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This study describes a practical system that allows high-throughput genotyping of single nucleotide

polymorphisms (SNPs) and detection of mutations by allele-specific extension on primer arrays. The method

relies on the sequence-specific extension of two immobilized allele-specific primers that differ at their

3�-nucleotide defining the alleles, by a reverse transcriptase (RT) enzyme at optimized reaction conditions. We

show the potential of this simple one-step procedure performed on spotted primer arrays of low redundancy by

generating over 8000 genotypes for 40 mutations or SNPs. The genotypes formed three easily identifiable

clusters and all known genotypes were assigned correctly. Higher degrees of multiplexing will be possible with

this system as the power of discrimination between genotypes remained unaltered in the presence of over 100

amplicons in a single reaction. The enzyme-assisted reaction provides highly specific allele distinction, evidenced

by its ability to detect minority sequence variants present in 5% of a sample at multiple sites. The assay format

based on miniaturized reaction chambers at standard 384-well spacing on microscope slides carrying arrays with

two primers per SNP for 80 samples results in low consumption of reagents and makes parallel analysis of a

large number of samples convenient. In the assay one or two fluorescent nucleotide analogs are used as labels,

and thus the genotyping results can be interpreted with presently available array scanners and software. The

general accessibility, simple set-up, and the robust procedure of the array-based genotyping system described

here will offer an easy way to increase the throughput of SNP typing in any molecular biology laboratory.

Presently, there are major efforts in progress to dis-

cover random SNPs covering the entire human ge-

nome, as well as SNPs located close to or within func-

tionally important candidate genes. The SNPs are

planned to be used as markers in large-scale searches

for genes underlying common, multifactorial diseases

by linkage disequilibrium mapping or genetic associa-

tion studies (Schafer and Hawkins 1998; Collins et al.

1999). Functional SNPs in genes encoding drug-

metabolizing enzymes, drug transporters, and recep-

tors may form the basis for future design and develop-

ment of new therapeutics. SNPs represent the most

common form of human genetic variation, and func-

tional SNPs encompass the majority of the mutant al-

leles actually causing or predisposing to human dis-

eases. Although SNP markers are the most obvious

targets for high-throughput genotyping today, diag-

nostics and carrier screening in classical Mendelian dis-

orders would also benefit largely from technology that

allows efficient, reproducible multiplex genotyping of

sequence variations at the single nucleotide level at

low cost. Technology for multiplex mutation detection

would be particularly beneficial in disorders with pro-

nounced allelic heterogeneity (Estivill et al. 1997; the

Cystic Fibrosis Genetic Analysis Consortium, http://

www.genet.sickkids.on.ca/cftr-cgi-bin/FullTable) and

for analyzing panels of commonly recurring mutations

(Bertina et al. 1994; Feder et al. 1996; Denoyelle et al.

1997; Peltonen et al. 1999).

To use microarrays with oligonucleotide reagents

immobilized on small surfaces in miniaturized assays is

a frequently proposed approach for multiplex genotyp-

ing of SNPs and large-scale mutation screening (re-

viewed by Southern 1996; Hacia 1999a). Microarray-

based technology for analyzing the expression levels of

thousands of genes per single experiment is well estab-

lished (Iyer et al. 1999; reviewed by Brown and Bot-

stein 1999). In contrast, the progress in the analyses of

known sequence variants on microarrays has been

much less spectacular. Only a handful of studies de-

scribing the analysis of predefined human SNPs or dis-

ease-causing mutations on microarrays have appeared

in the literature. Even in the largest of these studies,

either the number of analyzed samples (Wang et al.

1998; Hacia et al. 1998a, 1999b) or the number of ana-

4Corresponding author. Present address: Montreal Genome Cen-
tre, McGill University Health Centre, Room C10-133, 1650 Cedar
Avenue, Montreal, Quebec H3G 1A4 Canada.
E-MAIL tomi@orion.ri.mgh.mcgill.ca; FAX (514) 934-8353.

Methods

10:1031–1042 ©2000 by Cold Spring Harbor Laboratory Press ISSN 1088-9051/00 $5.00; www.genome.org Genome Research 1031
www.genome.org

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


lyzed SNPs (Pastinen et al. 1998a, 1998b) were small,

and, consequently, only a limited number of geno-

types were produced in each study.

There are two major hurdles for highly parallel

screening of SNPs on microarrays. The first is the ne-

cessity of amplifying the DNA regions spanning the

mutations or SNPs by the PCR to achieve sufficient

sensitivity and specificity of detecting single-base

variation in the complexity of the human genome lim-

its the capacity of genotyping assays. Efforts to perform

multiplex PCR reactions with tens or hundreds of frag-

ments in a reproducible way have failed (Wang et al.

1998; Hacia et al. 1999b; Cho et al. 1999). The second

is the detection reaction itself. A key requirement for a

scoring method for genomic SNPs is that it be able to

distinguish unequivocally between homozygous and

heterozygous allelic variants in the diploid human ge-

nome. Differential hybridization with allele-specific

oligonucleotide (ASO) probes is the most commonly

used reaction principle in microarray format. The

specificity of genotyping by ASO hybridization de-

pends strongly on the nucleotide sequence context of

the SNPs and on the reaction conditions (Conner et al.

1983; Southern et al. 1992). Therefore, multiplex ASO

hybridization reactions in microarray formats are per-

formed using arrays carrying a highly redundant set of

probes (Cronin et al. 1996; Hacia et al. 1998a, 1999b;

Sapolsky et al. 1999). The power of genotyping SNPs

using high-density ASO arrays was shown to be limited

in recent mapping studies, in which 400–500 SNPs

were analyzed and the correct genotype could only be

assigned at 60%–70% of the analyzed sites (Cho et al.

1999; Wang et al. 1998; Hacia et al. 1999b).

DNA-modifying enzymes, such as DNA polymer-

ases (Shumaker et al. 1996; Pastinen et al. 1997; Head

et al. 1997; Dubiley et al. 1999) and DNA ligases (Gun-

derson et al. 1998; Gerry et al. 1999) may provide bet-

ter genotyping power than microarray-based ASO hy-

bridization. In a direct experimental comparison we

showed earlier that DNA polymerase-assisted, single

nucleotide primer extension discriminates between

genotypes more than tenfold better than hybridization

with ASO probes in the same microarray format (Past-

inen et al. 1997). Because the discrimination between

sequence variants by the DNA polymerases or ligases is

based on the high-sequence specificity of the enzyme,

highly redundant oligonucleotide arrays are not re-

quired.

This paper describes a novel enzyme-assisted

method that allows efficient high-throughput geno-

typing of multiplex amplified genomic SNPs and mu-

tations in a microarray format. The method is based on

the extension of two allele-specific primers that differ

at their 3�-nucleotide, defining the allelic variants of

the SNPs by a reverse transcriptase (RT). Multiplex PCR

products are analyzed without purification steps di-

rectly on the microarray by a concurrent in vitro tran-

scription and allele-specific extension reaction, in

which multiple RNA targets are produced from each

PCR product and labeled nucleotides are incorporated

in the allele-specific primer extension reactions. The

method is highly sensitive, ensuring robust genotyp-

ing despite the simple single-step procedure. We dem-

onstrate the potential for accurate multiplex genotyp-

ing by the allele-specific primer extension method by

applying it to 40 mutations or SNPs and producing

>8000 genotypes with a success rate approaching

100%. The specificity of the method is further evi-

denced by genotyping several mutations without re-

duction in genotype discrimination power in the pres-

ence of a template complexity corresponding to 100

SNPs per reaction and by successful detection of 5% of

a minority sequence variant at several sites. All the

equipment and reagents required for performing the

assay are generally available, and our miniaturized as-

say format allows simultaneous genotyping of 80

samples at minimized reagent costs.

RESULTS AND DISCUSSION

Reaction Principle and Assay Procedure

Figure 1 shows the principle and procedure of the

novel allele-specific primer extension method for

genotyping single nucleotide variations in a microar-

ray format. Initially, we compared allele-specific

primer extension to single nucleotide primer exten-

sion, with DNA as the template (Pastinen et al. 1997)

and DNA polymerases in the reactions on primer ar-

rays. We found that the discrimination between geno-

types was similar for the two reaction principles, as

recently also suggested by Dubiley et al. (1999). In the

allele-specific extension method, only a single-

detection reaction with a single fluorophore is required

per sample, in contrast to four fluorophores or four

detection reactions with the minisequencing method.

Because only two immobilized primers per SNP are

needed, a simple spotting procedure (Shalon et al.

1996) of presynthesized oligonucleotides can be used

to construct the primer arrays, instead of manufactur-

ing high-density arrays by sophisticated combinatorial

chemistry (Pease et al. 1994), as is required for ASO

hybridization.

We tested the allele-specific primer extension re-

actions using RNA as the template and RT enzymes for

the extension. We found that the excellent perfor-

mance of the MMLV RT enzyme for allele discrimina-

tion at an elevated reaction temperature and the pres-

ence of trehalose to enhance the enzyme activity (see

Methods) enabled us to design an extremely robust re-

action procedure (Fig. 1). The multiplex PCR products

are analyzed on the microarrays without purification,

concentration, labeling, or fragmentation in a one-step
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reaction with all the required enzymes, nucleotide ana-

logs, and other reagents. Less than 1% of the multiplex

PCR products are sufficient for the reaction because the

RNA polymerase amplifies the template up to 2000-

fold (Eberwine et al. 1992) and several labeled nucleo-

tide analogs are incorporated per RNA template in the

allele-specific extension reaction. Use of DNA targets

was abandoned as the single-stranded, amplified RNA

target yielded higher signal-to-noise ratios. Little

hands-on-time is needed for performing the reactions;

the whole procedure can be completed in a single

working day.

Mutation Panel and Multiplex PCR

The major known mutations underlying the diseases

belonging to the Finnish disease heritage (Peltonen et

al. 1999)—a set of recessive disorders more common in

Finland than elsewhere in the world and a number of

other diseases predisposing or causing mutations in

the Finnish population—were included in the muta-

tion panel to be analyzed using the allele-specific

primer extension on microarrays (Fig. 2A). The muta-

tion panel included 24 nucleotide substitutions, of

which nine were transversions and 15 were transitions.

Furthermore, five small deletions of 1–3-bp, and one

was a large deletion of 1 kb, were included in the panel.

A multiplex PCR procedure for amplifying 30 DNA

fragments spanning the 31 mutant sites was opti-

mized. Although primers for as-short-as-possible am-

plicons with similar PCR-annealing temperatures were

selected, no more than eight fragments could be am-

plified per PCR mixture reproducibly. The number of

fragments that previously have been successfully and

reproducibly amplified by multiplex PCR followed by

accurate genotyping on microarrays, range from four

to ten fragments per PCR reaction (Hacia et al. 1998a;

Pastinen et al. 1998a), whereas multiplex PCRs of more

than 40 fragments can be performed at the cost of sig-

nificantly reduced accuracy and success in the geno-

type assignment (Wang et al. 1998; Hacia et al. 1999b;

Cho et al. 1999). The multiplex PCR amplification re-

mains a rate-limiting factor for developing truly high-

throughput genotyping systems both using high-

density ASO chips and using our allele-specific primer

extension reaction.

Array Design and Genotyping Capacity

The two allele-specific detection primers per mutation

or SNP have 3�-ends that are complementary to either

of the variant alleles (Fig. 1). Up to three discriminative

bases were used for detection of deletions, such as the

cystic fibrosis CFTR�F508 mutation. For detecting the

Batten disease mutation, which is a 1 kb deletion (In-

ternational Batten Disease Consortium 1995), we used

separate PCR primers for the normal and mutant alle-

les, and detection primers spanning the 5� deletion

breakpoint end with three discriminative bases. At the

optimized conditions three detection primers out of

the 62 used gave significant template-independent sig-

nals, which were most likely due to the formation of

intramolecular hairpin-loop structures, allowing self-

primed extension. This phenomenon is known to oc-

cur from previous single nucleotide primer extension

assays (Nikiforov et al. 1994). For the 10% of mutations

that had detection primers forming hairpin loops, the

primers were redesigned to detect the opposite DNA

strand, thus solving the problem. By initially designing

arrays that interrogate both DNA strands would obvi-

ate the need to reverse the orientation of unfavorably

performing detection primers.

To increase the capacity of the multiplex genotyp-

ing procedure, we devised a simple system for prepar-

ing silicon rubber grids, forming separate reaction

chambers for 80 samples on each microscope slide. Fig-

ure 2A shows the design of an array for analyzing 80

individual samples for 36 mutations or SNPs. Figure 2B

shows a fluorescence image obtained after genotyping

40 samples in duplicate on this array, and Figure 2C

Figure 1 Steps and principle of allele-specific extension on
primer arrays. Multiplex PCRs yielding amplicons tailed with 5�-
T7 RNA polymerase promoter sequence are performed. The PCR
products are added directly to the primer array, along with the
reaction mixture, which contains both T7 RNA polymerase and
rNTPs to generate RNA targets from the PCR products and RT
and labeled dNTPs for the actual allele-specific genotyping reac-
tion, which is illustrated in the inset on the right column. For
genotyping a pair of allele-specific detection primers for each
mutant or polymorphic site immobilized through their 5� end are
used. The two primers differ at their 3� end, which is comple-
mentary to either of the variant alleles. The RT extends the im-
mobilized detection primers with labeled dNTPs in a template-
dependent manner. After the reaction, fluorescence scanning of
the arrays and quantitation of the fluorescent signals are carried
out using a commercial confocal scanner and software. The fluo-
rescent signals from each primer pair are compared, and the
signal ratios fall into distinct categories defining the genotype at
each site. The timescale for the reaction steps is illustrated beside
the left column of the figure.

SNP Scoring by Primer Extension on Microarrays

Genome Research 1033
www.genome.org

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Figure 2 Strategy and result from high-throughput genotyping on allele-specific primer extension arrays. (A) The design of an array is
illustrated schematically. Eighty separate reaction chambers have been formed on each microscope glass slide, using a 384-well formatted
silicon rubber grid. Each of these reaction chambers contain an identical array of 72 primers for detection of 36 mutations or SNPs. The
vertical columns (A–D) contain pairs of allele-specific primers for each site ordered into nine horizontal rows (1–9). The acronyms
corresponding to the diseases and the mutant or variant nucleotides analyzed on the array are given in the lower part of A. INCL = infantile
neuronal ceroid lipofuscinosis (Vesa et al. 1995); AGU = aspartylglucosaminuria (Ikonen et al. 1991); FV = Factor V Leiden (Bertina et al.
1994); CCD = congenital chloride diarrhea (Höglund et al. 1996); APECED = autoimmune polyendocrinopathy-candidiasis-ectodermal
dystrophy (the Finnish-German APECED Consortium 1997); HTI = hereditary tyrosinemia type I (St-Louis et al. 1994); HFI = hereditary
fructose intolerance (Cross et al. 1990); OAT1 & 2 = gyrate atrophy of the choroid and retina (Mitchell et al.1989); Batten = Batten disease
(the International Batten Disease Consortium 1995); vLINCL = variant late infantile neuronal ceroid lipofuscinosis (Savukoski et al. 1998);
NKH = nonketotic hyperglycinemia (Kure et al. 1992); CF �508/�TT394 = cystic fibrosis (Kere et al. 1994); A1AT = �1-antitrypsin
deficiency Z-mutation (Cox et al. 1988); HH = hereditary hemochromatosis C282Y (Feder et al. 1996); DFNB=nonsyndromic deafness,
connexin 26 35insG (Denoyelle et al. 1997); ODG = hypergonadotropic ovarian dysgenesis (Aittomaki et al. 1995); DTD = diastrophic
dysplasia (Hästbacka et al. submitted); CNFmaj/min = congenital nephrosis (Kestilä et al. 1998); PKU R408W = phenylketonuria (Guldberg
et al. 1995); MCAD = medium-chain acyl-CoA dehydrogenase deficiency (Matsubara et al. 1990); LCHAD = long-chain 3-hydroxyacyl-
CoA dehydrogenase deficiency (Ijist et al. 1996); PT = prothrombin G20210A (Poort et al. 1996); MPS = mucopolysaccharidosis type I
(Bunge et al. 1994); RS1/2 = X-linked juvenile retinoschisis (Huopaniemi et al. 1999); LPI = lysinuric protein intolerance (Torrents et al.
1999); Salla = Salla disease (Verheijen et al. 1999); SNP1 = WIAF-11062, SNP2 = WIAF-11091, SNP6 = WIAF-10964 (Cargill et al. 1999);
SNP7 = HLA-H IVS2 (Beutler et al. 1996); SNP8 = HLA-H 5569 (Jeffrey et al. 1999) ; EPMR = progressive epilepsy with mental retardation
(Ranta et al. 1999). (B) A fluorescence image of the array described in A obtained when 40 DNA samples were genotyped in duplicate
(>2400 genotypes) by allele-specific primer extension. The genotype assignments for a larger number of samples based on numeric ratios
from arrays are shown in Figures 3 and 4. (C) Enlargements of 16 individual arrays (a–p in B). The genotyping results from samples of
mutation carriers and patients are indicated by the disease acronym and genotype below the array images. Both allele-specific primers
give similar signal intensities in heterozygous samples, while only one of the primers gives a signal for homozygotes.
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shows the result from 16 individual samples in greater

detail. With our current printing density of 230 µm

spacing between spots, 4800 genotypes can be ex-

tracted from a single microscope slide. Using printing

pins for smaller spot sizes, up to 600 spots would fit

into each reaction chamber at 100 µm spacing, increas-

ing the throughput of the system to >20,000 genotypes

per slide.

Genotype Discrimination

The allele-specific primer extension method was evalu-

ated in more than 400 assays, using the arrays for

screening 31 disease mutations and arrays for a panel

of SNPs in the factor V and HLA-H genes. Samples from

known disease carriers (90 carriers, 74 samples), along

with the available homozygote patient samples (n =

10) and anonymous Finnish samples of unknown

genotype (n = 49), were analyzed for the mutations.

Duplicate PCR and genotyping reactions were per-

formed for the homozygous patient and unknown

samples. The results of these 192 assays are presented

numerically as scatter plots in Figure 3, which shows a

clear clustering of signal ratios corresponding to the

three genotypes. The difference in the ratios between

the signals from the normal and mutant allele-specific

reactions varied from 3-fold to over 100-fold depend-

ing on the mutation; the average of all sites was 22-

fold. 5740 out of 5952 genotyped sites (96%) yielded

signal intensities over the predefined threshold value

of 2-fold over background. In this assay all the carrier

and patient genotypes were assigned correctly (84

samples, 100 variants). Furthermore, 14 carriers were

identified among the 49 unknown samples; these

genotypes were confirmed by the reference methods.

Only eight ambiguous genotypes (0.1%) due to signal

ratios falling outside the three distinct clusters were

observed.

In a recent study, a map comprising 412 SNPs in

Arabidopsis thaliana was analyzed using high-density,

ASO-based microarrays carrying 72,500 probes, corre-

sponding to 176 probes per SNP, and the correct geno-

type was assigned for as little as 57% of the analyzed

SNPs (Cho et al. 1999). Similarly, a success rate of 71%

was achieved for genotyping 558 human SNPs using a

microarray carrying over 62,000 probes (Wang et al.

1998; Hacia et al. 1999b). Such low success rates as

these obtained with random SNP markers could be a

problem for analysis of defined sets of disease-causing

mutations or functional SNPs.

We also evaluated our allele-specific primer exten-

sion method in a second array design, with seven SNPs

and the FVLeiden mutation in the coagulation factor V

gene and two SNPs and the hemochromatosis HHC282Y

mutation in the HLA-H gene. The reaction conditions

were identical to the optimized conditions applied in

this first assay design. Over 200 anonymous samples of

known genotype with respect to the two mutations

were typed. At each of the 11 variant sites, the signal

ratios clustered distinctly according to the genotypes

(Fig. 4). The tighter clustering of the genotypes as com-

pared to the mutation panel (Fig. 3) is mainly attribut-

able to triplicate primers on the arrays reducing S/N

variation due to nonuniform spotting. Also the PCR

procedure was easier to optimize because of a lower

degree of multiplexing. The first set of the allelespecific

detection primers was used without redesign. The dis-

crimination between genotypes was unequivocal; the

average difference in signal ratios was 18.0-fold over all

Figure 3 Scatter plots showing the genotype assignment at 31
mutant sites for 192 samples from known mutation carriers, ho-
mozygous patients, and unknown individuals. The acronyms for
the diseases above each scatter-plot are as explained in the Figure
2A legend. The ratios between the signal intensities from the
normal and mutant allele-specific reactions are given on the y-
axis. The ratios are near the value 1 in heterozygotes, elevated in
normal homozygotes, and reduced in mutant homozygotes. The
x-axis shows the signal intensities from each sample after correc-
tion for the average local background signal from the arrays. The
red asterisks in the heterozygote clusters indicate that synthetic
templates were analyzed because no carrier samples were avail-
able.
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sites, and the smallest average discrimination was 7.9-

fold. In all samples the genotypes for the FVLeiden and

HHC282Y mutations were correctly assigned (n = 462).

Three out of the seven analyzed SNPs in the FV gene

were not polymorphic in the samples analyzed here.

Two of these SNPs were previously reported to have

frequencies below 5% for the rare allele (Cargill et al.

1999). The allele frequencies for the other six SNPs are

similar to those estimated previously in other Cauca-

sian populations (Cargill et al. 1999; Beutler et al. 1997;

Jeffrey et al. 1999). The genotypes for the SNPs are in

Hardy-Weinberg equilibrium in the samples negative

for the FVLeiden and the HHC282Y mutations. These re-

sults from determining >2000 genotypes at 11 SNPs,

along with the 6000 genotypes determined on the mu-

tation screening array with an accuracy of nearly

100%, show the excellent power and general applica-

bility of the allele-specific primer extension method for

different types of mutations and SNPs.

Effect of Template Complexity

The effect of the complexity of the template on the

allele-specific primer extension reactions was tested by

analyzing a 7-plex PCR product for seven homozygous

mutations separately and after increasing the number

of amplicons present during the reaction 4-fold and

16-fold, respectively (Fig. 5). Decreased signal intensity

is evident with increased template complexity. How-

Figure 4 Scatter plots showing the results from genotyping a
panel of variant nucleotides in the factor V and the HLA-H genes.
The SNPs from the FV gene had been selected from those de-
scribed by Cargill et al. (1999). The polymorphism WIAF-10964
lies in exon 10 as the FVLeiden mutation (Bertina et al. 1994), while
the other SNPs are located in exon 13 of the gene. The polymor-
phism IVS2 lies in intron 2 (Beutler et al. 1997), the HHC282Y

mutation in exon 4 (Feder et al. 1996) and 5569A/G in intron 4
(Jeffrey et al. 1999) of the HLA-H gene. The six FV and two HLA-H
gene SNPs, along with FVLeiden and HHC282Y mutations, were
analyzed in 53 known FVLeiden mutation and in 84 known
HHC282Y mutation carriers or homozygotes, and in 94 individuals
known to be of normal genotype at both the mutant sites. The
signal intensity ratios are given on the y-axis and the signal in-
tensities on the x-axis.

Figure 5 Effect of template complexity on the allele-specific
extension reaction on primer arrays. (A)Average signal intensity
ratios and signal intensities, obtained when seven mutations am-
plified in a single 7-plex PCR (indicated by 7), were genotyped
directly and at increased complexity in the presence of 22 addi-
tional (indicated as 7 + 22 = 29) and 99 additional (106) PCR
fragments in similar molar amounts. A mixture containing all the
other PCR fragments (99*), except the 7-plex PCR product, was
included as control for the template-independent extension or
cross reaction with nonspecific targets. The average signal inten-
sity ratio (reflecting specific vs. misincorporation of CY5-dNTPs)
and signal intensity from quadruplicate genotyping reactions
were given the value 1 for the 7-plex PCR product. The signal
intensity ratios and signal intensities for the complex mixtures are
given in relation to this value. The standard deviations were cal-
culated for the overall change in signal ratio and signal intensity
for the seven analyzed mutant sites. (B) Agarose gel image of the
mixtures of PCR products analyzed in the experiment described
in A.
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ever, the specificity of the assay expressed as the signal

ratios between correct primer extension over misincor-

poration is not markedly affected. This result shows

that higher degrees of multiplexing of the allele-

specific primer extension reaction will be possible

without loss of genotype discrimination power.

Detection of Minority Mutations

Finally, we evaluated how well the allele-specific

primer extension method performs in multiplex detec-

tion of mutations present as a minority in a mixture

with an excess of the normal sequence. For this analy-

sis a dual-color labeling strategy was devised to nor-

malize the signal ratios with respect to differences in

signal intensity at different positions on the array (see

Methods). According to this analysis at eight sites, as

little as 5% of the mutant sequence can be distin-

guished from the normal sequence (Fig. 6). This ability

of multiplex detection of mutant-sequence variants in

the presence of an excess of normal sequence shows

the robustness of the allele-specific primer extension

reactions on the microarrays. This result suggests that

heterozygous mutations could be detected in pooled

samples containing DNA from ten individuals. Such a

pooling strategy would be extremely valuable for re-

ducing the number of required genotyping assays in

large-scale, population-directed screening for carriers

of multiple rare recessive mutations. Analogously, the

allele-specific primer extension method on microar-

rays could be applied to multiplex screening of somatic

mutations present as a minority of the cells in tissue

samples.

The signal ratios in Figure 6 indicate that the sen-

sitivity of detecting mutations depends on the se-

quence context and that considerably <5% of the

A1AT, INCL, and AGU mutations could be distin-

guished from the background. In earlier work we have

shown that a minority of <1% of the AGU mutation

can be detected in large-pooled DNA samples by indi-

vidually performed minisequencing primer extension

reactions (Syvänen et al. 1992). Similarly, a recent

study showed that minority mutations could be de-

tected using ligation-based zip-code arrays at the 1%

level (Gerry et al. 1999), but in this study only one

mutation was assayed in an individual reaction. Be-

cause enzyme-mediated detection of minority muta-

tions compares favorably to ASO hybridization in in-

dividual reactions (Farr et al. 1988), it can be expected

that this will be the case also in multiplex microarray-

based analyses. This assumption is supported by a re-

sult from ASO hybridization performed in a low-

redundancy array format with eight probes per muta-

tion, in which the arrays failed to discriminate

mutations present at <50% in the target (Gunthard et

al. 1998). To date, none of the studies using high-

density ASO chips have addressed the issue of detect-

ing minority sequence variants.

Our study describes an enzyme-assisted method

Figure 6 Detection of minority mutations in mixed samples with an excess of normal sequence by dual-color, allele-specific primer
extension reactions. A control sample, which is a normal homozygote for all the tested mutations (0% mutant allele), was first analyzed
on all the arrays by extension with CY3-labeled dNTPs. The same arrays were then subjected to a second round of extension, in which
the mixed samples containing varying amounts of mutant allele were analyzed using CY5-labeled dNTPs in the allele-specific reactions.
The acronyms for the mutations above each diagram are as in Figure 3. The proportion of mutant allele (%) in the samples is given below
the diagrams. The CY-5 signal ratios between the mutant and normal alleles in the mixed samples normalized for the corresponding CY-3
ratios in the control sample and further normalized to 1 are given on the y-axis. The error bars show range of signal ratios in triplicate.
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for genotyping on DNA microarrays and shows that

the method is accurate in multiplex genotyping. Mul-

tiplex genotyping using ASO hybridization requires

highly redundant probe sets and thus high-density ar-

rays (Pease et al. 1994) which can only be fabricated

with sophisticated instrumentation. In contrast, our

method requires only two probes per mutation and

thus can be set up with a simple spotting robot. The

poor specificity of ASO-based microarray systems in

certain sequence contexts is a well-recognized prob-

lem, and a variety of strategies have been employed to

overcome this problem, such as an electronic strin-

gency changer (Gilles et al. 1999), the use of modified

bases in the targets and the inclusion of chaotropic

agents in the buffer (Hacia et al. 1998b; Nguyen et al.

1999), and the monitoring of melting curves of the

hybrids (Drobyshev et al. 1997). The high fidelity of

the RT enzyme in our system ensures good genotype

discrimination at a single set of reaction conditions. In

comparison to other enzyme-assisted methods (Shu-

maker et al. 1996; Pastinen et al. 1997; Gerry et al.

1999; Head et al. 1997; Gunderson et al. 1998; Dubiley

et al. 1999; Tang et al. 1999). the present method has

the significant practical advantage that the post-PCR

preparation and the genotyping reaction are combined

into a single step, allowing efficient handling of mul-

tiple samples in parallel, even without automation.

Furthermore, our reaction is performed using only one

or two fluorophores, which is compatible with all

available array scanners. We estimate the cost of the

assay, including oligonucleotide synthesis, to be 0.1–

0.3 US dollars per genotype depending on the degree of

multiplexing and the number of samples analyzed. Be-

cause the complete system is fully accessible to any

molecular biology laboratory thriving to scale up its

current genotyping capacity, we believe that our novel

microarray-based method will greatly benefit various

large-scale SNP-typing or mutation-screening projects.

METHODS

DNA Samples

Blood samples from known patients and heterozygous carriers

of most of the disease mutations were obtained from clini-

cians involved in investigating the diseases. (For a list of the

diseases and analyzed mutations, see the Figure 2 legend.) A

few samples from carriers of the recessive disease mutations

and all the samples from carriers of the FVLeiden and hemo-

chromatosis HHC282Y mutations were identified in a large-

scale population study in Finland (Pastinen et al., in prep.).

The samples of unknown genotype analyzed in our study

were either provided by voluntary laboratory personnel or

were anonymous population samples. Informed consent was

obtained from all subjects. The DNA was extracted from

whole blood by a standard method (Bell 1981). Altogether

over 400 samples were genotyped using two array designs for

40 mutations or SNPs.

Primers

The allele-specific detection primers contained a 5� NH2

group, a spacer sequence of 9 T residues 5� of the actual gene

specific sequence of 18–21 nucleotides in length and a 3�

nucleotide complementary either to the normal or mutant

nucleotide. One PCR primer of each pair contained a 5� RNA

polymerase promoter sequence (TTC TAA TAC GAC TCA CTA

TAG GGA G) and the other primer of each pair had a 5� tail of

random sequence (GCG GTC CCA AAA GGG TCA GT). The

polarity of the latter primer was the same as that of the cor-

responding detection primer sequence. The length of the

gene-specific sequence of the PCR primers was 18–23 nucleo-

tides. All primer sequences are available at http://www.ktl.fi/

molbio/wwwpub/. The primers were synthesized by Interac-

tiva Biotechnologie GmbH (Ulm, Germany).

Preparation of Microarrays

The primer arrays were prepared on standard microscope glass

slides. The slides were precleaned with 1% Alconox (Aldrich),

followed by rinsing several times with distilled water and

ethanol. The glass surface was activated with isothiocyanate

and the NH2-modified oligonucleotides were immobilized as

described by Guo et al. (1994) with the following modifica-

tion: 3-aminopropyl triethoxysilane (A3648, Sigma) was used

for silanization instead of its methoxy-derivative. Prior to

spotting, the oligonucleotides were dissolved in a 400 mM

sodium carbonate buffer (pH 9.0) to a final concentration of

20 µM, and immediately after spotting, the slides were ex-

posed to vaporized NH3, followed by washing three times in

distilled water. The arrays were stored at �70°C.

A custom-built spotter with Isel Automation Flachbet-

tanlage 2 (Eiterfeld, Germany) mechanics controlled by an

MCM-310 operating system and NUMO-6.0 software (Merval,

Pietarsaari, Finland) was equipped with two TeleChem CPH-2

(Sunnyvale, California) printing pins. A customized, Win-

dows-based software was used for designing the arrays. The

spots were 125–150 µm in diameter and the center-to-center

distance between them was 230 µm. Eighty identical arrays

with 72, 66, or 62 primers per array were spotted on the glass

slides in five columns and 16 rows with an array-to-array dis-

tance of 4.5 mm (see Fig. 2A). This pattern is compatible with

a reaction chamber in a 384-well microtiter plate format (see

Custom-made Reaction Chambers). The spotting was carried

out at ambient humidity and temperature, resulting in batch-

to-batch variation in spot uniformity, which occasionally in-

terfered with quantitation (see below).

Multiplex PCR Amplification

The PCR primer pairs were grouped into multiplex PCR reac-

tions with 7, 7, 8, and 8 primer pairs per reaction for the 31

mutations or with 2 and 3 primer pairs per reaction for the FV

and HLA-H SNPs. The amplifications were carried out using

20 ng of DNA, 0.2 mM dNTPs, and 0.8 U of AmpliTaq Gold

DNA polymerase (Perkin Elmer, Branchburg, New Jersey) in

15 µl of DNA polymerase buffer supplied with the enzyme.

The primer concentrations varied from 0.1 µM to 1.5 µM and

had been adjusted to give similar signal intensities in the re-

actions on the arrays. After initial activation of the polymer-

ase at 95°C for 11 minutes, the thermocycling parameters

were as follows: 95°C for 30 seconds and 65°–1°C per cycle for

4 minuts for 5 cycles; 95°C for 30 seconds, and 60°–0.5°C per

cycle for 2 minutes, and 68°C for 2 minutes for 15 cycles; 95°C

for 30 seconds, 53°C for 30 seconds, and 68°C for 2 minutes
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for 14 cycles; and 68°C for 6 minutes. The size of the ampli-

cons ranged from 100- bp to 530-bp, including 46-bp of the

nonspecific tail sequences. The multiplex PCR products from

each product were pooled and then analyzed without concen-

tration or purification steps.

Custom-made Reaction Chambers

Reusable miniaturized rubber reaction chambers were pre-

pared in house using an inverted 384-well microtiter plate

with V-shaped wells (Biometra) as a mold. Liquid silicon rub-

ber (Elastosil RT 601 A/B, Wacker-Chemie GmbH, Munich,

Germany) was poured into the mold, leaving about 1–2 mm

of the tip of the wells uncovered. After allowing the rubber to

harden over night, the grids containing 384 cone-shaped re-

action chambers were cut to match the size of microscope

slides. A rubber grid was placed over the 80 primer arrays to

form 80 separate reaction chambers. The reaction chambers

had a glass surface of about 2.8 mm in diameter, having the

primer array as bottom and the molded cone-shaped silicon

rubber as walls with open tops for pipet tips to fit into the

chambers. Prior to adding the reaction mixtures, the rubber

grid was firmly pressed against the glass surface in a custom-

made aluminium rack with a Plexiglas cover containing drill

holes for the pipet tips.

Optimization of Allele-specific Extension Reactions

Multiplex PCR products carrying a 5� T7-RNA polymerase pro-

moter sequence were initially transcribed to RNA using the T7

Ampliscribe Kit (Epicentre Technologies, Madison, Wiscon-

sin) at the conditions recommended by the manufacturer.

Ten µl of the RNA target in 10 mM Tris-HCl (pH 7.4), 1 mM

EDTA, 0.2 M NaCl, 0.1% Triton X-100 was allowed to anneal

to allele-specific primers on the arrays at 37°C for 20 minutes,

followed by a brief rinse in 0.1 M NaCl at RT. The AMV (Am-

ersham-Pharmacia Biotech, Uppsala, Sweden), the MMLV

(Epicentre Technologies), the SuperScript II (BRL), and the

RetroTherm (Epicentre Technologies) RTs were then com-

pared in allele-specific extension reactions on the arrays. Each

RT enzyme was used at half the recommended unit concen-

trations, and the dNTPs (dATP, dGTP, CY5-dUTP, CY5-dCTP,

Amersham-Pharmacia Biotech) were used at 6 µM concentra-

tions in the reaction buffers provided with each enzyme. The

reaction temperature was 42°C for the AMV, MMLV, and Su-

perScript II RTs and 52°C for RetroTherm. The performance of

the MMLV RT in allele-specific primer extension was en-

hanced by increasing the reaction temperature to 52°C and

including 0.4 M trehalose in the reaction buffer (Fig 7) (Mi-

zuno et al. 1999; Carninci et al. 1998).

Single-step Genotyping

For the simultaneous template preparation and allele-specific

extension reactions, 0.5 µl of the total 60 µl of pooled multi-

plex PCR product, 6 mM of the four rNTPs, 6 µM dATP, dGTP,

CY5-dUTP, and CY5-dCTP (Amersham-Pharmacia Biotech), 6

µM of the four ddNTPs, 6 U of MMLV RT (Epicentre Technolo-

gies), 0.5 µl of T7-RNA polymerase solution (Ampliscribe Kit)

were combined in a total volume of 6 µl of T7 Ampliscribe

reaction buffer supplemented with 0.4 M trehalose (T-5251,

Sigma, St. Louis, Missouri) and 15% glycerol (w/v). The reac-

tions were allowed to proceed for 1–2 hours at 52°C using the

custom-made reaction chambers and rack. After the reaction,

the silicon grids were removed, the slides were rinsed briefly

with 6x SSC (0.9 M NaCl, 90 mM sodium citrate buffer, at pH

7.0), 0.1% Triton X-100, and distilled water, followed by a

5-minute wash in 50 mM NaOH and a brief rinse with distilled

water.

Preparation of Templates for Complexity Testing

A 7-plex PCR product containing the DNA fragments span-

ning the INCL, FV, Batten, OAT402, OAT 181, AGU, and

RS1/2 mutations served as the reference sample. The seven

reference mutations were present in the normal homozygous

form. This sample was mixed with multiplex PCR products

containing the remaining 22 PCR products from the mutation

screening assay. A third sample was prepared by adding a

mixture of 77 individually amplified, purified, and concen-

trated human genomic PCR products (gifts from Drs. J. Saarela

and J. Leppävuori). A fourth sample contained all the 99 PCR

products, except the 7-plex reference PCR product. The mix-

tures contained similar amounts of each individual amplicon

as estimated on EtBr-stained agarose gels.

Dual-color Detection of Minority Alleles

The DNA concentrations of samples from known homozy-

Figure 7 Optimization of the conditions of the allele-specific
primer extension reaction. (A) Comparison of four RT enzymes for
their efficiency in incorporating labeled dNTPs and for their geno-
typing specificity in the array-based primer extension reaction.
The MMLV RT is not as processibe as AMV and SuperScript be-
cause it yields lower signal intensities, but the MMLV RT showed
the highest discrimination against misprimed extension. (MMLV
= Moloney murine leukemia virus reverse transcriptase; AMV RT =
avian myeloblastosis virus reverse transcriptase.) (B) Enhance-
ment of the efficiency of nucleotide incorporation and genotyp-
ing specificity of the MMLV enzyme by increased reaction tem-
perature and the presence of the disaccharide trehalose. Normal-
ized signal intensities and signal intensity ratios are given on the
y-axis.
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gotes for the eight mutations tested (see Fig. 4) and of a con-

trol sample known to be of normal homozygous genotype

with respect to all the tested mutations were measured spec-

trophotometrically. DNA from each mutant sample (100%

mutant allele) was mixed in 5%, 10%, and 20% proportions

with the control sample (0% mutant allele) and the mixed

samples were subjected to multiplex PCR as described above.

An allele-specific extension reaction with the multiplex PCR

product from the control sample as template was first per-

formed over two whole microscope slide array surfaces facing

each other using CY3-dUTP and CY3-dCTP (Amersham-

Pharmacia) in 60 µl of the optimized reaction mixture de-

tailed above. After rinsing with 6x SSC and distilled water, the

same microscope slides were used to analyze the multiplex

PCR products of the mixed samples in triplicate by standard

allele-specific extension reactions with CY5 as label and using

the rubber reaction chambers to separate the samples. The

array was scanned for both CY5 and CY3 emissions. The CY5

signal intensity (test sample) was divided by the CY3 signal

intensity (control sample) at all spots. These adjusted values

were then used to calculate the signal intensity ratio between

the test and control samples, which was further normalized to

have a value 1 for the respective samples with 0% mutant

allele. The test to control signal ratios in the mixed samples

was then compared to this sample containing 0% of mutant

alleles.

Array Scanning and Signal Quantitation

The microscope glass slides were scanned using the confocal

ScanArray 4000 (GSI Lumonics, Watertown, Massachusetts),

with excitation at 630 nm and emission at 670 nm for the

one-color experiments (CY5) and at 540 nm, and 570 nm,

respectively, for the dual-color experiment (CY3). Five or 10

µm resolution 16-bit TIFF images were analyzed using the

Scanalyze 2.44 software (Eisen M., Stanford University). The

average signals after subtraction of local background were

used for calculating the signal ratios defining the genotypes. A

critical feature in quantitation of the signals is that the spots

are as uniform as possible. Some batches of arrays demon-

strated nonuniform spots (e.g., donut-shaped spots) and the

simple quantitation of signal averages after local background

subtraction yielded less robust genotyping results. In the dual-

color experiment the CY5/CY3 signal ratios were used to cal-

culate the normalized intensity ratios.
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