAACCACG CCGGTGACAA

510 510 5)0 610 610 90 6)0

JGGCCTAGTt AAAATAG*AA *G..AOTTACC GAC*GCTTTA AACCAACATA AATA*XATCT ACTGGT*TTT

IGGCCThCtT AAAAT�.AA AG&*CTTAGG GAGAGCTTTA AACCAACATh AATAAGATC’T ?.CTCGTADTT

�GCCCTAGTT AAAATAGMA AGAACTThGG GA�ACCTTTA AACCAACATA AAT?.AGATCD ACTCGTAT?T

6)0 6)0 6)0 610 610 6)0 710
.CACTTATTG 2.AAGAGThGA AACTACCACT TTCGTGCTCT AGCCAGGGTC ACT-TGCACT aCCTGGTG*C

�.CACTTATTG AAAGAGTAGA AACTACCO,CT TTGGDGGTCT ACCGACGGDT ACD?TGC-CT ACGTGGTGAC

�GACDTAD�C AAAGAGTAGI. AACTACCACT TTGGTGGTCT AGGGACGGTC ACt-tGC*CT ACGTGGTGAC

7)0 7)0 7)0 770 7)0 7)0 7)0

�GTC4C.CTT A*TATAAGTG AAATDTGTGG CAGGCTAAC� D?CAA?AGA? ATDGgCaAGA CAMTGATAG

ICTCACACTT UTAT.AGTG A�.ATTTGTGG CAGGCGAACT TTCAATAGAA ADTGGCAAGA CMATGATZ,C

CGTCACACTT AATATAACTG AAATTTCTGG CAGGC9AACD tICAATJ,CJ,. ADrCGCAAGA CAM?GAThC

�10 7)0 4)0 4)0 4)0 4)0 4)0

..ATCTATTA�. AATTATAACA TTDTTTTOA?. ?TTTgg�?GC ACTGCGTAAP. AGTTAACTAA AACCAATATG

IATCTATTAO. AATTATAACA TTTTTTt?J.A DTTTGGDTGC ACTGCGTAAA AGDTMCTM MCCCAT*TG

�.ATC�ADT5A MTTATAA�A TTTTTTTW TTT’TGGTtGC ACTGCGTMA *GTTAACTAA AACC*ATATG

4)0 4)0 410 410 4)0 4)0 410

�TTAATCTC?. ACTTCCTGTT CThCADTCTT T’TATP,GT’T’?C TGDTCATACG GOCAGATATA CqGACGGACA

�TTMTCTCA ACT’I’CCTGTT GTACATTCDT TTATAGTTTC tGTTCATACG GACAGATATA CGGACGGACA

CTTAATCTCA ACTTCCTGTT GTACATTCTT TTATAGTTTC TGTTCATACG GACIIGATATA CCGACCGACA

1)0 410 410 110 4)0 � 10

�ACAGAAGTA CGAACAAACA GGCCGTTGGC TATACAAATA CTTGATCAAA ATUTGGTCA AAAGTAAAAG

IACAGAAGTA CCAACAAACA CGCGGTTGGG TATAC?.AATA CTTGA?C*M At.*TGGTCA AAICTAUAG

OACACAAGTA CGAACAAACA GGCGGTTGGG TATACAAATA CTTGATCAP.A ATAATGGTCA AAAGTAAAOG

1)0 10100 10110 10100 10130 00�S0 1013

109 108 107 106
102

0�0
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ig. 5. ‘PCR gene walking” scheme performed on both strands of a

1.7-kb DNA fragment inserted within pGEM
:or the top strand, PCR primers 101 and 103-5 were used as limiting primers

luring amplification, along with the primer in excess, 102. For the bottom
;trand, primers 106-9 were used similarly, along with primer 101. The

;equences of these primers are listed in Fig. 1

itives TMRA and ROX) were added directly, without

urification, to sequencing reactions. The 351-bp bacterio-

hage lambda sequence between the PCR primers then was

malyzed completely in a single lane with >99% accurate

ase calling by an automated sequence analyzer with

luorescence detection (Figure 4).

We applied this sequencing procedure without modifica-

;ion (other than the use of different PCR primers) to both

itrands of an unknown 1.7-kb sequence inserted into a

GEM plasmid (Figure 5). Both strands were amplified

�symmetrically. These amplifications used both the for-

ward (101) and reverse (102) universal M13 primers (Fig-

ire 1) in either a 50:1 or a 1:50 ratio. After performing the

tmplifications, we sequenced the PCR products by using

the appropriate fluorophore-labeled universal sequencing

)rmers. The sequence information obtained from each

itrand was used to synthesize two new PCR primers, each

�pproximately 300 bp into the insert from each end. These

iew primers, 103 and 106, were synthesized to contain one

)f the two universal primer sequences and were used for a

tecond round of amplification with the universal M13

)rmers (102 and 101, respectively). These PCR products

were then sequenced with the appropriately labeled uni-

iersal primers. This second round of PCR-sequencing gave

m additional 300 bases of sequence information, constitut-

ng the second “step” in our “PCR gene walking” method.

Dverlapping sequence information totaling approximately

1.100 bases was obtained after four steps along each strand

Figure 6). Only two single base-pair positions within this

L100-bp region could not be identified with confidence by

�eferring to the analyzed data from both strands.

This gene-walking method required no procedural mod-

.fication from step to step or synthesis of alternative PCR

rimers. Significant primer-to-primer variability is en-

�ountered during traditional gene-walking methodologies,

resumably arising from secondary priming sites. The

tecondary priming sites of the custom-made PCR primers

luring this PCR gene-walking method described did not

�toticeably interfere with the DNA sequencing. However,

�ene-wa1king by this in situ strategy likely will be limited
o relatively small inserts (<2 kb) in light of the fact that

smplification of larger inserts can yield products of vari-

ible quantity and purity.

Inverted PCR (13, 14) may allow sequencing of unknown

-egions of DNA much larger than the 1.7-kb region we

tequenced. This PCR method requires knowledge of only

)ne primer sequence flanking the unknown DNA sequence

�f interest; after the linear DNA target is cut, diluted, and

�en treated with DNA ligase, the circular product is

solated by gel electrophoresis. Formation of nicks in the

�ircular product allows the “sense” and “anti-sense” primer

�equences to be used for amplification. Inverted PCR could

�otential1y allow for sequential sequencing of larger sec-

�ions of DNA, e.g., iO� bp to genomic, which would greatly

GG?AT�TATA ACGCAATTTT TTAAAAGGtA AGGTTTGC4T GTG*ATATTT TATTT?TGCD CTCMACGTT

GG9ATTThTA ?.CGCAATTrT TThJ.AAGGTA AGGT’rTGCa� CT�AATATTT T1,TTTTTGCT OTCAAACGTT

Fig. 6. Sequence information obtained from “PCR gene walking” on

both strands of a 1.7-kb insert within pGEM

Sequence 1 is from the M13 -21 sequencing primer. Sequence 2 is the
reverse complement of the sequence from the Ml 3 reverse-sequencIng
primer. Sequence 3 is the consensus sequence derived by manually compar-

ing sequences 1 and 2. For sequences 1 and 2, upper-case letters denote
bases identified automatically, while lower-case letters denote manual identi-

fications that could be made at positions where questions marks were initially

assigned in the automated base-identification routine. For sequence 3, upper-
case letters denote agreement at that position from both strands, while lower-
case letters indicate that identification could be determined with confidence

only upon manual evaluation of the analyzed data from both strands

decrease the overall amount of cloning, clone ordering, and

sequence analysis needed for sequencing projects. This

methodology might be achieved by use of an array of

automated methods-polymerase chain reaction, prepara-

tive gel electrophoresis, automated DNA sequence analy-

sis, and a liquid-handling robot to perform, among other

things, restriction enzyme digestions and ligations. This

automated strategy would greatly minimize or even elim-

inate the need to clone templates for many sequencing

projects.

The in situ nature of the PCR-sequencing procedure (5,6)

we developed here (15) is an attractive feature for large

sequencing projects, by virtue of its potential automatabil-

ity. Manual steps during PCR amplification (sample prep-
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b�A;!� � jP� 4e�n�T � ttTf?__

Fig. 7. (Upper panel) Automated sequence analysis of a 120-bp region in the human HLA-DQA-1 locus; (lower panels) enlargements of the

regions in the upper panel around the two question marks, which automatically indicate the presence of polymorphic base positions: AiT (lowea

tell), and G/A (lower right)

aration) and sequencing reactions essentially have been

reduced to handling of small volumes, 1-10 �L, which

could be delegated to commercially available liquid-han-

dling robots (16).

An automated strategy for rapid DNA sequencing should

also facilitate the study of regions within the human

genome of medical importance (17, 18). These sequencing

applications (18) necessitate rapid and reliable discrimina-

tion of single nucleotide residues relative to normal DNA

sequences in both homozygous and heterozygous individu-

als. Figure 7 illustrates an example of this type of auto-

mated sequencing ability on the highly polymorphic lILA-

DQA-1 locus within the human genome. For sequence

analysis of 120 bases within the HLA-DQA-1 region we

started with 2 j.tg of genomic DNA extracted from blood

that had been stored for a month. A two-step PCR ampli-

fication method was used (15). The HLA-DQA-1 sequence

information shown in Figure 7 suggested that this individ-

ual was heterozygous at this locus, as indicated by two

nucleotide positions marked with question marks. Each of

these questions marks, posted from the automatic base-

calling software, resulted from the receipt of two overlap-

ping signals of nearly equal intensity. The pairs of overlap-

ping peaks flagged by the two question marks were consis-

tent with nucleotide positions reported to be polymorphic

(12). Given this sequencing, this individual subsequently

was assigned an A1.2/A1.3 genotype (12). Our observation

that these polymorphic nucleotide positions yielded nearly

equivalent peak intensities illustrates our ability to flag

automatically a 1:1 mixture of alleles with use of fluores-

cent-based sequence analysis. This type of automatic anal-

ysis may have useful research applications in carrier de-

tection of genetic diseases, as well as in DNA finger-

printing.

We chose this two-step PCR approach for human DNA

primarily to minimize the formation of secondary PCR

products during amplification of this complex DNA sample.

Unwanted PCR products could yield unwanted signal pro-

duction during in situ DNA sequencing, necessitating gel

purification of the single-stranded PCR product before

sequencing. This two-step approach also should yield 1000-

to 10 000-fold greater amplification, offering the possibility

of amplifying genomic sequences directly from <1 �L o�

unpurified blood. Ultimately, these methodologies should

lead to fully automated repetitive DNA sequence analysir

of genomic DNA, starting directly from whole blood or

tissue.
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