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Summary

We have developed a new method for forensic identification of individuals, in which a panel of biallelic DNA
markers are amplified by the PCR, and the variable nucleotides are detected in the amplified DNA fragments
by the solid-phase minisequencing method. A panel of 12 common polymorphic nucleotides located on

different chromosomes with reported allele frequencies close to .5 were chosen for the test. The allele
frequencies for most of the markers were found to be similar in the Finnish and other Caucasian populations.
We also introduce a novel approach for rapid determination of the population frequencies of biallelic
markers. By this approach we were able to determine the allele frequencies of the markers in the Finnish
population, by quantitative analysis of three pooled DNA samples representing 3,000 individuals. The
power of discrimination and exclusion of the solid-phase minisequencing typing test with 12 markers was

similar to that of three VNTR markers that are routinely used in forensic analyses at our institute. The
solid-phase minisequencing method was successfully applied to type paternity and forensic case samples. We
also show that the quantitative nature of our method allows typing of mixed samples.

Introduction

The polymorphisms of the human genome provide
excellent means for discrimination between individu-
als. Amplification of DNA fragments containing the
polymorphic DNA regions by the PCR technique
(Mullis and Faloona 1987) has greatly simplified de-
termination of the genetic markers. Minute amounts
of DNA can be amplified from virtually any type of
biological material. Therefore the PCR technique is
particularly useful in the identification of individ-
uals for forensic medicine, where often only very small
or even degraded samples are available for the DNA
analysis.
A variety of methods for detecting the polymor-

phisms in the amplified DNA can be applied. DNA
regions containing VNTRs (Jeffreys et al. 1985) or
short tandem repeats (STRs) (Edwards et al. 1991)
give rise to multiple alleles varying in length. Amplifi-
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cation of the VNTR or STR regions, followed by size
separation of the alleles by gel electrophoresis, is a
widely used strategy in forensic analysis (Kasai et al.
1990; Budowle et al. 1991). The detection of multi-
ple closely linked polymorphic nucleotides at the
HLADQa locus is also presently utilized in the identi-
fication of individuals. Six of the eight alleles at this
locus can be detected by hybridization with immobi-
lized allele-specific oligonucleotide probes by using the
"reversed dot blot" method (Saiki et al. 1989). Nucleo-
tide sequence analysis of the variable mitochondrial
D-loop (Greenberg et al. 1983) can also be used in
identity testing (Higuchi et al. 1988; Sullivan et al.
1991), but, because the mitochondrial DNA is mater-
nally inherited, it is not suitable for paternity testing.
The minisatellite-variant-repeat mapping method com-
bines the detection of single nucleotide variations
within a VNTR region with size analysis of theVNTR
alleles and potentially allows definitive identification
of an individual (Jeffreys et al. 1991).

Single nucleotide variations, which give rise to bial-
lelic sequence polymorphism, occur very frequently in
the human genomic DNA. Variable nucleotides lo-
cated on different chromosomes provide a higher
power of discrimination (per variable nucleotide) than
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do linked sequence polymorphisms, such as those at
the HLADQa locus. To achieve a power of discrimi-
nation similar to that of a multiallelic VNTR marker
or STR marker, several biallelic markers must be ana-
lyzed in each case. This is practically feasible because
single nucleotide variations can be detected by meth-
ods technically simpler than length polymorphisms,
which involves size separation of the alleles. Detection
of sequence polymorphisms unequivocally defines the
alleles, and, consequently, interpretation problems
due to incomplete resolution of individual alleles hav-
ing small differences in size are avoided. ForensicDNA
typing by detection of single nucleotide variations lo-
cated on different chromosomes, by the reversed dot
blot method (Reynolds 1991) or by the oligonucleo-
tide ligation assay (Nickerson et al. 1990), has been
suggested by others.

In this study we describe the development of a
method for forensic DNA typing, in which a panel
of biallelic markers are detected by the solid-phase
minisequencing method (Syvanen et al. 1990). This
method identifies single nucleotide variations, as well
as small deletions or insertions in DNA fragments am-
plified by the PCR. Determination of the panel of 12
markers selected in this study proved to be an efficient
and reliable method for forensic identification of indi-
viduals. We also introduce a novel approach for rapid
determination of allele frequencies by quantitative
analysis of pooled DNA samples and show that the
quantitative nature of the solid-phase minisequenc-
ing method offers a possibility for typing mixed DNA
samples.

Materials and Methods

DNA Samples
Blood samples were collected from volunteers among

the laboratory staff. The case samples had been sent,
because of disputed paternity analysis or for forensic
identification, to the National Public Health Institute
(Helsinki). A rapid cell-lysis procedure was applied to
prepare the blood samples for the PCR (Higuchi
1989). The stain samples (about 3-mm2 blood stains
on fabric) were incubated in 100 RI Taq DNA poly-
merase buffer (see below) for 1 h at 200C, and the
samples were boiled for 10 min.

Eighteen batches of pooled leukocytes, each of
which originated from an equal amount of blood from
90 or 180 donors and had previously been used in the
production of interferon-a (Cantell et al. 1981), were

obtained from the Finnish Red Cross Blood Transfu-
sion Service. DNA was purified from a small aliquot
of each leukocyte batch by a standard method (Bell et
al. 1981). The concentration of the DNA was deter-
mined by measuring the absorbance at 260 nm. The
leukocyte DNA was combined into three larger pools
containing an equal amount of DNA from about
1,000 individuals each.

Primers
The PCR and minisequencing detection-step prim-

ers were designed according to published sequence in-
formation (see table 1). A fragment spanning the
D21S13E locus was amplified from DNA samples of
different genotype, with primers described by Stinissen
and Van Broeckhoven (1991), and the PCR products
were sequenced by a modification of the dideoxy
chain-termination method (Casanova et al. 1990).
The primers for typing the D21S13E site were de-
signed on the basis of the nucleotide sequence ob-
tained.
The primers were synthesized on an Applied Biosys-

tems 392 DNA/RNA synthesizer. The primers de-
noted by "Bio" in table 1 were biotinylated at their 5'
end according to a method described elsewhere (Bengt-
strom et al. 1990), or, alternatively, the biotin residue
was added to the 5' end of the primers during the
synthesis by using a biotinyl phosphoramidite reagent
(Misiura et al. 1990) (RPN 2012; Amersham).

PCR

Five microliters of cell lysate (approximately 2 x
104 DNA molecules), 25-50 ng of purified DNA, or
1/20 of stain extract was added to each reaction. The
PCR mixtures contained 10 pmol of biotinylated
primer, 50 pmol of unbiotinylated primer, the four
dNTPs at 0.2 mM concentrations, and 1.25 units of
Thermus aquaticus (Taq) DNA polymerase (Promega
Biotech) in 50 p1 of 50 mM Tris-HCl (pH 8.8), 15
mM (NH4)2SO4, 1.5mM MgCl2, 0.1% Triton X-100,
and 0.01% gelatin (Taq DNA polymerase buffer).
The PCR was initiated with a "hot start" by first heat-
ing the samples for 5 min at 95°C, followed by addi-
tion of the TaqDNA polymerase at 800C. ThirtyPCR
cycles of 1 min at 95°C, 1 min at 580C (markers
ADH3, ARSB, METH, and LDLR) or at 540C, and
1 min at 720C were carried out in test tubes or micro-
totiter plate wells in a programmable heat block (MJ
Research). "Multiplex" PCR with two or more primer
pairs in one reaction was carried out at the same condi-
tions, with 10 pmol of each biotinylated primer, and
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50 pmol of each unbiotinylated primer, and 2.5 units
of Taq DNA polymerase.

Table 1 gives the expected sizes of the PCR prod-
ucts. The correct size and quality of the PCR products
were initially assessed by electrophoresis in 2% aga-
rose gels.

Solid-Phase Minisequencing
Figure 1 shows the principle of the method. Either

1 / 10 of each single PCR product or 1/20 of the multi-
plex PCR products was analyzed in each solid-phase
minisequencing reaction. The biotinylated PCR prod-
ucts were captured in streptavidin-coated micro-
titration wells (Orion Diagnostica, Espoo, Finland;
or Labsystems, Helsinki) in 50 il of 20 mM sodium
phosphate buffer (pH 7.5), 0.1 M NaCl, and 0.1%
Tween 20 by incubating the microtiter plates with
gentle shaking for 1.5 h at 370C. The wells were
washed five times with 200 gl of40mM Tris-HCI (pH
8.8), 1 mM EDTA, 50 mM NaCl, and 0.1% Tween
20 at 20'C, either manually or by using an automatic
plate washer (Delfia® 1296-024; Pharmacia). The
bound PCR fragments were denatured by treating the
wells with 100 gl of 50mMNaOH for 5 min at 200C,
and the wells were washed as above.

Fifty microliters of minisequencing reaction mix-
ture containing 10 pmol of one detection step primer,
0.1 gCi of one 3H[dNTP], and .05 units of TaqDNA
polymerase in Taq DNA polymerase buffer was added
to each well. Table 1 gives the appropriate primer and
3H[dNTP] for detection of each polymorphic nucleo-
tide. The following 3H[dNTP]s were used: 3H[dATP]
(specific activity 40-62 Ci/mmol; TRK 633; Amer-
sham),3H[dCTP] (52 Ci/mmol; TRK 625), 3H[dGTP]
(31-37 Ci/mmol; TRK 627), and 3H[dTTP] (113 Ci/
mmol; TRK 576). The microtiter plates were incu-
bated for 10 min at 500C, and the wells were washed
as described above. Finally, the wells were treated
with 60 p1 of 50 mM NaOH for 5 min at 200C to
release the elongated detection-step primer, and the
eluted radioactivity was measured in a liquid scintilla-
tion counter (Wallac 1209 Rackbeta or Wallac 1450
microbeta).

Statistical Evaluations

A x2 test comparing observed and expected geno-
types was performed to assess whether the Finnish
population sample conforms to Hardy-Weinberg ex-
pectations. The expected genotypes were calculated
from the observed allele frequencies. Both the power
of discrimination between individuals of the panel of
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Figure I Principle of the solid-phase minisequencing
method. A DNA fragment spanning the polymorphic site is am-
plified using a biotinylated and an unbiotinylated PCR primer.
The biotinylated PCR product is captured in a streptavidin-
coated microtitration well, and the unbiotinylated DNA strand
is removed by alkaline denaturation. The nucleotides at the poly-
morphic site are identified in the immobilized DNA strand by
two separate minisequencing reactions. In this reaction a detec-
tion-step primer annealing immediately adjacent to the mutation
is elongated by a DNA polymerase with one single 3H-labeled
dNTP complementary to the nucleotide at the polymorphic site.
After the reaction the detection-step primer is released, and the
incorporated label is measured in a scintillation counter. The
result of the test is expressed as the ratio between the labels
incorporated in the two reactions.

12 markers and the probability of a random match in
the homicide case were calculated from the observed
genotype frequencies as described by Jones (1972).
The power of exclusion with the 12 markers in pa-
ternity analyses was calculated using a computer
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program provided by Dr. Matti Kataja (Tampere,
Finland). The percentage of potential fathers and pa-
ternity indexes in the individual cases were calculated
according to the method of Gurtler (1956).

Analysis of VNTR Loci and Conventional Markers
The paternity and forensic case samples were typed

by amplified fragment-length polymorphism (AmpFLP)
analysis (Budowle et al. 1991) of the D1S80, D17S30,
and ApoB 3' VNTR loci, at conditions described else-
where (Sajantila et al. 1992b). In addition, the pater-
nity case samples were typed using the following 10
conventional markers: the ABO, MNSs, Rh, and Kell
(K) erythrocyte antigens; the adenylate kinase, phos-
phoglucomutase, and acidic phosphatase erythrocyte
enzymes; serum haptoglobin; group-specific compo-
nent; and transferrin (Nevanlinna 1980; Lukka et al.
1985, 1986).

Results

The Biallelic DNA Markers
Fourteen polymorphic biallelic markers were ini-

tially selected for the solid-phase minisequencing test,
with the following considerations: (1) to be as infor-
mative as possible, the allele frequencies at the poly-
morphic sites should be close to .5; (2) the markers
should be located on different chromosomes; and (3)
complete sequence information on the region sur-
rounding the polymorphic site should be available for
design of the PCR and minisequencing detection-step
primers. Table 1 shows the chromosomal location of
the markers, the sequences and positions of the prim-
ers, and the polymorphic nucleotide. All markers ex-
cept LPL and D21S13E are located in coding regions
of the genome. Twelve of the polymorphisms are
caused by nucleotide transitions; one is a transversion;
and one is an insertion of four nucleotides. The alleles
at each site are here designated according to the
3H[dNTP] incorporated by the minisequencing re-
action.

Population Frequencies of the Genotypes and Alleles
The distribution ofthe genotypes and alleles at each

polymorphic site in the Finnish population was deter-
mined b~y analyzing individual DNA samples by the
solid-phase minisequencing method. The result of the
assay is expressed as the ratio between the two incor-
porated 3H[dNTP]s corresponding to the nucleotide
at the polymorphic site (the R value). The R values

fall into three distinct categories, which unequivocally
define the genotype of the individuals (table 2). In
addition to the genotype of the sample, the R value is
affected by the sequence of nucleotides following the
polymorphic site, which determines the number of
3H[dNTP]s that will be incorporated into each allele.
In most of the alleles one 3H[dNTP] will be incorpo-
rated. Table 2 shows the R values obtained by typing
10 representative samples at the ADH3 and METH
loci, at which one or three 3H[dGTP]s will be incorpo-
rated into the G allele, respectively. The R value is
also affected by the specific activities of the particular
3H[dNTP]s used. In all cases the R values obtained
in samples from heterozygous individuals differ by at
least a factor of 10 from those obtained in samples
from homozygous individuals.

Table 3 summarizes the allele and genotype fre-
quencies of the markers observed in the Finnish popu-
lation. For most ofthe markers the allele frequencies in
the Finnish population were similar to those reported
from other Caucasian populations, but for the ARSB,
VWF, and TP53 markers significant differences in the
allele frequencies were observed. For all markers the
observed genotypes conform to Hardy-Weinberg ex-
pectations.

Determination of Allelic Frequencies by Quantitative
Analysis of Pooled DNA Samples
The ratio between the two labeled dNTPs incorpo-

rated at each site in the minisequencing reaction di-
rectly reflects the proportion of the two sequences in
the sample also when the sequences are present in
other than the predefined 1:1 (heterozygote) or 2:0
(homozygote) ratios. Taking advantage of this quanti-
tative feature of the minisequencing method, we deter-
mined the allele frequencies of each marker by analyz-
ing DNA isolated from pooled leukocytes. Three
pools, each ofwhich represented about 1,000 individ-
uals living in the capital region of Finland and con-
tained an equal amount ofDNA from each individual,
were analyzed at each polymorphic site. The ratio be-
tween the two sequences in the pooled DNA samples,
which is equivalent to the allele frequencies in the pop-
ulation sample, was calculated from the obtained R
value by comparing it with the mean R value obtained
in samples from heterozygous individuals, in which
the alleles are, by definition, present in a 1:1 ratio.
Alternatively, the allelic frequencies can be calculated
by taking into account the specific activities and the
number of 3H[dNTP]s incorporated at each site. The
allelic frequencies determined from the pooled sam-
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Table 2

Genotyping of 10 Samples at the ADH3 and METH Loci, by Solid-Phase Minisequencing

ADH3 METH

3H[dNTP] Incorporateda 3H[dNTP] Incorporateda

(cpm) R Value: (cpm) R Value:
SAMPLE A Allele G Allele Acpm/Gcpm Genotypeb A Allele G Allele Acpm/Gcpm Genotypeb

1 ..... 6,550 61 107 AA 53 4,570 .011 GG
2 ..... 5,430 43 129 AA 713 1,110 .64 AG
3 ..... 2,620 30 90 AA 1,590 110 14.4 AA
4 ..... 3,300 1,770 1.86 AG 688 1,400 .49 AG
5 ..... 4,380 44 101 AG 45 1,690 .026 GG
6 ..... 160 2,800 .057 GG 970 1,530 .63 AG
7 ..... 5,520 42 131 AA 1,690 130 12.5 AA
8 ..... 2,240 1,210 2.02 AG 1,120 2,160 .52 AG
9 ..... 2,610 1,470 1.77 AG 1,900 105 18.0 AA
10 ..... 170 5,170 .034 GG 1,030 1,940 .53 AG
H20 ..... 30 39 ... ... 27 38

a At both sites, one 3H[dATP] will be incorporated into the A allele. At the ADH3 site, one 3H[dGTP] will be incorporated into the G
allele, and at theMETH site three 3H[dGTP]s will be incorporated into the G allele. In the analysis of theADH3 marker, the specific activities
of3H[dATP] and 3H[dGTP] were 62 Ci/mmol and 31 Ci/mmol, respectively. In the analysis oftheMETH marker, the corresponding specific
activities were 40 Ci/mmol and 61 Ci/mmol.

b Deduced from the observed Acpm/Gpm ratio.

ples were in good agreement with those observed by
analyzing individual samples (table 3).

Properties of the Panel of Markers

The 12 most informative markers were selected for
further study. The power of discrimination between
individuals, when the selected marker panel is used, is
calculated to be .99996 in the Finnish population.
The corresponding figure for the combination of the
D1S80, D17S30, and the ApoB 3' VNTR loci is .9998
(data not shown; A. Sajantila, unpublished data). The
power of exclusion of the marker panel in paternity
testing is .901; the corresponding figure for the 3
VNTR markers is .920; and that for the 10 protein
markers is .913 (data not shown). Mendelian inheri-
tance was demonstrated for each marker by analysis
of 60 meioses in 14 families.

Design of the Typing Method

Multiplex PCRs with different combinations of the
12 PCR primer pairs were investigated, and the opti-
mal amount of the PCR products subjected to the sol-
id-phase minisequencing reaction was determined.
The biotin-binding capacity of the microtitration-
wells set an upper limit to the amount of biotinylated
PCR products (and excess of biotinylated primers)
that can be present in the minisequencing reaction.

For this reason, during the PCR the biotinylated prim-
ers were used at lower concentration than were the
unbiotinylated ones. The best result was obtained by
carrying out three separate PCRs with four pairs of
primers in each reaction, followed by analysis of
1 /20 of the PCR product (containing a total of 2 pmol
of biotinylated primer) per microtitration well. The
following markers were combined: ADH3, ARSB,
METH, and LDLR; APOB, PROS1, PRP, and
D21S13E; and 3BHSD, LPL, IGF, and BCL2. The
signals obtained in the minisequencing reaction after
multiplex PCR were about 40% of those obtained
when each marker was amplified individually, but the
R values remained unaltered.

Application to Patemity and Forensic Cases

The solid-phase minisequencing method was used
to solve two cases of disputed paternity, both of which
included two putative fathers. Table 4 gives the geno-
types determined from blood samples of the mother,
the child, and the two men, in both cases. In case I the
result obtained with the marker BCL2 excluded man
1 as the father, and in case II exclusion of man 1 was
obtained with the markers ADH3, LDLR, APOB, and
D21S13E. This result is in accordance with that ob-
tained with 10 conventional markers and 3 VNTR
markers (data not shown). The power of exclusion
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Table 3

Genotype and Allele Frequencies of the Markers

MARKER ALLELE FREQUENCY
(no. of

chromosomes GENOTYPE Individual Pooleda Previously Reportedb
analyzed) FREQUENCY Samples Samples (no. of chromosomes) REFERENCE

ADH3 (152) .......

ARSB (128) ........

METH (106) .......

LDLR (140) ........

APOBC (174) .......

PROS1 (104) .......

PRP (100) ...........

D21S13E (130)

3BHSD (100) ......

LPL (96) ............

IGF2 (108) .........

BCL2 (118) .........

VWF (92) ...........

TP53 (42) ...........

AA .28
AG .47
GG .25
AA .36
AG .55
GG .09
AA .30
AG .47
GG .23
AA .19
AG .48
GG .33
CC .31
CT .49
TT .20
AA .46
AG .29
GG .25
AA .53
AG .43
GG .04
TT .46
TG .35
GG .19
AA .68
AC .28
CC .04
AA .25
AG .54
CC .21
AA .04
AG .57
GG 39
AA .32
AG .54
GG .14
AA 0
AG .20
GG .80
AA 0

AG .14
GG .86

A .51
G .49

A .63
G .37

A .54
G .46

A .43
G .57

C .56
T .44

A .61
G .39

A .74
G .26

T .64
G .36

A .82
C .18

A .52
G .48

A .32
G .68

A .59
G .41

A .10
G .90

A .07
G .93

A .58
G .42

A .67
G .33

A .58
G .42

A .45
G .55

C .55
T .45

A .58
G .42

A .66
G .34

T .72
G .28

A .77
G .23

A .52
G .48

A .20
G .80

A .56
G .44

A .14
G .86

A .08
G .92

A .50 HE43 (24)
G .50 HE44

A .38 358-Met (220

G .62 358-Val

A .57 MspI +

G .43 MspI- J

A .45 HincII+ (20

G .55 Hindcl (20)

C .51 Xl
T .49 X2

A .52 CGA 5
G .48 CCG (56)

A .62 Met-129 (212)
G .38 Val-129 J

T .60 Al 22

C .40 A2 (212)

A .68 AAC (78)
C .32 ACC

A .41 PvuII- 98)
G .59 PvuII+ (9)

A .47d Dl

G 53d D2 } (130)

A .51 A (160)
G .49 G(10

A .55 AatIIV (0

G .45 AatII+ (80)

A .31 K1 (112)
G .69 K2(12

Xu et al. 1988

Jin et al. 1991

Horn et al. 1989

Leitersdorf and
Hobbs 1988

Soria et al. 1989

Diepstraten et al. 1991

Collinge et al. 1991

Stinissen and Van
Broeckhoven 1991

Rheaume et al. 1991

Fisher et al. 1987

Tadokoro et al. 1991

Tanaka et al. 1991

Bowen et al. 1991

Chumakov and
Jenkins 1991

a Mean values of five parallel assays of three pools representing about 1,000 individuals each.
b The allele designation used in the reference cited is given on the right.
c The APOB allele frequencies have been determined, in an earlier study by RFLP analysis with XbaI, to be X1 .56 and X2 .44 in a

population sample of 140 individuals from western Finland and to be X1 .59 and X2 .41 in a population sample from 167 individuals
from eastern Finland (Aalto-Setala et al. 1991).

d Determined in a Japanese population sample.
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was .89 in case I and .94 in case II. The calculated
paternity index for man 2 was 11.4 in case I and 16.9
in case II.

The method was also applied to a homicide case,

which included reference blood samples from two vic-
tims and two suspects and three stain samples. As
can be seen from table 4, which shows the genotypes
determined from these samples, the genotype of stain 1
matches with the genotype determined from the blood
sample of suspect 2, and the genotypes of stain 2 and
stain 3 match with those of victim 2 and victim 1,
respectively. From the result in table 4 it can be seen

that each of the three other reference samples was

excluded as the source of the stain, by the first set of
four markers amplified in one multiplex PCR (ADH3,
ARSB, METH, and LDLR). In the Finnish population
the probabilities of a random match for individuals of
the genotypes determined from the stain samples are

1/85,000 (stain 1), 1/50,000 (stain 2), and 1/
2,100,000 (stain 3). The result obtained with the sol-
id-phase minisequencing test is consistent with that
obtained with threeVNTR markers (data not shown).

In the minisequencing analysis of the three stain
samples the R values obtained at each polymorphic
site clearly fell within the ranges ofR values previously
defined for heterozygous and homozygous individuals
by the analysis of individual samples. This shows that

each stain contained DNA originating from only one

individual.

Analysis of Mixed Samples

In some cases forensic stain samples can contain
mixtures ofDNA from the victim and the suspect. The
following experiment, in which mixed DNA samples
were analyzed, was carried out. DNA from two indi-
viduals of the genotypes METH GG/ADH3 AG, and
METH AA/ADH3 GG, respectively, were mixed in
9:1, 1:1, 2:3, and 1:9 ratios, and the mixtures were

analyzed at the METH and ADH3 loci. Figure 2 com-
pares the R values determined from the mixed samples
with the range of R values observed when the allelic
frequencies at these loci were determined from individ-
ual samples (see table 3). At theMETH locus, R values
falling outside the normal ranges were obtained in the
9:1 mixture (10% A allele), the 2:3 mixture (60%
A allele), and the 1:9 mixture (90% A allele). As ex-

pected, the 1:1 mixture (50O A allele) yielded an R
value corresponding to a heterozygote. At the ADH3
locus, R values clearly falling outside the normal
ranges were obtained with the 2:3 mixture (25%
A allele), 1:1 mixture (20% A allele), and 1:9 mixture
(5% A allele). The 9:1 mixture (45% A allele) was on

the borderline for the range of R values of heterozy-
gotes. This experiment demonstrates that the quanti-

Table 4

Genotypes Determined by the Solid-Phase Minisequencing Method, in Paternity and Homicide Cases

Sample ADH3 ARSB METH LDLR APOB PROSI PRP D21S13E 3BHSD LPL IGF2 BCL2

Paternity case I:
Mother .......... AA AG AG AG CT AA AG TG AC GG GG AG
Child ........... AA AG GG GG TT AA AG TG AC GG GG GG
Man 1 ........... AA AA AG GG CT AG AG TG AC AG GG AA
Man 2 ........... AG AG AG GG CT AG AG TT AC GG GG GG

Paternity case II:
Mother .......... GG AA AA GG CT AG AA TT AC GG AG AA
Child ........... GG AG AA GG CC AG AA TG AC GG AG AG
Man I ........... AA AG AG AA TT AG AG TT AC AG AG AG
Man 2 ........... AG AG AA AG CC AG AG GG AC AG AG GG

Homicide case:
Victim 1 ........ AG GG AA AG CT AG GG TG AC AG GG AG
Victim 2 ........ AA AA AA AG CT AG AA TT AC AG GG AG
Suspect 1 ....... AA GG AG AG CC AG AG TG AC AA GG AG
Suspect 2 ....... AG AG AG GG CT AG GG TT AC AA AG AG
Stain 1 ........... AG AG AG GG CT AG GG TT AC AA AG AG
Stain 2 ........... AA AA AA AG CT AG AA TT AC AG GG AG
Stain 3 ........... AG GG AA AG CT AG GG TG AC AG GG AG

NOTE. -Underlined genotypes are those that excluded man 1 as the father.
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Figure 2 R values determined from DNA samples prepared by mixing DNA from two individuals of the genotypes METH GG/

ADH3 AG and METH AA/ADH3 GG in 9:1, 1:1, 2:3, and 1:9 ratios. Left, Analysis at the METH locus. The mixed samples contained

the METH A and G alleles in the ratios 0.11 (10% A allele), 1.0 (50% A allele), 1.5 (60% A allele), and 9.0 (90% A allele). Right,

analysis of the ADH3 locus. The mixed samples contained the ADH3 A and G alleles in the ratios 0.82 (45% A allele), 0.33 (25% A

allele), 0.25 (20% A allele), and 0.053 (5% A allele). The range of R values obtained in the analysis of 76 individual samples at the

ADH3 locus and of 53 samples at the METH locus is denoted by the shaded areas.

tative nature of our method allows identification of the

presence ofDNA from two individuals in any mixture

between about 9:1 and 1:9. The minimal requirement

for this is that one of the individuals be a heterozygote

and that the other one be homozygous for either allele

at the same site, which is highly probable when 12

markers are analyzed. If the two individuals are homo-

zygous for different alleles at another site, the reliabil-

ity of identifying a mixed sample is further improved.

When a mixed sample has been identified at a mini-

mum of two sites with different genotype combina-

tions, the genotypes at each site can be determined.

This is accomplished by pairwise comparison -of the R

values at the two informative sites. Table 5 presents

a theoretical example of the relationship between the

R values in mixtures of DNA from two individuals

with the three possible combinations of different geno-

types. Table also gives the formulas describing the

general arithmetic relationship between each pair of

R values from different genotype combinations. The

genotypes in a mixed sample are deduced by testing

into which of the formulas two R values fit. In addi-

Table 5

Theoretical Illustration of the Typing of Mixed Samples from Two Individuals

GENOTYPE COMBINATION

GG+AA AG+GG AG+AA

MIXED A Allele A Allele A Allele
DNA SAMPLE (%) Rl(AI/G)a (%) R2(A/G)b (%) R(AA/G)c

9:1 ......... 10 .11 45 .82 55 1.22
1:1 ......... 50 1.0 25 .33 75 3
2:3 ......... 60 1.5 20 .25 80 4
1:9 ......... 90 9.0 5 .053 95 19

aI= (R3-1)12; and RI = (1 -R2)12R2.
bR2 = 1/IR3; and R2 = 1/(1 +2R1).
CR3 = I1/R2; and R3 = 1 +2R1.

GG<0.03-qw-V- - - A .-. .
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tion, the proportion between the two samples in the
mixture can be calculated, although this may not be
relevant in identity-testing analyses. At the sites where
both individuals are of the same genotype, any mix-
ture of their DNA will obviously yield an R value
corresponding to that of a single individual, and the
genotypes at these sites are thus defined.

Discussion

We have developed a new method for identification
of individuals, in which a panel of 12 biallelic nucleo-
tides are detected by the solid-phase minisequencing
method (Syvanen et al. 1990). The method is particu-
larly suitable for the simultaneous detection of multi-
ple nucleotide variations in a large number of samples.
First, the method is generally applicable for detection
of any variable nucleotide, and the hybridization con-
ditions employed for annealing of the minisequencing
detection step primer are nonstringent. Therefore, the
same reaction conditions can, contrary to hybridiza-
tion with allele-specific probes, be applied for analysis
of all sites. Second, the solid-phase reactions in a mi-
crotitration-well format make the test suitable for au-
tomatization. Nonradioactive detection methods are
also applicable (Syvanen et al. 1990; Jalanko et al.
1992). Third, the result of our test is obtained as nu-
meric values that unequivocally define the genotype
of the individuals. This facilitates computer-assisted
interpretation and handling of the data.
The AmpFLP technique (Allen et al. 1989; Budowle

et al. 1991), in which PCR-amplified VNTR alleles of
varying size are detected by PAGE and silver staining,
is at present successfully used in several laboratories,
including ours, for forensic identification and pater-
nity testing (Helminen et al. 1992; Sajantila et al.
1992b). The amplification of VNTR alleles con-
taining multiple repeats with the same nucleotide se-
quence requires careful optimization of the PCR con-
ditions and of the amount ofDNA template, to avoid
spurious PCR products (Jeffreys et al. 1988; Sajantila
et al. 1992b) and preferential amplification of (usu-
ally) the smaller allele (Jeffreys et al. 1988; Walsh et
al. 1992). Both these problems are avoided in the sol-
id-phase minisequencing typing method, where the
two alleles are of equal size and have essentially equal
nucleotide sequences. In our method a nucleotide sub-
stitution occurring in one allele immediately adjacent
or at the polymorphic position would lead to incorrect
interpretation of the genotype. In view of the fact that
the mutation rate of the total human genome (3 x 109

nucleotides) is about three nucleotides per cell genera-
tion, the probability of detecting a mutation at one
of the three critical nucleotide positions is practically
nonexistent.
A disadvantage of detecting sequence polymor-

phisms in forensic identity testing is that typing of
samples containingDNA from more than one individ-
ual is more difficult than when length polymorphisms
are analyzed. However, the R value obtained in the
test directly reflects the ratio ofthe alleles initially pres-
ent in the sample. If the R value in a sample falls
outside the range of R values defined by analyzing
samples from single individuals, this indicates that the
sample contains DNA from more than one individual.
The microtiter-plate format allows detection of one
DNA sequence present in about 5% of a sample. If the
test is converted to a bead-based format, 0.15% ofone
sequence can be detected from an excess of99.85% of
another sequence (Syvanen et al. 1992). The theoreti-
cal example in table 5 shows that the genotype of the
samples in a mixture can be deduced by comparing the
R values at a minimum of two sites having different
genotype combinations.

Using the solid-phase minisequencing method, we
were able to determine, in a few reactions, the allele
frequencies of each marker in the Finnish population,
by quantitative analysis ofpooledDNA samples repre-
senting 3,000 individuals. If leukocyte pools such as
those analyzed in this study are not available, pooled
samples can be prepared by mixing equal volumes of
blood, blood samples containing equal amounts of
leukocytes, or equal amounts of purified DNA. The
good agreement between the allele frequencies deter-
mined from pooled and individual samples suggests
that our method could, in the future, be a general,
cost-effective way of establishing population frequen-
cies of genetic markers. To be acceptable to official
agencies, this novel approach needs to be further eval-
uated in other populations and with more genetic
markers.

Determination of the population frequencies of ge-
netic markers is particularly interesting in Finland.
Differences between the Finnish and other Caucasian
populations have been shown with polymorphic pro-
tein markers (Nevanlinna 1980). The genetic isolation
of the Finns is also demonstrated by the "Finnish dis-
ease heritage," which includes about 30 mostly reces-
sively inherited diseases that are common in Finland
and practically nonexistent in other populations (Nev-
anlinna 1972). On the other hand, in a study of the
allele distribution at the D1S80 VNTR locus by using

56



DNA Typing by Solid-Phase Minisequencing 57

the AmpFLP technique, similar allele frequencies were
observed in the Finnish and a North American popula-
tion (Sajantila et al. 1992a). In the present study of
14 biallelic markers, most of which were located in
coding regions, three of the markers showed a signifi-
cant difference in the allelic frequencies, compared
with that reported from other Caucasian populations,
and for one marker there was a significant difference
compared with that in a Japanese population.
The panel of 12 markers selected for the solid-phase

minisequencing test yielded a power of discrimination
and exclusion similar to that shown by the three
VNTR markers routinely used in forensic identifica-
tion at our institute. Since biallelic polymorphisms are
very frequent in the human genome, and since detec-
tion of the polymorphic nucleotide is technically sim-
ple, the power of the minisequencing test can easily be
further improved by including additional markers.
The solid-phase minisequencing method was ap-

plied to type samples from two paternity cases and one
homicide case, which were randomly chosen among
our routine cases. In all three cases the result was con-
sistent with that obtained by the routine methods,
which include typing of three VNTR loci and 10 pro-
tein markers, in the paternity tests.
The solid-phase minisequencing method is particu-

larly attractive for use in routine laboratories, where
large numbers of samples are analyzed, and it is a
promising alternative for DNA-based identification in
paternity testing and forensic casework. Obviously it
can also be applied for analyzing biallelic markers and
haplotypes in genetic linkage analysis and population
studies.
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