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ABSTRACT: Minisatellite variant repeat (MVR) mapping using
the polymerase chain reaction (PCR) was applied to a paternity case
lacking a mother to evaluate the paternity probability. After three
flanking polymorphic sites at each of MS31A and MS32 loci were
investigated from the child and alleged father, allele-specific MVR-
PCR was performed using genomic DNA. It was confirmed that one
allele in the child was identical to that in the alleged father at both
loci. Mapped allele codes were compared with allele structures es-
tablished from population surveys. No perfect matches were found
although some motifs were shared with other Japanese alleles. The
paternity index and probability of paternity exclusion at these two
MVR loci were then estimated, establishing the power of MVR-
PCR even in paternity cases lacking a mother.
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Since the initial development of DNA fingerprinting (1), DNA
typing techniques have been applied to paternity testing. Compared
with conventional genetic markers, hypervariable minisatellite loci
have enormous numbers of alleles resulting in very high heterozy-
gosity and thus, unprecedented superiority of discrimination. Since
most DNA typing systems can type co-dominant alleles, the pater-
nity index (PI) or the probability of exclusion (PE) can easily be cal-
culated by pedigree analysis algorithms (2,3). However, the mother
is sometimes unavailable for testing in paternity cases (4,5). Evalua-
tions of PI and PE from genotypes of the child and alleged father in
these motherless cases have been specifically addressed (6–8).

Minisatellite variant repeat mapping using PCR (MVR-PCR) (9)
was devised to reveal the interspersion pattern of subtle repeat vari-
ants along minisatellite tandem arrays. So far, it has been success-
fully applied to several human minisatellite loci (10–12). MVR-
PCR has revealed enormous diversity of allele structures at D1S8

(MS32) and D7S21 (MS31A) loci in various populations including
the Japanese (13,14). Preliminary forensic applications for identifi-
cation by MVR-PCR have also been described (15–18). MVR-
PCR is the best approach to exploit the potential of hypervariable
minisatellite loci because mapping is unambiguous, precise sizing
of alleles is not required, and the digital code data obtained is suit-
able for computer analysis. It also reveals far more variability than
can be resolved by allele length analysis.

As part of a research exercise, MVR-PCR was used to establish
the paternity of a case lacking a mother and to evaluate its potential
by comparing the paternity probability with those yielded by other
DNA systems.

Materials and Methods

Sample Preparations

Venous blood was collected from a one-year-old child and the
alleged father at the family’s request. DNA was extracted as de-
scribed previously (19). The DNA concentration was determined
fluorometrically by a TKO 100 Dedicated Mini Fluorometer (Hoe-
fer Scientific Instruments, CA).

Genotyping at 12 DNA Loci

HLA-DQA1 and five PM™ loci (LDLR, GYPA, HBGG, D7S8,
and GC) were typed using AmpliType PM1DQA1 kit (Perkin
Elmer, NJ) according to the manufacturer’s protocol. Six STR loci
(HUMLIPOL, HUMVWFA31, HUMFXIIIB, HUMTH01,
HUMTPOX, and HUMF13A01) were analyzed by the GenePrint
STR system (Promega Corporation, WI). The amplified products
were separated in 6% denaturing polyacrylamide gels and visual-
ized by silver staining. The allelic ladders supplied with the kit
were electrophoresed for determining allele size.

Calculations

For calculating paternity index (PI), the probability of paternity
(W), and the probability of exclusion (PE), established allele fre-
quencies reported previously on the loci in the Japanese population
were used (19–21). All calculations were performed using Mi-
crosoft Excel Version 5.0 software. In order to compare efficien-
cies between loci, we used the arithmetic mean PE and the geo-
metric mean PI (22). The mean PE was calculated as follows: a
value of PE for a particular set of child-mother genotypes in a trio
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(or in a child genotype in a motherless case) was multiplied by its
estimated proportion under Hardy-Weinberg equilibrium, and val-
ues were simply added for all possible combinations of mother-
child-father (or child-father) genotypes. The geometric PI was cal-
culated as ∏PIi ƒi, where PIi is the PI value of a particular trio or
child-father (motherless case) genotype combination, and ƒi is its
estimated proportion in the population.

Allele-Specific MVR-PCR at D1S8 (MS32) and D7S21 (MS31A)
Loci

Allele-specific MVR-PCR is based on the selective amplifica-
tion of one allele over the other from total genomic DNA using an
allele-specific PCR primer directed to a polymorphic site in DNA
flanking the minisatellite (23). In order to perform allele-specific
MVR-PCR, flanking polymorphisms at MS31A and MS32 were
investigated as described previously (11,14,23). A total of 100 ng
of genomic DNA was used for PCR amplification to genotype the
three flanking variants of MS32 (H1, Hf, and H2) (23) and MS31A
(2221G/C, 2109C/T, and 24A/G) (11,14). Allele-specific MVR-
PCR was then performed using 100 ng of genomic DNA, MVR-
specific primers and an appropriate allele-specific primer directed
to a heterozygous site flanking the minisatellite. The start position
of the allele code was determined by reference to a standard ge-
nomic DNA sample of known code. Allele codes of each individ-
ual at both loci were compared with those in the allele database by
using dot matrix analysis (using software written by A. J. J. in Mi-
crosoft Quick Basic) to identify related alleles which share exten-
sive regions of internal structural similarity (9,11,13,14,24,25). De-
tails of the allele database may be obtained from Alec Jeffreys upon
request. The parameters used for this analysis are as follows:
MS32, perfect nine repeat matches and at least 25 matching posi-
tions over the best two diagonals searched; MS31A, perfect eight
repeat matches and at least 20 matching positions.

Results

The typing results of 12 DNA markers for the child (C) and al-
leged father (AF) are summarized in Table 1. The resulting accumu-
lated PI was calculated as 157 and the combined PE was estimated at

97.12%. The probability of paternity [W 5 1/(1 1 PI)] was then es-
timated at 99.36% assuming a 50% prior probability of paternity.

To map each allele of C and AF by allele-specific MVR-PCR,
three flanking single nucleotide polymorphisms at each of MS31A
and MS32 were investigated. At MS31A, C was found to carry the
flanking haplotypes G-C-G and C-C-G [2221G/C(11),
2109C/T(14), and 24A/G (11) site, respectively], while AF was
typed as G-C-G and G-T-G. If AF is the real biological father of C,
they should thus share the allele with the flanking haplotype G-C-
G. Allele-specific MVR-PCR detecting the 2221G allele
(31HgaI1 as the allele-specific primer) (11) on C and the 2109C
allele (Psp1406I1 primer) (14) on AF can therefore map single al-
leles selectively. For MS32, both C and AF are heterozygous for
H1, while Hf and H2 are homozygous. Therefore, the H1 site was
used for allele-specific MVR-PCR (primers H1G and H1C) (23).

Single allele mapping by allele-specific MVR-PCR using
primers at MS31A and MS32 was performed from genomic DNA;
examples are shown in Fig. 1. Allele-specific primers ignore the al-
ternative allele, and only one allele is amplified when the individ-
ual is heterozygous for the flanking polymorphic site. As a result,
the pattern of PCR products from a-type repeats was complemen-
tary to that from t-type repeats while a few ‘null’ repeat positions
were also scored (24). The allele codes at both loci could be deter-
mined without difficulty although some fluctuations in the intensity
of the bands were observed in MS31A.

The number of repeat units coded was determined by reference
to a standard sample (Fig. 2). All alleles could be coded for more
than 40 positions. At both loci, C and AF share not only a flanking
haplotype but also an identical allele MVR code (C1 and AF1 alle-
les at both loci in Fig. 2) consistent with paternity. Mapped allele
codes obtained from this case at both loci were then compared with
others previously established from population diversity surveys. At
MS31A, no matches were found with the 149 Japanese alleles. The
other MS31A alleles carried by C and AF (31-C2 and 31-AF2) are
both unique and yet share some motifs (31-C2: 39 repeat units, 31-
AF2: 27 repeats, see underlined codes) with three and seven
Japanese alleles, respectively (data not shown). In contrast, the al-
lele shared by C and AF has no significant similarity to any other
allele in the database. For MS32, an allele code database contain-

TABLE 1—Typing results of a motherless paternity test at 12 DNA markers and two MVR loci and their paternity probabilities.

Locus Child Alleged Father PI acm. PI PE(%) acm. PE(%)

AmpliType (PM 1 DQA1)
HLA-DQA1 1.1/4.1 4.1/4.2 or 4.3 3.79 3.79 67.9 67.9
PM LDLR BB BB 1.23 4.66 3.5 69.0

GYPA AA AB 0.88* 4.12 18.9 74.9
HBGG AB AB 1.22 5.04 0 74.9
D7S8 AB AB 1.06 5.34 0 74.9
GC BB BB 1.94 10.4 23.5 80.8

STR
HUMLIPOL 10, 10 10, 10 1.40 14.6 8.3 82.4
HUMVWFA31 18, 17 17, 17 1.76 25.6 25.3 86.8
HUMFXIIIB 10, 10 10, 9 0.69* 17.7 7.6 87.8
HUMTH01 9, 9 9, 9 2.62 46.3 38.2 92.5
HUMTPOX 8, 8 8, 8 2.21 103 30.2 94.8
HUMF13A01 3.2, 3.2 6, 3.2 1.53 157 45.2 97.1
MVR-PCR (Allele frequency†)
MS31A 0.02 12.4 1,950 92.1 99.8
MS32 0.009 26.5 51,600 96.3 99.992

* PI values not increasing the accumulated PI values.
† Frequency of the allele shared by the child and the alleged father is the upper 95% limit (see Discussion).
PI, paternity index; acm. PI, accumulated paternity index; PE, probability of exclusion; acm. PE, accumulated probability of exclusion.
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ing 1072 allele codes from 15 different ethnic groups (including
318 Japanese alleles) was examined; all codes in the database could
be distinguished from those mapped in this case. However, the al-
lele shared by C and AF has a motif (underlined in 32-C1 and 32-
AF1) similar to several Japanese alleles in a large group of related
alleles (107 alleles from 9 different ethnic groups including 52
Japanese alleles). The 32-C2 allele also shares some motifs with a
group of three other Japanese alleles.

Discussion

We previously reported the application of MVR-PCR for iden-
tity purposes to the remains of an infant and placenta found in an
incinerator (18). The present study reports the first application of
MVR-PCR to questions of parentage, in particular a paternity case
lacking a mother.

Using MS32 and MS31A databases, we estimated the frequency
in the Japanese population of each of the MVR codes generated in
this paternity case. Since Poisson analysis predicts both loci to have
very large numbers of different alleles in Japanese [MS31A:
.5000 alleles (14), MS32: .12,000 (unpublished data)], exact fre-
quencies cannot be determined from the relatively small databases
[MS31A 5 149 alleles (14), MS32 5 318 alleles (25)]. It is there-
fore not appropriate to use 1/5000 or 1/12,000 as the frequency of
the MVR haplotype shared by the child and the alleged father. In a
database of N alleles containing no alleles identical to that shared
by the child and alleged father, the upper 95% C.I. of the allele fre-
quency (ƒ ) is given by (1 2 ƒ )N 5 0.05, based on the binomial dis-
tribution. Since N is large (i.e., N . 100), ƒ can simply be calcu-
lated as 3/N. The conservative frequency of the allele shared
between C and AF at each locus is therefore 0.020 (3/149) for
MS31A and 0.009 (3/318) for MS32. These estimated allele 
frequencies are likely to be gross overestimates of the true 
frequencies.

We then calculated PI and PE using the MVR data. Given the ex-
treme variability in MVR codes generated at MS31A and MS32, any
two unrelated individuals will usually both be heterozygous and
share no alleles at either locus. Similarly, the vast majority of child-
father pairs will share only one allele at each minisatellite locus. This
genotype combination of child and father has less discriminatory
power compared with any other combinations (7), but with systems
of high allelic diversity it is possible to obtain high PI values. The PI
in the present case is 1/4p (7), where p is the frequency of the allele
shared by the child and the alleged father. PE is estimated by deter-
mining the frequency of individuals in the population who do not
share either of the child’s alleles: PE 5 (1 2 p 2 q)2, where p and q
denote the frequencies of the child’s alleles, conservatively esti-
mated as above. The results are summarized in Table 1. The com-

FIG. 1—Example of allele mapping results of the motherless case at
MS31A and MS32 by allele-specific MVR-PCR, using allele-specific
primers PSP1406I1 (2109C allele), HgaI1 (2221G allele), H1G, and
H1C. The 10th positions of MVR codes are marked (.). Allele mapping of
AF by Psp1406I1 and C by HgaI1 in MS31A, and AF and C by H1C in
MS32 show indistinguishable alleles shared by AF and C. In MS31A,
diploid maps are shown of AF by Psp1406I1 and C by HgaI1 since they
are homozygous for these positions. AS: standard allele; C: child; AF: al-
leged father.

FIG. 2—MVR allele maps at MS31A and MS32 in the present case. 0 5 null or unamplifiable repeat. Underlined regions are motifs which are shared
by other related Japanese alleles.
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bined PI with just two MVR loci is 329, compared with 157 for 12
other loci including 6 STRs. The PI over all loci is 51,600, which
gives a probability of paternity (W ) of 99.998% if the prior proba-
bility is 50%. The total PE in the case is estimated at 99.992%, again
with most statistical power provided by the two MVR systems.
These values are worthy of judicial consideration. The potential con-
tribution of MVR to PI in a motherless case was compared to that for
a paternity trio. In MVR analysis, since most mother-father pairs will
not share any alleles, any offspring will be heterozygous sharing one
allele with the mother and the other with the father. PI in a trio is
therefore estimated at twice that in a motherless case (1/2p vs 1/4p).
The relative importance of this difference becomes very minor when
the allele frequency is very small.

Finally, we compared the power of the MVR loci to that of STR
markers by estimating the geometric mean PI and mean PE values
in both the trio and motherless case (Table 2). For the STRs, the 
geometric mean PI is based on all possible combinations of geno-
types using the allele frequency distribution for the Japanese pop-
ulation. The values of PI in paternity trios derived from MVR loci
are far higher than those from STR loci. Even in motherless cases,
MVR loci show very high PI values as a consequence of large num-
bers of rare alleles. In paternity testing, if the PI value at a locus is
less than 1.0, it will decrease the accumulated PI even if the locus
does not exclude paternity (see GYPA or HUMFXIIIB in Table 1).
To evaluate the extent of this phenomenon, we estimated the pro-
portion of such cases for each locus. Amongst trio cases, all the
STR loci except HUMVWFA31 can yield a PI value of ,1.0 de-
pending on the precise genotype combination. In motherless cases
this is more pronounced and all six STRs can give a PI value of
,1.0 (Table 2). In contrast, because of the large numbers of rare al-
leles, MVR loci always contribute positively to establishing pater-
nity when C and AF share an allele. We conclude that MVR-PCR
is a useful tool for paternity cases especially those lacking a
mother. We note however that the power of MVR will be reduced
by population stratification, particularly in isolated communities,
and if the true father is related to a falsely accused man.

Hypervariable minisatellites such as MS31A and MS32 can
show significant germline mutation rates to new length alleles
which can generate false exclusions in paternity cases (26–28). The
paternal mutation rate at MS31A and MS32 is 1.0 and 0.8% re-

spectively (29). Since these loci are unlinked, with no evidence of
correlation of mutations between the loci, paternity cases showing
mutant paternal alleles at both loci will be rare (8 3 1025). How-
ever, 1.8% of cases will show paternal mutation at one or other of
the loci. In such cases, allele length measurement does not allow
distinction of non-paternity from mutation. In contrast, detailed
knowledge of mutation processes coupled with MVR analysis of
allele structure (30–32) can help distinguish mutation from non-pa-
ternity. For example, considerable information exists on MS32 mu-
tants analyzed in single sperm (30). 93% of mutation events in-
volve the gain or loss of less than 20 repeats, with 74% showing
gains. 90% of gain mutants show extreme polarity, with repeat seg-
ments being added within the first few repeat units of the progeni-
tor allele. Since MVR-PCR allows information to be recovered
from at least 40 repeat units, then a mutant paternal allele will usu-
ally show extensive structural identity with the progenitor paternal
allele except over the first few repeats, and as a result will tend to
be more similar to the paternal allele than to any other allele typed
in the population database. Preliminary data on MS31A again sug-
gests polar mutation with small allele length changes in the male
germline (30), allowing in principle the development of empirical
rules that would assist in distinguishing non-paternity from true pa-
ternity with germline mutation.
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