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A new technique, coupled amplifica- 
tion and oligonucleotide ligation 
(CAL), has been developed that al- 
lows for simultaneous multiplex am- 
plification and genotyping of DNA. 
CAL is a biphasic method that com- 
bines in one assay DNA amplification 
by PCR with DNA genotyping by the 
oligonucleotide Iigation assay (OLA). 
By virtue of a difference in the melt- 
ing temperatures of PCR primer-tar-  
get DNA and OLA probe-target DNA 
hybrids, the method allows preferen- 
tial amplification of DNA during 
stage I and oligonucleotide Iigation 
during stage II of the reaction. In 
stage I, target DNA is amplified using 
high-melting primers (T m values be- 
tween 68°C and 89°C) in a two-step 
PCR cycle that employs a 94°C dena- 
turation step and a 72°C anneal-  
elongation step. In stage II, genotyp- 
ing of PCR products by competitive 
oligonucleotide ligation with oligo- 
nucleotide probes (Tm values between 
$1°C and 67°C) located between the 
PCR primers is accomplished by sev- 
eral cycles of denaturation at 94°C 
followed by anneal-ligation at S$°C. 
Ligation products are fluorochrome- 
labeled at their 3' ends and analyzed 
electrophoretlcally on a fluorescent 
DNA sequencer. The CAL procedure 
has been used successfully to analyze 
human genomic DNA for cystic fibro- 
sis (CF) alleles. Because product de- 
tection occurs concurrently with tar- 
get amplification, the technique is 
rapid, highly sensitive, and specific 
and requires minimal sample pro- 
cessing. 

G e n e t i c  typing involves the identifica- 
tion of sequence polymorphisms and/or 
genetic mutations (mutant alleles) in a 

defined segment of genomic DNA by any 
one of a variety of molecular methods. 
Numerous strategies of in vitro genetic 

typing have been developed based on 
the biologic processes of DNA replica- 
tion, DNA ligation, and RNA transcrip- 
tion. °-7) All of these methods are similar 

in that they require initial in vitro enzy- 
matic amplification of a specific ge- 

nomic DNA segment followed by analy- 
sis of the amplification products for 
molecular changes. PCR, the first and 

most common amplification protocol, is 

a powerful method for amplifying min- 
ute amounts of DNA or mRNA, and it 

has achieved widespread application, par- 
ticularly for characterization of genetic 
diseases, identification of disease suscepti- 
bility loci, and diagnosis of cancer. (8-~4) 

Most allelic sequence variants leading 

to human disease involve single-base 

substitutions and small deletion or inser- 
tion mutations. The distinction between 
closely related gene sequences may be 
accomplished by using short synthetic 

oligonucleotide probes under stringent 
hybridization conditions (ls'~6) or by us- 

ing the substrate specificity of DNA- 
modifying enzymes such as restriction 
enzymes or ligases to identify known se- 
quence variants. (3'~7-2°) The oligonucle- 

otide ligation assay (OLA), as originally 
described by Landegren et al., (3) is a very 

useful diagnostic technique that can be 

performed after a primary PCR amplifi- 
cation for detection of alternative DNA 

sequences in very large and complex ge- 
nomes. The principle of the OLA reac- 

tion is based on the ability of ligase to 
covalently join two diagnostic oligonu- 

cleotides as they hybridize adjacent to 

one another on a DNA target. If se- 
quences at the probe junctions are not 

perfectly base-paired, the probes will not 

be joined by ligase. The exquisite ability 
of thermostable ligase to discriminate 
potential single-base-pair differences 

when positioned at the 3' end of the up- 
stream probe provides the opportunity 
for single-base resolution with high ac- 
curacy. (17) 

Because procedures for genotyping 
DNA are being performed with increas- 

ing frequency in both clinical and re- 

search laboratories, there is a demand 
for the development of efficient, simple, 

and low-cost procedures for DNA typing 
that are highly reproducible and easily 

automated. The technique of multiplex 
PCR fulfills these criteria because in one 
reaction multiple and widely separated 

genetic loci can be amplified simulta- 

neously. However, detection of mutant  
alleles or known sequence polymor- 

phisms after multiplex PCR requires 
post-PCR manipulation and/or separa- 
tion of the amplified reaction products. 

Current PCR-based methods for discrim- 
inating alternative nucleic acid se- 

quences depend either on PCR product 

size or sequence and are not ideal for 
screening large numbers of samples. 
Methods that link enzymatic DNA am- 
plification to probe-based detection 

methods in a one-step, single-tube reac- 
tion procedure would greatly facilitate 

genetic typing in a clinical setting. In 
this paper a one-step, single-tube cou- 
pled target amplification and probe liga- 
tion (CAL) procedure is described that 
can both amplify and screen genomic 

DNA at the same time in a multiplex for- 
mat. All of the reactants are added simul- 
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TABLE 1 PCR Primers Used for CAL 

Gene 
location Primer sequence (5' ~ 3') a Tm (°C)b Fragment size (bp) 

Exon 3 

Exon 4 

Exon 5 

Exon 7 

Exon 9 

Exon 10 

Exon 11 

Exon 12 

Exon 13 

Exon 14b 

Intron 19 

Exon 19 

Exon 20 

Exon 21 

F: GAATGGGATAGAGAGCTGG C]-ICAAAGAAAAATCCT 

R: CCTTTATATTTTTACACCTATTCACCAGATTTCGTAGTC 

F: CTAAGAGTTTCACATATGGTATGACCCTC 

R: CCCTTACTTGTACCAGCTCACTACCTA 
F: ATTTCTGCCTAGATGCTGGGAAATAAAAC 

R: CCAGGAAAACTCCGCCTTTCCAGTTG 

F: CTCTAGAGACCATGCTCAGATCTTCCAT 

R: GCAAAGTTCATTAGAACTGATCTATTGACT 

F: TATACAGTGTAATGGATCATGGGCCATGT 

R: GTGCAAGATACAGTGTTGAATGTGGTGCA 
F: GTGCATAGCAGAGTACCTGAAACAGGAAGTA 

R: TGATCCATTCACAGTAGCTTACCCATAGAGG 
F: CAACTGTGGTTAAAGCAATAGTGTGATATATGATTACAT 

R: GCACAGATTCTGAGTAACCATAATCTCTACCAAATC 

F: GTGAATCGATGTGGTGACCATATTGTAATGCATGTA 

R: ACCATG CTACATTCTG CCATACCAACAATGGTGAAC 

F: CTCATGGGATGTGATTCTI'TCGACCAATTTAGTG 

R: AGAATCTGGTACTAAGGACAG CCI-FCTCTCTAA 
F: CATCACAAATAATAGTACTTAGAACACCTAGTACAGCTGCT 

R: GCCCTGAACTCCTGGGCTCAAGTGATCCTCCTGC 

F: AATTATAATCACCTTGTG GATCTAAAFTTCAGTTGACTTGTC 

R: TI-IAAGACATACCCTAAATCTAAGTCAGTGTTTTCTAATAAC 

F: GCCCGACAAATAACCAAGTGACAAATAG 
R: GCTAACACATTGCTTCAGGCTACTG GG 
F: GGTCAGGATTGAAAGTGTGCAACAAGGTTTGAATGAATAAG 

R: CTATGAGAAAACTGCACTGGAGAAAAAAAAGACAGCAATG 
F: AATGTTCACAAGGGACTCCAAATATTG CTGTAGTATTTG 

R: TCCAGTCAAAAGTACCTGTTGCTCCAGGTATGTTAGGGTA 

81.5 213 

76.3 
69.1 451 

68.6 
73.3 402 

78.3 
71.5 416 

68.5 
74.2 578 

76.6 
74.3 503 

75.5 
75.7 425 

76.4 
80.7 339 

83.6 
80.2 297 

74.0 
76.4 476 

88.9 
79.1 300 

74.7 
73.9 454 

75.0 
84.7 473 

82.7 
80.2 483 

83.7 

aprimer sequences indicated in boldface type are from Zielenski et al. (26) 
bT m values were calculated by nearest-neighbor analysis as described by Breslauer et al. (zT) 

taneously in one tube, and product de- 

tection occurs together with target 

amplification. Manual work and sample 

handling are minimized; therefore, large 

numbers of samples can be handled and 

the risk of PCR carryover contamination 
is reduced to a minimum. The simplicity 

of the method makes it readily amenable 

to automation. To demonstrate its util- 

ity, this technique has been applied suc- 

cessfully for mutliplex amplification and 

detection of cystic fibrosis (CF) muta- 
tions in one reaction and in a single gel 

lane. 

MATERIALS AND METHODS 

Source of DNA 

Human genomic DNA was prepared 

from peripheral blood-nucleated cells 

and buccal cells. DNA was isolated from 

whole blood using the guanidinium 
method for extracting DNA. (21) DNA was 

extracted from buccal cells by boiling as 
described previously. °8) 

Oligonucleotide Primers and Probes 

Sequences of the primers and probes 

used in this study are given in Tables 1 

and 2 (below). All primers used for PCR 

and probes used for oligonucleotide liga- 

tion were synthesized on an Applied Bio- 
systems model 394 DNA synthesizer 

using standard cyanoethyl phosphora- 

midite chemistry. Reporter probes for 

oligonucleotide ligation were chemi- 

cally 5'-end phosphorylated using 5'- 

phosphate-ON (5210-1, Clontech Labo- 

ratories, Inc., Palo Alto, CA) and 3'- 

end labeled with the fluorescent dye 

FAM-NHS ester (5-carboxy-fluorescein). 

FAM-labeled, phosphorylated oligonu- 

cleotides were purified from nonconju- 
gated oligonucleotides by reverse-phase 

high-pressure liquid chromatography 
(HPLC). (z2) PCR primers and genotype- 

specific oligonucleotide probes were pu- 

rified using oligonucleotide purification 

cartridges (Applied Biosystems). Purified 
primers and probes were lyophilized, re- 

suspended in sterile distilled water, and 
quantified spectrophotometrically. 

Conditions for CAL 

Optimization experiments led to the fol- 

lowing protocol for performing CAL re- 

actions. CAL reactions were performed 

in a total volume of 50 i~1 in 0.2-ml thin- 

wall tubes in a Perkin-Elmer 9600 DNA 

thermocycler. Each reaction contained 2 

t~1 of DNA (100-500 ng) extracted from 

peripheral blood or 2 i~1 of DNA from 

boiled mucosal cell lysates, primers for 

multiplex PCR (200-800 riM), and oligo- 

nucleotide probes (2.5-15.0 nM) in 

buffer containing 10 mM Tris-HC1 (pH 

8.3), 50 mM KC1, 4.5-6.0 mM MgC12, 1 

mM NAD ÷, 200-600 I~M each dATP, 

dCTP, dGTP, and dTTP, 5 units of 

cloned Taq DNA polymerase, and 20- 

100 units of Taq DNA ligase. (za) To avoid 
contamination, tips with barriers were 

used for all pipettes. Following a 5-min 

denaturation at 94°C, samples were sub- 

jected to 25 PCR amplification cycles, 

each consisting of 94°C for 30 sec and 
72°C for 1.5 rain. This was followed by 
heating at 98°C for at least 5 min 
and then 5-10 oligonucleotide ligation 
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cycles of 94°C for 30 sec and 55°C for 2 
min. 

Detection of Ampliflcation-Ligation 
Products 

A 0.5- to 2.0-1~1 aliquot of each CAL reac- 

tion was combined with 10 fmoles of in- 
ternal lane standard consisting of oligo- 

mers 30-70 bases in size, labeled with 
the dye ROX (6-carboxy-X-rhodamine) 

and 4 i~l of formamide loading buffer. 

Samples were heat denatured at 100°C 
for 5 min, cooled rapidly on ice, and 

loaded onto an 8% polyacrylamide dena- 
turing sequencing gel. Gels were electro- 

phoresed for 3--4 hr at 1500 V in an Ap- 
plied Biosystems model 373A fluorescent 
DNA sequencer. The location and rela- 

tive quantity of ligation products were 
automatically recorded with GENESCAN 

672 software (Applied Biosystems) as de- 
scribed previously. °8'z4) PCR products 

were analyzed by electrophoresis in 3% 
MetaPhor agarose (FMC BioProducts, 
Rockland, ME) gels in l x  TBE buffer at 

100 V for 5-6 hr and visualized by stain- 

ing with 0.5 i~g/ml of ethidium bromide. 

Model 

The cystic fibrosis transmembrane con- 
ductance regulator (CFTR) gene, with 

over 300 known alleles, was used as the 

model system to develop the CAL proce- 
dure. (zs) High-melting-temperature PCR 

primers (Tin values between 68.5°C and 
88.9°C) were used to amplify CFTR ex- 

onic and intronic sequences in a two- 
step, multiplex PCR format (Table 1). (26) 

CFTR-amplified targets were genotyped 

by competitive oligonucleotide ligation 
with short oligonucleotide probes (Tin 
values between 51.4°C and 67.7°C) (Ta- 
ble 2). 

RESULTS 

Strategy for CAL of Genomic DNA 

The hypothesis was that PCR and oligo- 

nucleotide ligation could be carried out 

together without significant impairment 
of amplification or ligation if the melt- 
ing temperature of the target-specific oli- 

gonucleotide probes (OLA) was consider- 
ably lower than the anneal-elongation 
temperature of the PCR reaction. Figure 

I illustrates the general framework of the 

procedure. Initially, conditions are 
weighted in favor of PCR to allow ampli- 
fication of desired allelic segments from 

genomic DNA to provide templates for 
the ligation reaction. A two-step PCR 

cycle with an anneal-elongation tem- 
perature of 72°C was carried out using 

primers designed to anneal at high tem- 
peratures (see Table 1) and a reaction 
buffer system developed to support both 

PCR and oligonucleotide ligation. Allelic 
discrimination by competitive oligonu- 

cleotide ligation is accomplished in stage 
II simply by lowering the temperature to 

55°C to allow the oligonucleotide probes 
(Table 2) present in the reaction mixture 
to align and hybridize with their ampli- 

fied target sequences. Reporter (down- 
stream, invariant) oligonudeotide probes 

contained a 3'-fluorophore (FAM) label 
for detection of ligation products and for 

blockage of 3'-end extension by Taq 

polymerase. Taq polymerase extension 

from the 3' ends of genotype-specific 

(upstream, diagnostic) oligonucleotides 

may occur but would be undetectable 

because it prevents ligation. Diagnostic 
oligonucleotide probes have 5'-poly(A) 

extensions of different lengths for sepa- 

ration of allelic ligation products by elec- 
trophoretic mobility. (la'z4) 

Optimization of the PCR Reaction 
(Stage l) 

The CFTR gene was chosen as a model 

system. Target DNA samples represent- 

ing the different CF alleles were gener- 
ated by amplification of 13 exonic and 1 

intronic segment of the CFTR gene. Am- 
plification priming sites for CFTR exons 
were selected from intronic regions bor- 

dering each exon; CFTR intron 19 se- 

quences were amplified from primers lo- 
cated - 1 0  kb from the 5' intron-exon 
junction. (26) 

Primer construction and annealing 
temperature appeared to have a signifi- 

cant effect on the production of discrete, 
reproducible amplification products with- 

out background. Two different types of 
primers were tested. One set consisted of 

short ( - 2 0  bases), low-melting-tempera- 

ture primers (Tm -61°C), originally de- 
veloped by Zielenski et al. (z6) A second 

TABLE 2 Oligonucleotide Probes for Detection of CF Mutations by CAL 

Ligation product 
size (bases) 

Wild-type probe Mutant probe Common probe wild 
Mutation (5' ~ 3') a (5' ~ 3') a ( 5 ' ~  3') b type mutant 

AF508 (a21 )-CACCATTAAAGAAAATATCATCTT (59.5) c (a20)GGCACCATTAAAGAAAATATCAT (62.1) c TGGTGTT TCCTATGATGAATAT (58.5)c 67 65 

G 5 4 2 X  GTGA]-TCCACCTTCTCC (52.8) GTGTGATTCCACCTTCTCA (57.0) AAGAAC TATATTGTCTTTCTCT (51.4) 39 41 
G 5 5 1 D  (a2)-TAAAGAAATTCTTGCTCGTTGAC (63.1) TAAAGAAATTC TTGCTCGTTGAT (62.8) CTCCACTCAGTGTGATTCCA (60.1) 45 43 

W1282X (a 5)-TATCACTCCAAAGGCTTTCCTC (64.7) (a7)-TATCACTCCAAAGGCTTTCCTT (64.5) CACTGTTGCAAAGT TAT TGAATCC (65.3) 51 53 

N1303K (c4)-TATTTTTTCTGGAACATTTAGAAAAAAC (65 .8 )  (c6)-TATT]-TTTCTGGAACATTTAGAAA AAAG (65.9)  TTGGATCCCTATGAACAGTGGAG (67.3) 55 57 

3905inky (a 10)-AAGAGTACTTTGTTATCAGCTTTTTT (62.2) (a 12)-AAGAGTACTTTGTTATCAGC3-TTTTT T (63 .7 )  GAGACTACTGAACACTGAAG GAG (59.4) 59 62 

3849+10kbC->T (a25)-ATCTGTTGCAGTAATAAAATG GC (62.9) (a26)-CATCT GT TGCAGTAATAA#,ATGG T (62.9) GAG TAAGACACCC TGAAAGGAA (62.2) 70 72 

3849+4A->G (a)-CCTGGCCAGAGGGTGA (61.2) CTGGCCAGAGGGTGG (58.4) GATTTGAACACTGCTTGCT (57.4) 36 34 
3659delc (a2)-CAACAGAAG GTAAACC TAC (50.9) CCAACAGAAGG TAAACCTA (54.2) CAAGTCAACCAAACCATACA (58.1) 41 39 

R117H AC TAGATAAATCGC GATAGAGC (60.1) (a2)-ACTAGATAAATCGCGATAGAGT (57.2) GTTCCTCC TTGTTATCC GGGT (66.3) 43 45 

FI1162X (a)- TTTCAGATGCGATCTGTGAGCC (69.3) (a3)-T TTCAGATGCGATCTGTGAGCT (66.7) GAGTCTT TAAG TTCATTGACATGC (62.3) 47 49 

1 71 7-1 G->A (a4)-TCTGCAAACTTGGAGATGTCC (64.3) (a6)-TCTGCAAACTTGGAGATGTCT (61.5) TATTACCAAAAATAGAAAATTAGAGA (59.2) 51 53 

621 ,,-1 G-sT (a7)-TATGTTTAGTTTGATTTATAAGAAGG (59.3) (ag)-TATGTTTAGTTTGAT TTATAAGAAGT (56.~,) TAATACTTCCTTGCACAGGCCC (67.7) 55 57 

R553X (a 18)-TGCTAAAGAAATTCTTGCTCG (62.4) (a20)-3-TGCTAAAGAAATTCTTGCTCA (62.1) TTGACCTCCAC TCAGTGTGA (60.5) 59 62 

2789+5G->A .(c27)-CACAATAGGACATGGAATAC (54.1) (c25)-CACAATAGGACATG GAATAT (53.8) TCACTTTCCAAGGAGCCAC (62.3) 66 64 

as'-Poly(A) or poly(C) extensions were added to wild-type and mutant probes for multiplex detection of alleles by gel electrophoresis. 
bProbes were 5'-phosphorylated and fluorescently labeled at their 3' ends with the fluorescein dye FAM. 
CT m values calculated by nearest-neighbor analysis as described by Breslauer et al. (27) 
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FIGURE 1 A schematic representation of the CAL method. The basis of the method is use of 
high-melting-temperature PCR primers in a two-step PCR cycle with an anneal-elongation tem- 
perature that is above the melting temperature of the oligonucleotide probes present in the 
reaction mix. Amplification of genomic target occurs in stage I. Allelic variants (G --~ A transition) 
in the amplified target are distinguished by oligonucleotide ligation in stage II. A set of three 
probes is required to analyze each alternative sequence, one for each allele and one reporter 
5'-phosphorylated probe labeled with a fluorophore (F) at its 3' end. Probes mismatched to the 
target by a single nucleotide at their junctions are not ligated. Ligation products are detected 
using a fluorescent DNA sequencer. 

set of longer ( -33  bases), high-melting- 

temperature primers (Tin - 77°C) was de- 

signed for use in a two-step cycle linked 

to target detection by probe-based oligo- 

nucleotide ligation (CAL). Many of these 
primers (Table 1) are longer extensions 
of the low-melting-temperature primers 
used by Zielenski et al. (z6) The melting 

temperatures of the PCR primers given 

in Table 1 are not exact for the PCR con- 

ditions used but, rather, represent esti- 

mates based on base sequence and near- 
est-neighbor analysis. (27) The effect of 
primer annealing temperature on ampli- 

fication of CFTR gene segments using 
low- and high-melting-temperature PCR 

primers is demonstrated in Figure 2. 

Multiple nonspecific fragments are seen 

in ethidium bromide-stained gels when 

the primer annealing temperature is 

55°C (Fig. 2A,B), indicating that at this 

temperature ectopic misprimed products 

are formed by primer annealing to sites 

on the DNA other than the correct prim- 

ing sites. A marked improvement in 

specificity resulted when high-melting- 

temperature primers were used at an an- 

nealing temperature of 72°C. Under 

these conditions, primer-directed ampli- 

fication at each locus became optimally 

efficient and CFTR gene-specific frag- 

ments were the major amplification 

products (Fig. 2B, cf. top and bottom). At 

72°C the low-melting-temperature prim- 

ers have poor amplification efficiency, 

leading to little or no PCR product accu- 

mulation (Fig. 2A, lanes 5-8). Interest- 

ingly, the two-temperature PCR format 

(94°C, 30 sec; 72°C, 1.5 min) with high- 

melting-temperature primers afforded 

more specificity in PCR than a standard 

three-cycle PCR (94°C, 30 sec; 55°C, 30 

sec; 72°C, 1.5 min) using the same prim- 

ers but carried out utilizing the hot start 
PCR technique (data not  shown). (2s) 

Only primers with high melting temper- 

atures were used for all subsequent ex- 

periments (Table 1). 

Amplifications were initially per- 

formed separately for each PCR primer 

pair and then combined into various 

multiplex formats, as shown in Figure 3. 

Although nonspecific primer artifacts 

may increase with each added primer, all 

primer pairs used in this study gave 

clean signals alone and in various mul- 

tiplex formats (cf. Figs. 2 and 3). As little 

as 1 ng of purified genomic DNA tem- 

plate produced easily visible amounts of 

multiplex PCR product on ethiduim bro- 

mide-stained MetaPhor agarose gels 

(data not shown). The multiplex PCR re- 

action parameters and cycling profile 
were stringently optimized to provide a 

robust PCR with maximal product yields 

and negligible amounts of undesired, 

spurious PCR bands. For example, the 

magnesium concentration was varied 

from 1.5 to 6.0 mM in reactions with the 

dNTP concentrations fixed at 200, 400, 

or 600 ~M; even at high magnesium con- 

centrations, mispriming at nontarget 

sites was not evident. Magnesium and 

dNTP requirements increased, as ex- 
pected, when the number  of amplicons 
in the multiplex PCR was increased. 

Higher magnesium concentrations (4.5- 
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FIGURE 2 Effect of different anneal-elongation temperatures and primer length on PCR ampli- 
fication from the CFTR gene. The template was human genomic DNA. (A) The reactions used 
lower-melting-temperature primers (z6) to amplify CFTR exons 10 (lanes 1,5), 11 (lanes 2,6), 20 
(lanes 3,7), and 21 (lanes 4,8). (Lanes I-4) The results using a three-step cycle are as follows: 94°C 
denaturation, 30 sec; 55°C annealing, 30 sec; 72°C elongation, 1.5 min. (Lanes 5-8) The reactions 
used a two-step cycle of 94°C denaturation: 30 sec and 72°C anneal-elongation, 1.5 rain. PCR- 
amplified DNA fragments were separated in 3% MetaPhor agarose gels in lx  TBE and stained 
with ethidium bromide. (B) Higher-melting-temperature primers (see Table 1) were used to 
amplify CFTR exons 3 (lane 1), 4 (lane 2), 5 (lane 3), 7 (lane 4), 9 (lane 5), 10 (lane 6), 11 (lane 
7), 12 (lane 8), 13 (lane 9), 14b (lane 10), 19 (lane 11), 20 (lane 12), 21 (lane 13), and intron 19 
(lane 14) in a three-step PCR cycle (top) or a two-step cycle (anneal-elongation at 72°C, bottom). 
Arrows indicate the positions of HaeIII-digested pBR322 DNA size markers. 

6.0 mM) were chosen for use in the PCR 

reaction to ensure efficient ligation in 

the subsequent probe ligation step (stage 

II). 

Optimization and Characterization 

of the CAL Reaction (Stage I I)  

The results of a series of titration exper- 

iments resulted in the optimized CAL 

buffer and cycling conditions indicated 

in Materials and Methods. Examples of 

multiplex amplification of CFTR ampli- 

cons performed under  CAL conditions 

and, for comparison,  under  s tandard op- 

timized multiplex PCR conditions, can 

be seen in Figure 3. Except for a slight 

reduction in product  yield for some frag- 

ments, multiplex amplification of 14 

CFTR amplicons under  CAL conditions 

gave results identical to those obtained 

under  standard conditions for 14-plex 

CFTR PCR (Fig. 3A, cf. lanes I and 2). The 

feasibility of using check mucosal  cellu- 

lar DNA extracted simply by boiling in 

multiplex PCR under  CAL condit ions is 

demonstrated in Figure 3C. When  an- 

nealing and elongation are both  carried 

out at 72°C, the diagnostic OLA probes 

that are located between each set of PCR 

primers do not  block the PCR reaction 

significantly. However, if a three-step 

PCR cycle was done with an anneal ing 

step at 55°C followed by elongation at 

72°C, there was a striking reduction in 

the yield of PCR product (data not  

shown). 

Figure 4 shows a comparison of mul- 

tiplex typing by CAL and by the stan- 

dard, two-tube PCR and OLA procedure. 

CFTR amplicons generated in a 14-plex 

PCR reaction or in stage I of the CAL pro- 

tocol (Fig. 3A, lanes 1,2) were analyzed 

by competitive oligonucleotide ligation 

with 21 ligation probes specific for seven 

c o m m o n  CF mutations~ The CAL results 

are the same as those produced when  

each reaction is performed separately in 

the standard PCR and OLA formats (Fig. 

4, cf. A with B and C). 

Discrimination of CFTR Alleles by 
CAL 

Over 300 CFTR mutan t  alleles resulting 

from either single-nucleotide substitu- 

tions (point mutations) or small deletion 

and/or insertion mutat ions have been 

identified. (zs) The CAL procedure was 

tested for its ability to detect 30 CFTR 

alleles distributed throughout  10 exons 

and 7 introns of the CFTR gene. Ge- 

nomic  DNA samples from peripheral 

blood leukocytes of normal,  homozy- 

gous mutan t  and heterozygous individ- 

uals were typed for 15 CF mutan t  alleles 

using the CAL procedure. As shown in 

Figure 5, ligation products are allele-spe- 

cific, and no mismatched ligation prod- 

ucts, formed from incorrect ligation of a 

mutan t  probe to normal  DNA (or vice 

versa), were evident. The minor  peaks 

seen in the tracings in Figures 4 and 5 

A .  

1 2 3 4 5 6 

• =,-,. 4 3 4  

2 6 7  

B. 
C. 

1 2 3 4  1 2 3 4  

• ..,,,. 434  

.,,,.,,, 4 3 4  

. * . - , 267  

FIGURE 3 Multiplex PCR of CFTR sequences 
and the effect of CAL on the PCR reaction. 
(A,B) Multiplex (14-plex) amplification of 
CFTR exons 3-5, 7, 9-13, 14b, and 19-21 and 
intron 19 in a standard PCR format (A, lane 1) 
and in the CAL reaction (A, lane 2). Optimized 
multiplex PCRs for exons 10, 11, 20, and 21 
and intron 19 (lane 3); exons 4, 11, 14b, and 
19 (lane 4); exons 3, 5, 7, 12, and 13 (lane 5); 
and exons 4, 9, 10, and 11 (lane 6) are shown 
for comparison and to enable identification 
of PCR products in the 14-plex reaction. (B) 
The results of similar amplifications per- 
formed in the presence of oligonucleotide 
probes in the CAL reaction. (C) Effect of sam- 
ple preparation. DNA from boiled cell lysates 
of buccal ceils was amplified in the CAL reac- 
tion (lane 1) and, for comparison, in a stan- 
dard, optimized multiplex PCR of CFTR exons 
10, 11, 20, and 21 and intron 19 (lane 2). 
(Lanes 3,4) Optimized PCR reactions carried 
out using DNA from proteinase K-treated 
boiled cell lysates and from phenol-chloro- 
form-purified buccal cell DNA, respectively. 
All amplification and CAL reactions were 
done in 50-1~1 volumes, and 10-~1 aliquots 
were separated on 3% MetaPhor agarose gels 
and visualized by ethidium bromide staining. 
Arrows mark the migration of HaelII-digested 
pBR322 DNA fragments. 
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FIGURE 4 Comparison of PCR followed by oligonucleotide ligation and CAL for detection of 
normal CF alleles. (A) CFTR sequences in purified DNA from peripheral blood cells of a normal 
individual were amplified in a 14-plex PCR reaction, and a 2-1~1 aliquot was withdrawn and 
analyzed for CFTR alleles in a separate OLA reaction. (B) The same DNA was amplified by 14-plex 
PCR in the CAL procedure for simultaneous amplification and detection of the indicated CFTR 
alleles. (C) DNA from buccal cells of a normal individual purified by boiling for 20 min was 
analyzed in a similar 14-plex CAL reaction. Three oligonucleotide probes (two aUelic probes and 
one reporter probe) were required for analysis of each of the indicated alleles for a total of 21 
oligonucleotide ligation probes. The ligation products (1-~1 aliquots) were separated on 8% 
denaturing polyacrylamide gels in a fluorescent DNA sequencer. The electrophoretogram dis- 
plays representing real-time fluorescence detection of ligation products are shown. The y-axes 
display peak heights measured by fluorescence intensity in arbitrary units, and the x-axes rep- 
resent size in bases. Oligonucleotides 30-70 bases long and labeled with the fluorochrome ROX 
were used as internal lane size markers. 

most probably result from ligation of 

fluorescent invariant  (reporter) probes 

with allelic "failure sequences." The 

poly(A) extensions present on allelic 

probes for sizing are vulnerable  to depu- 
rination following alkali deprotection, 

thus forming short failure sequences 

that are able to ligate with fluorescent 

probes. Accurate allelic discrimination 

for the other 15 less c o m m o n  CF muta- 

tions was also performed sucessfully us- 

ing the CAL protocol (data not shown). 

Control samples containing no DNA 
were analyzed by CAL, and no back- 

ground ligation was ever observed (Fig. 

5C). 

DISCUSSION 

The striking feature of the CAL method-  

ology is that it can combine  amplifica- 

tion with mutat ion detection in one re- 

action. In CAL genotyping, gene 

segments or DNA targets are amplif ied 

by mult iplex PCR using primers with 

high mel t ing temperatures; allelic dis- 

cr iminat ion occurs s imply by lowering 

the reaction temperature to facilitate hy- 

bridization and competit ive oligonucle- 

otide ligation of allele-specific probes 

with lower mel t ing temperatures. By 

l inking the powerful techniques of mul- 

tiplex amplif icat ion and mul t ip lex olig- 

onucleotide ligation in one reaction, 

CAL enables rapid, s imultaneous scan- 

n ing of m a n y  DNA loci with both the 

high sensitivity of PCR and the accuracy 

and exceptional single-base resolution of 

oligonucleotide ligation. The concept 

that DNA amplif icat ion and DNA geno- 

typing can be sustained in one reaction 

by virtue of differences in mel t ing be- 

havior of pr imer- templa te  and probe-- 

template DNA hybrids has not  been ex- 

plored previously. In this paper the 

development  of this concept into a use- 

ful CAL method  is described and tested 

by analysis of mutat ions in the CFTR 

gene. 
CAL utilizes a PCR buffer modif ied to 

contain 1 mM NAD + and oligonucle- 

otide probes to perform both  amplifica- 

tion and ligation. In the present study, 

oligonucleotides of 26-42 nucleotides 

and 15-28 nucleotides were used suc- 

cessfully as CAL primers and probes, re- 

spectively. A two-temperature PCR reac- 

tion was carried out at a temperature 

above the mel t ing temperatures of the 

diagnostic probes. With  few exceptions, 

significant inhibi tory  effects of the olig- 

onucleotide probes on extension by Taq 

DNA polymerase were not  observed, in- 

dicating min ima l  probe hybridizat ion at 

the PCR annea l -e longa t ion  temperature 

of 72°C. (29) Reduced yields of exon 11 

amplicons were observed and may re- 

flect the h igh  concentrat ion of mutan t  

alleles in this region of the gene. PCR 

amplicons are ideal templates for liga- 

tion because they are relatively small  in 

size and abundant .  At low target concen- 

trations, the ligation reaction is very 

slow, but  at template concentrat ions 

above 1 nM, the efficiency of ligation is 

at least 80%. Interestingly, inclusion of a 

5- to 10-min 98°C incubat ion step after 

stage I of the CAL reaction improves li- 
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FIGURE 5 Discrimination of CFTR alleles by CAL. Purified peripheral 
blood DNA from normal, heterozygous, and homozygous individuals 
was tested in the CAL procedure for simultaneous amplification and 
detection of the indicated CFTR alleles. CAL reactions were performed to 
detect CFTR alleles in the amplification products from exons 10, 11, 20, 
and 21 and intron 19 (A) and exons 4, 11, 14b, and 19 (B). Control 
reactions containing no DNA or no ligase are shown in C. The CAL 
reaction conditions were as follows: 10 mM Tris (pH 8.3), 50 mM KC1, 6.0 
mM MgC12, 1 mM NAD +, 600 p.M each dNTP, 600-800 nM of each PCR 
primer, 5 units of cloned Taq polymerase, 5-15 nM of each OLA probe 

(one common and two alleleic probes for analysis of each allele), 100 units of Taq DNA ligase, and 500 ng of template DNA in a 50-p.1 volume. The 
cycle profile was as follows: 25 cycles of 94°C for 30 sec, 72°C for 1.5 min for amplification; incubation at 98°C for 10 min; and 94°C for 30 sec, 55°C 

for 2 min for 10 cycles for ligation. Aliquots (1 p J) of the samples were analyzed by electrophoresis in a fluorescent DNA sequencer as described in 
the legend to Fig. 4. Mutant alleles are indicated as filled peaks. 

gation efficiency and results in consider- 

ably increased yields of specific ligation 

products. 

Genotype-specific ligation products 

are dist inguished from other  compo- 

nents in the CAL reaction mixture by 

both  fluorescence and size. A fluoro- 

phore, coupled to the 3' end of the 

downstream (invariant or reporter) 

probe, not  only enables detection of li- 

gation product but  also acts to block any 

3'-end extension by Taq polymerase that  

may occur during the 55°C anneal-l iga- 

t ion stage of the reaction. Allelic or up- 

stream probes contained 5' noncomple-  

mentary nucleotide extensions of 

different sizes for identif ication by elec- 

t rophoret ic  mobility. Allelic probes, ex- 

tended at their  3' ends by Taq poly- 

merase, would not  be detected because 

extension prevents ligation. Degradation 

of allelic probes by Taq polymerase 

5 ' - ~  3' exonuclease activity during 

probe anneal ing at 55°C would result in 

small, fluorescently labeled ligation frag- 

ments, o°) The minor  con tamina t ing  

peaks seen in the tracings in Figures 4 

and 5 most  likely result from ligation 

with allelic failure sequences and no t  de- 

graded allelic probes because similar 

bands are present in samples analyzed by 

the standard two-tube PCR and OLA pro- 

cedure (Fig. 4). In addition, because 
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probes must bind to DNA template be- 

fore extension from PCR primers blocks 

their binding sites, there is a greater 

chance that PCR primers, present at 

higher concentrations (0.2--0.8 I~M), will 

be extended by Taq polymerase before 

binding and degradation of nanomolar 
amounts of probe can occur. 

A salient feature of the stringent, two- 

step PCR cycle used in the CAL experi- 

ments was its high yield of correct-sized 

PCR products uncontaminated with spu- 

rious-sized fragments. In general, by se- 

lecting long oligonucleotide primers 
that have higher melting temperatures, a 

margin of safety and flexibility is built 
into the PCR reaction. (31) Gene polymor- 

phisms causing primer mismatches, 

even when present at the 3' terminus, 
can be accommodated using long, high- 
melting-temperature primers. (a2) High- 

melting-temperature, long primers 

should facilitate amplification in GC- 

rich regions, (3a) and they should also be 

useful as simple alternatives to nested 

PCR for reliable synthesis of specific am- 
plicons. 

The ability to detect accurately and re- 

producibily DNA sequence variants in 

complex genomes and to scan many loci 

simultaneously is essential for clinical 

molecular genetic testing. A molecular 
diagnostic test requires faithful multi- 

plex amplification of target DNA, accu- 

rate single-base allelic discrimination 

with no false positives, low background, 

and adaptability to an automated, high- 

throughput format. A variety of different 
strategies and techniques is currently 

available for detection of known varia- 

tions in nucleic acid sequence such as 

allele-specific oligonucleotide (ASO) hy- 

bridization, single-nucleotide primer ex- 

tension (minisequencing), or oligonu- 
cleotide ligation. (16,34,3s) However, these 

methods all require post-PCR manipula- 

tion of the sample for mutation probing. 

In addition, development of multiplex 

ASO probes requires detailed knowledge 

of gene segment melting properties, 

careful control of reaction conditions, 
and tedious filter washing for optimal 
hybridization stringency. (36) 

Several advantages of the CAL 

method over methods described previ- 

ously should be emphasized. A one-step 

procedure has advantages relative to an 
analysis requiring multiple steps. Prod- 
uct detection occurs in the same tube 
with target amplification and thus re- 
quires little handling of the sample, re- 

ducing the chance of sample contamina- 
tion. In addition, expense of reagents 

and preparation time is less in a one-step 

multiplex procedure, thus conserving 

costly enzymes and templates. All types 

of nucleic acids, including genomic DNA 

(eukaryotic and prokaryotic), plasmid, 

phage or viral DNA, cDNA, and even mR- 

NAS, can function as substrates for the 

CAL reaction. 

Allelic discrimination in probe liga- 

tion-based assays rests on the ability of 
ligase to distinguish single-base mis- 

matches. The ligation reaction requires 

only that the terminal and penultimate 

nucleotides on both sides of the junction 

of the two probes be base-paired cor- 

rectly; mismatches located elsewhere in 
the probe do not prevent ligation. (3'2°'3S) 

For this reason, the test will be less af- 

fected by DNA sequence polymorphisms 

than methods relying exclusively on 

melting temperature. (a7) Probes differ- 

ing in their denaturation temperatures 

owing to variations in their length and 

relative GC content can be readily mul- 

tiplexed in one reaction because specific- 

ity is determined primarily by probe li- 

gation. In addition, by using different 

fluorescent dyes to label oligonucleotide 

probes, the efficiency of the CAL method 

can be increased even more. 

A crucial factor in determining the 

utility of a clinical assay for distinguish- 

ing two alleles differing by a single base 

pair is the signal-to-noise ratio. Like CAL, 

the ligase chain reaction (LCR) accom- 

plishes both amplification and single- 

nucleotide discrimination in one tube. 

LCR uses four oligonucleotide probes 

complementary to both target DNA 

strands and produces exponential in- 
creases in ligation products. (2) However, 

in LCR, signal-to-noise ratios are high 

because background target-independent 

ligation produces a product indistin- 

guishable from the target-specific prod- 

uct, a serious obstacle that hinders use of 

LCR for diagnostic genetics. In OLA and 

CAL, amplification is linear but there is 

absolutely no background, target-inde- 

pendent ligation (Fig. 5C). 

Genetic diseases frequently result 

from single-base-pair substitution muta- 

tions or small deletion and insertion 
mutations. (laA9) Strains of bacterial and 

viral pathogens also can be distin- 
guished often by variations in single-nu- 
cleotide sequences. For example, point 
mutations in HIV reverse transcriptase 
produce viral strains resistant to antiviral 

drugs. (3a~ Single-point mutations result- 

ing in activation of proto-oncogenes or 

inactivation of tumor suppressor genes 

have been associated with many human 

cancers. (a9) The CAL method described 

in this paper provides in one assay the 

advantages of both a polymerase-based 

and a ligase-based amplification tech- 

nique, and, as such, it should find wide 

application in molecular genetic analy- 

ses of point mutations and small dele- 

tions or insertion mutations. For exam- 

ple, the sensitivity and accuracy of the 

CAL procedure make it well-suited for 

analysis of genetic changes in cancer 

cells that are often present in low abun- 

dance in tissue samples. 
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