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Summary Three kinds of variable number of tandem repeat DNA 
probes (VNTR: pYNZ22, pYNH24, and pYNZ2) showing hypervariable 
polymorphisms were studied. Allelic frequencies and their confidence inter- 
vals among Japanese individuals were obtained. Co-dominant segrega- 
tion of the polymorphism was confirmed in family studies. Two a priori 
probabilities were calculated for each VNTR locus: exclusion probabilities 
for an alleged father/mother/child trio and for an alleged parent/child 
duo, and probabilities of matching of genotyped two unrelated individuals 
or two siblings. Availability as well as highly discriminating polymorphic 
pattern of VNTR loci makes it potentially very useful for forensic and 
human genetic purposes. 
Key  Words hypervariable polymorphism, VNTR loci, parentage test- 
ing, individual identification 

INTRODUCTION 

Many DNA restriction fragment length polymorphisms (RFLPs) have been 
reported which recognize the presence or absence of particular restriction enzyme 
sites giving rise to two possible alleles at each locus (Cooper and Schmidtke, 1984). 
Another class of polymorphisms in hypervariable regions of DNA which resulted 
from a variable number of tandem repeats (VNTR). VNTR loci are valuable 
genetic markers for human linkage maps (Nakamura et al., 1988), parentage testing 
(Jeffreys et al., 1985a; Baird et al., 1986) and individual identification (Jeffreys et 
a!., 1985b; Gill et al., 1985; Giusti et al., 1986). A common feature of these probes 
is the presence of a short core sequence element (i.e., VNTR or hypervariable re- 
peat, HVR) which is repeated in tandem along the chromosome and provides for 
the variable polymorphic character the locus (Nakamura et al., 1987). However, 
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the analyses of DNA fingerprints with minisatellite probe showed many difficulties 
assessing which bands are allelic, and undefined chromosomal location provides 
statistical unsatisfactorily. We chose three kinds of VNTR probes introduced 
first by Nakamura for forensic studies on Japanese population. The VNTR probes, 
locating on different chromosome each other, were demonstrated extremely infor- 
mative for paternity testing and individual identification through statistical analyses. 

MATERIALS AND METHODS 

Sample analyzed. DNA samples from more than 200 unrelated individuals 
and 20 two-generation Japanese families living in the north of Japan were analyzed. 
To prepare DNA from peripheral blood, buffy coat was mixed with several aliquots 
of 0.2% NaC1 containing 10 mM ethylenediamine tetraacetic acid (EDTA) at 4~ 
DNA was extracted by the standard technique (Maniatis et al., 1982). The amount 
of DNA was measured by spectrophotometer scanning between 340 to 260 nm, 
and calculated using 260 nm absorbance. An optical density (OD) of 1 corresponded 
to 50 pg/ml DNA. At the same time, the purity of the sample was checked with 
the ratio between the absorbance at 260 and 280 nm (A26o/A~8o). 

DNA probes. VNTR probes (pYNH24, pYNZ22, and pYNZ2) developed 
originally by Nakamura et al. (1987) were kindly supplied from Japanese Cancer 
Research Resource Bank. The pYNH24 is 2.0 kb of HBV-1 fragment cloned in 
Ace[ of pUC18, pYNZ22 and pYNZ2 are 1.7 and 2.8 kb of human zeta globin 
fragment cloned in BamHI and HindIII site of pBR322, respectively. Chromosome 
location of pYNH24, pYNZ22, and pYNZ2 are 2q, 17p, and lp, respectively. 

Labeling of  probes. Standard procedures were used for bacterial transformation 
and plasmid DNA isolation (Maniatis et al., 1982). VNTR probes were labeled 
with [a-~2P]dCTP (3,000 ~Ci/mmol) using the Multiprime DNA labeling system 
(Amersham, 2-3 x 109 cpm/~g of probe DNA). Two molecular weight standards 
were also labeled with the same [o~-z~P]dCTP according to the T4 DNA polymerase 
labeling method (Hartley and Gregori, 1981, 1 x 106 cpm/~g of marker DNA). 

Southern hybridization. Three different restriction enzymes (REs) Hinfl and 
MspI (Boehringer Mannheim, F.R.G.), RsaI (New England Biolab, U.K.) were 
used for the digestion of DNA specimens (2.5 ~g of extracted DNA) and incubated 
at 37~ for 5-6 hr using I0-12 total units of REs per sample. The digested DNA 
fragments were loaded on a 24 cm-long horizontal 0.8 % agarose gel (MspI digested 
sample probing with pYNH24) or a 1.2 % agarose gel (RsaI digested sample prob- 
ing with pYNZ2, MspI digested sample probing with pYNZ22). Electrophoresis 
was carried out in 1 x TBE buffer (pH 8.0) at 1 V/cm of gel for approximately 30 
hr. The sizes of polymorphic restriction fragments hybridizing to the probe were 
determined by comparison to the mobilities of DNA size markers. Two molecular 
weight standard markers were used for comparison purposes: 1) a 123-base-pair 
ladder (Bethesda Research Laboratories) and 2) EcoT 141 fragments of lambda DNA 
(Takara) which reveal the migration of 19.33, 7.74, 6.22, 4.25, 3.47, 2.69, 1.88, 1.49, 
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0.93, and 0.42 kb, respectively (1 ng of DNA/well for the 123-base-pair ladder and 
500 ng of DNA/well for lambda DNA). The loading was in triplicate on each 
gel, the two outside lanes on each side of the gel, and the two center lanes. 

The DNA fragments were then transferred to a nitrocellulose membrane. 
Prehybridization was carried out at 42~ in a solution containing 50 ~ formamide, 
5 x SSPE (1 x SSPE=0.15 M sodium chloride, 0.01 M sodium dihydrogen phosphate 
1 mM EDTA), 0.2 mg/ml salmon sperm DNA, 0.1 ~ SDS, and 5 x Denhardt's solu- 
tion [1 x Denhardt's solution=0.2 g/liter Ficoll (Sigma, type 400), 0.2 g/liter poly- 
vinylpyrrolidone (PVP, Kodak), and 0.2 g/liter bovine serum albumin (Sigma, 
type V)]. The filters were hybridized with probes at 42~ for 12 hr in the same 
solution as prehybridization except that the concentration of salmon sperm DNA 
was reduced by half. The filters were washed twice at 50~ for 15 min with 0.1 x 
SSPE, 0.1 ~o SDS, followed with a solution in 0.1 x SSPE for few minutes and then 
air dried. Autoradiography was carried out at -90~ using Fuji X-ray film for 
one day with two intensifying screens. 

Standard paternity testing methods. Paternity testing methods routinely used 
are taken from standard protocols and include serologic analyses of selected red 
cell antigen systems (ABO, Rh-Hr, MNSs, P, Duffy and Kidd), red cell enzymes 
(phosphoglucomutase-l, esterase-D, acid phosphatase, phosphogluconate dehydro- 
genase), and serum proteins (group-specific component, Km allotype, Gm allotype, 
al antitrypsin, transferrin and haptoglobin). 

Statistical methods. The three VNTR genes were subdividea into 15, 28, and 
5 non-overlapping groups of DNA fragments, respectively. Therefore the allele 
frequency values for VNTR were used directly for calculation. The physical size 
of the alleles for VNTR was found to vary by increments which were smaller than 
the size measurement error. The size of the alleles was measured at 100-bp incre- 
ments (pYNH24 and pYNZ2) (partially 50-bp increment in pYNH24) or 70-bp 
increments (pYNZ22). To evaluate the precision of the estimates, we calculated 
95 ~ confidence intervals, taking into consideration that allelic frequencies of one 
locus are multinominally distributed. The score of Z ~ (chi-square) was calculated 
to examine that the population was in Hardy-Weinberg equilibrium. 

The paternity exclusion (alleged father/mother/child) was calculated according 
to the calculation form of Komatu (1952). The paternity exclusion (alleged parent/ 
child) and the probability of matching of 2 random persons and 2 siblings was cal- 
culated according to Selvin (1980) and Garber and Morris (1983). We calculated 
95 ~ confidence intervals of the paternity exclusion and the probability of matching 
using a bootstrap method (Efron, 1979). 

RESULTS 

Fifteen different alleles at pYNZ22 probe were found in a sample of 172 un- 
related Japanese (Table 1) digested with MspI. Samples digested with HinfI also 
showed almost same polymorphisms. As the basic sequence of the repeat (70-bp 
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Table 1. 
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Allele frequencies and confidence intervals observed by the combination with pYNZ22 
probe and Mspl. 

Allele size Confidence Interval 
(kilobases) Frequency 95% 

1.98 0.009 0.000 0.019 

1.70 0.020 0.005 0.035 

1.49 0.035 0.015 0.054 

1.42 0.029 0.011 0.047 

1.35 0.058 0.033 0.083 

1.28 0.049 0.027 0.072 

1.21 0.058 0.033 0.083 

1.14 0.064 0.038 0.090 

1.07 0.096 0.065 0.127 

1.00 0.125 0.090 0.160 

0.93 0.108 0.075 0.140 

0.86 0.113 0.080 0.147 

0.79 0.099 0.067 0.130 

0.72 0.096 0.065 0.127 

0.65 0.041 0.020 0.062 

Total 15 alleles 1.000 

Note. Gene frequencies are based on 172 unrelated Japanese individuals. 

sequence) and flanking D N A  were reported by Wolff et al. (1988), 70-bp increment 
was adopted to indicate the size fragment between 0.65 and 2.03 kilobase pairs. 

Another VNTR probe, pYNH24, was expected to consist of  a 30-base pair 
repeat unit according to the data of Nakamura  (1987). Digesting with MspI, 
28 size classes were adopted ranging from 1.40 to 4.90 kilobase pairs (Table 2) among 
216 unrelated Japanese. Figure 1 shows an autoradiogram obtained from analysis 
of  D N A  from 10 unrelated individuals probing with pYNH24. We grouped re- 
striction fragments into 100 bp size (partially 50 bp size) for establishing a frequency 
database. Other REs such as PstI, BamHI, HindlIl, and TaqI also showed almost 

the same distribution patterns as MspI. 
Using pYNZ2 probe, five different size alleles were found in a sample of 173 

unrelated Japanese between 1.60 to 2.70 kilobase pairs range (Table 3) examined 
with RsaI digestion (Fig. 1). Relative allelic frequencies (9s for these three VNTR 
probes are schematically shown in Fig. 2. Relatively small range of allelic fre- 
quency was observed on pYNZ22 (0.133-0.006) and pYNH24 (0.106-0.002), while 
not on pYNZ2 (0.555-0.017). Confidential intervals for each allelic frequency 
are also indicated in Tables 1 to 3. Heterozygosities of  pYNZ22, pYNH24, and 
pYNZ2 are 0.912, 0.944, and 0.569, respectively. 

VNTR probes used in this study were located on different chromosome each 
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Allele frequencies and confidence intervals observed by the combination with 
pYNH24 probe and MspI. 

Allele size Confidence Interval 
(kilobases) Frequency 95% 

4.90 0.021 0.007 0.034 

4.60 0.005 0.000 0.011 

4.40 0.009 0.000 0.018 

4.30 0.002 0.000 0.007 

4.10 0.023 g. 001 0.037 

3.75 0.007 0.000 0.015 

3.60 0.021 0.007 0.034 

3.50 0.011 0.001 0.022 

3.35 0.025 0.011 0.040 

3.20 0.035 0.017 0.052 

3.05 0.044 0.025 0.063 

2.90 0.023 0.009 0.037 

2.75 0.030 0.014 0.046 

2.65 0.025 0.011 0.040 

2.55 0.049 0.028 0.069 

2.45 0.063 0.040 0.085 

2.35 0.086 0.059 0.112 

2.25 0.086 0.059 0.112 

2.20 0.106 0.077 0.136 

2.15 0.025 0.011 0.040 

2.10 0.063 0.040 0.085 

2.05 0.065 0.042 0.088 

1.95 0.058 0.036 0.080 

1.90 0.019 0.006 0.031 

1.85 0.051 0.030 0.072 

1.65 0.025 0.011 0.040 

1.50 0.014 0.003 0.002 

1.40 0.009 0.000 0.018 

Total 28 alleles 1.000 

Note. Gene frequencies are based on 216 unrelated Japanese individuals. 

other as shown in Table  4. The expected and observed frequencies of homozygotes 

and heterozygotes are summarized.:  The observed frequencies were very close 

to the expected ones. In  Table 5, exclusion probabi l i ty  is shown when the bo th  

parent  and the child are genotyped (AF/M/C)  or when one parent  and  the child 

(P/C) are genotyped. The high scores of exclusion probabil i ty  (pYNZ22, 0.826; 

pYNH24,  0.887) means the distinguished usefulness in parentage test and  narrow 
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Fig. 1. Autoradiogram obtained from Southern blot analysis. DNA was collected from 
10 unrelated individuals, digested with MspI and probed with pYNH24 (1), digested 
with RsaI, probed with pYNZ2 (2). The arrowheads indicate the size of bands. 
Fragment length was indicated in kb. The size was determined according to the 
method indicated in the text. 

confidence intervals were observed (pYNZ22, ___0.85}o~; pYNH24, _.+0.72~). 
Twenty cases of two generation families were investigated with VNTR probes, 
whose paternity relations were confirmed with the standard paternity testing method 
mentioned in materials and method. Every band of a child can be traced to either 
one of the parents. No mutations were observed. The cumulative exclusion pro- 

bability was estimated to be 0.986. 
As shown in Table 5, the probability of matching and the confidence interval 

(95 ~)  were summarized which indicating the usefulness of this analysis for forensic 
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Allele frequencies and confidence intervals observed by the combination with pYNZ2 
probe and Rsal. 

Allele size Confidence Interval 
(kilobases) Frequency 95% 

2.70 0.017 0.004 0.031 

2.35 0.009 0.000 0.018 

2.15 0.078 0.050 0.106 

2.05 0.341 0.291 0.391 

1.60 1.555 0.503 0.607 

Total 5 alleles 1.000 

Note. Gene frequencies are based on 173 unrelated Japanese individuals. 
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Relative frequency (in percent) of alleles according to their size (kb) for three 
VNTR probes analyzed (1, pYNZ22-MspI; 2, pYNH24-MspI; 3, pYNZ2-Rsal). 

individualization. From the three analyses, the probability that two randomly 
selected individuals will have the same genotypes was 2.16 x 10 -'5. On the other 
hand, the probability that randomly chosen two siblings will have the same geno- 
types was 4.38 x 10-L 

DISCUSSION 

D N A  probes are now starting to be used widely due to its hypervariable poly- 
morphisms, especially in forensic individualization (Gill et al., 1985, 1987; Jeffreys 
et al., 1985b), and in paternity suits (Baird et al., 1986; Jeffreys et al., 1986). Almost 
all of  them are multi-locus probes which recognize several V N T R  loci under the 
conditions of  reduced stringency. The single-locus probe is easily handled with 
under high stringency conditions and appears to be more sensitive and reproducible 
results than the multi-locus probes. The traditional statistical analyses of  paternity 
and matching probabilities are not suitable for applying to the results of  multi-locus 
probes due to the undefined chromosome location. 
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Table 4. Chromosomal location of characterized VNTR loci and ex- 

Probe Locus 
Number Number 

Chromosome Enzyme of of 
alleles individuals 

pYNZ22 D17S30 17p MspI 15 172 

pYNH24 D2S44 2q MspI 28 216 

pYNZ2 DlS57 I p RsaI 5 173 

p, significant deviation of observed frequencies from expected frequencies. Homo., homozygotes; 
dora. 

Table 5. Exclusion probabilities and probabilities of matching with confidence intervals calcu- 
lated in three VNTR DNA systems. 

Exclusion Confidence Exclusion Confidence 
Probe/Enzyme probability interval probability interval 

(AF/M/C) 95 % (P/C) 95 % 

pYNZ22/MspI 0. 826 0.819 0. 833 0. 702 0. 692 0. 713 

pYNH24/MspI 0. 887 0. 881 0. 893 0. 797 0. 787 0. 807 

pYNZ2/RsaI 0. 296 0. 276 0. 317 0. 167 0. 153 0. 181 

Cumulative I~. 986 0. 985 0. 987 0. 950 0. 946 0. 954 

Probability of Confidence interval 
Probe/Enzyme matching 95 % 

2 random persons 

pYNZ22/MspI 1.38 x 10 -z 1.27 x 10 -2 

pYNH24/Mspl 5.95 x 10 -3 5.27 • 10 -3 

pYNZ2/RsaI 0. 263 0. 241 

Cumulative 2. 16 x 10 -5 1.70 x 10 -5 

1.49 • 10 -2 

6.62• 10 -3 

0. 283 

2.62• 10 -5 

Probability of Confidence interval 
Probe/Enzyme matching 95 % 

2 siblings 

pYNZ22/MspI 0. 296 0. 294 0. 298 

pYNH24/MspI 0. 279 0. 278 0. 281 

pYNZ2/Rsal  0. 531 0. 515 0. 547 

Cumulative 4. 38 x 10 -2 4. 24x 10 -2 4. 56x 10 -2 

Note. AF, alleged father; M, mother; C, child; P, parent. 

The probes used in this study were single-locus probes. We tested first seven 

kinds of  V N T R  probes (pYNZ22,  pYNH24,  pYNZ2,  pMLJ14,  pJCZ3.1,  pEK-  

MDA2.1 ,  and p C M M 8 6 )  for genetic study on Japanese populat ion.  The  latter 

four  probes were cumbersome due to requ i rement  of  high concentra t ion  o f  human  

placental D N A  (1.0-0.5 mg/ml)  for  blocking non-specific reactions. Al though 

the pMLJ14  probe  showed excellent po lymorphisms  with RsaI ,  the allele sizes 
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pected and observed frequencies of homozygotes and heterozygotes. 
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Homo. Hetero. 
P 

Obs. Exp. Obs. Exp. (d. f. = 1) 

17 14.7 155 157. 3 0. 39 0. 50~p~0.75 

16 12. 1 200 203.9 1.33 0. 10<p~0.25 
73 74.6 100 98.4 0 . 0 6  0.75~p~0.90 

Hetero., heterozygotes; Obs., observed frequencies; Exp., expected frequencies; d.f., degree of free- 

were too large (showed polymorphisms at over 5 kb region). The former three 
probes were able to be used without special blocking and two of those gave high score 
( > 9 0 ~ )  of heterozygosity. As each of the three probes lies on a different chro- 
mosome, they may be assumed to be statistically independent. 

We adopted the indication of fragment size in 100-bp increment (partially 
50-bp) in the case of pYNH24 probing. The alleles detected by pYNH24 probe 
have been grouped into 28 size classes among Japanese population, but these cat- 
egories did not represent individual alleles. The recognition of the single repeat 
of the core sequence (30 base pair: Nakamura et  al., 1987) will be beyond the ca- 
pability of agarose gel electrophoresis. This will be one of the reason getting re- 
latively high score of homozygotes in individuals compared with that be expected. 
This probe has theoretically over I10 repeat units between 1.40 to 4.90, kb region 
but this way of 100-bp increment indication might be a conservative approach for 
standardization of the fragment size. 

Jeffreys et al. (1988) reported high mutation rates of some 'fingerprinting' 
probes one of which, D1S7, demonstrated a mutation rate of 5 .2~ per gamete. On 
the other hand, Wolff et  at. (1988) mentioned that the mutation rate of pYNZ22 
was 0.2 ~.  This kind of mutation is actually negligible for individual identification. 
Although VNTR loci showed more stable inheritance, it should be confirmed with 
other VNTR probes locating on the other chromosome in the cases of parental 
negation. 

Recently, one of the VNTR probes, pYNZ22, was applied to analysis with 
polymerase chain reaction (Horn et al., 1989) in which heterozygosity up to 86 ~ / O  

was obtained without hybridization procedure. The polymerase chain reaction 
method on VNTR loci will be extensively and quickly applied to crime investiga- 
tions. 

Probes are easily available either from the ATCC or from the JCRB gene bank, 
Japan. Now, it can be used without constraint of patents. The combination of 
single-locus DNA polymorphisms getting from VNTR loci proved very powerful 
informations for parentage testing and individual identification which has been 
pointed out by Giusti et  aL (1986) and Wainscoat et  al. (1987). Using hypervar- 
iable VNTR loci, the power of parentage testing and individual identification are 
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extremely increased compared with those obtained from classical methods. 
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