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ABSTRACT: In order to increase the discriminating power of
DNA analysis in forensic science, we devised a new triplex STR
system using three novel STR loci we previously reported,
D14S299 (wg1c5), D15S233 (wg1d1), and 9q2h2. We designated
this system a CDH triplex system. The CDH triplex system showed
a high discriminating power, especially in Caucasians. This system
is composed of three STR loci showing only regular tetranucleotide
repeat alleles. We easily enlarged the databases mainly of Japanese,
using this system, and compared them with those of Caucasian and
Chinese. This CDH triplex system therefore appears to be useful for
forensic practice.
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Short tandem repeat (STR) loci are composed of tandemly re-
peated sequences that can be two to seven base pairs in length.
Some kits based on simultaneous analysis of multiple STR loci
(multiplex) have been validated for forensic application. The com-
bined use of two or three kits allows us to type more than ten STR
loci. One such system composed of 13 STR loci showed an aver-
age match probability rarer than one in a trillion (1). This system

also showed an average exclusion probability of 99.99% with the
complete data available for mother, child, and the alleged father in
parentage analysis (1).

However, the apparent possibility of germ line mutations in such
STR systems is not negligible (2) for parentage analysis. When a
single exclusion case in paternity testing is encountered, it is desir-
able to type other STR loci to ascertain whether the mutation is gen-
uine or not.

We have already reported the individual properties of three novel
STR loci, D14S299 (wg1c5) (3), D15S233 (wg1d1) (3), and 9q2h2
(4). They seem to be especially useful for forensic analysis because
of their regular tetranucleotide repeat alleles at all loci in spite of
their comparatively high heterozygosities. Therefore, they can be
typed easily by silver staining on denaturing polyacrylamide gels.

“In this study, we devised a new triplex STR system, and desig-
nated the CDH triplex system from a part of each clone name,
wg1“c”5, wg1“d”1, and 9q2“h”2. This system applies those STR
loci for forensic analysis, especially further analysis of single ex-
clusion cases in parentage testing. Using this triplex STR system,
we improved the Japanese databases for the three STR loci, and
compared them with those of Caucasians and Chinese.

Materials and Methods

Sample Preparation

Whole blood samples were collected from unrelated Japanese
(Nagoya area) individuals, and DNA was extracted as previously
described (5). Some stored DNA samples of Chinese (Peking area)
and Caucasians (UK) were also used. Venous blood samples were
also collected from a paternity trio (mother, child, and alleged fa-
ther), and DNA was extracted as well.

PCR Amplification

PCR typing of the three STR loci, wg1c5, wg1d1, and 9q2h2,
was performed simultaneously in 10 �L of a buffer (6) containing
1 �M of the primers for wg1c5 (3) and 9q2h2 (4), 0.5 �M of the
primers for wg1d1 (3), 0.5 U Taq DNA polymerase (Perkin Elmer,
NJ), and 10 ng template DNA. After an initial denaturation at 95°C
for 3 min, the following PCR cycle was repeated for 30 cycles: de-
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naturation at 94°C for 1 min, annealing at 60°C for 1 min, and ex-
tension at 72°C for 1 min. Final extension was at 72°C for 10 min.
Each primer sequence are shown as follows; wg1c5a: 5�-GATCT-
CAATAAACATTGATACTGG-3�, wg1c5b: 5�-CTGCAT-
GAGCTAAAGCATACTG-3�, wg1d1a: 5�-AGGTCTGGGT-
GACAGAACA-3�, wg1d1b: 5�-CACCACGTCCCGCCTC-
TAAT-3� 9q2h2a: 5�-ACAGAGCAAGACTCTGTCAC-3�,
9q2h2b: 5�-GTATACACTTGAGCTAGTAGC-3�.

Purification of Single Alleles and Sequencing

Purification, cloning and sequencing of single alleles of the pre-
sent three loci were performed as described previously (4,7,8).

Preparation of Ladder Cocktail

Plasmids including each single allele were analyzed on an ABI
373XL (PE Applied Biosystems, CA) automated sequencer. The
products of each locus were diluted, mixed together, reanalyzed,
and balanced to produce single ladders which were them mixed to-
gether to form a cocktail in proportions so that all densities were
balanced on the stained gel.

Typing

PCR products were separated by electrophoresis on 6% denatur-
ing polyacrylamide gels (8 M urea), followed by silver staining (9).
Alleles were determined by comparison with the allelic ladder
marker described above.

Statistical Analysis

Tests for the Hardy-Weinberg equilibrium (HWE) were carried
out using the homozygosity test (10), likelihood ratio test (11), and
exact test (12). The probabilities of the likelihood ratio test and the
exact test were estimated based on 10 000 shuffling experiments.
Each allele frequency at the three loci was pairwise compared be-
tween each population using the Chi-square test.

Results and Discussion

Nomenclature and Properties at Each Locus

The nomenclature of alleles at the present three loci follows the
recommendations of the DNA commission of the ISFH (13,14) in
which the number of complete tandem repeats observed is desig-
nated by digit(s), and some sequence data has already been pub-
lished (4,7,8). An electrophoretic pattern of the present CDH
triplex system with the allelic ladder markers in a parentage testing
was shown in Fig 1. We could genotype all samples at each locus
compared to the allelic ladders certainty. The properties, such as
chromosome location, common sequence motif, and size range at
each locus were arranged in Table 1. Although the common se-
quence motif of D14S299 seemed to be highly complex, surpris-
ingly, we have observed only regular tetranucleotide alleles at least
in hominoid in our phylogenetic study (in preparation).

Enlargement of the Databases and Statistical Properties

Databases were easily enlarged using the present triplex system,
and the revised ones are shown in Table 2. The expected heterozy
gosities (12) were almost the same as those reported previously. At
the loci of wg1c5 and wg1d1, the expected heterozygosity of the
Japanese population was the lowest, while that at the locus of
9q2h2 was almost the same as those in the other two populations.
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Each database at three loci in Japanese was easily enlarged using
the present triplex system by increasing 120 individuals to former
databases (4,7,8) as shown in Table 2. Allele frequencies at 9q2h2
in Chinese, and at D15S233 and 9q2h2 in Caucasian were newly
calculated (15). No significant deviations from Hardy-Weiberg
equilibrium were observed using the homozygosity test, likelihood
ratio test, and exact test (Table 3).

The statistical properties, such as the observed heterozygosity
(Obs. Hz), expected heterozygosity (Exp. Hz, 16), power of dis-
crimination (PD, 17), and polymorphism information content (PIC,
18), were calculated as shown in Table 4. Both Hz at D15S233 in
all populations were highest in three loci. Both Hz of Caucasian at

FIG. 1—An electrophoretic pattern of the present CDH triplex system in
a parentage testing. AL: allelic ladder markers; M: mother; C: child; AF:
alleged father.



450 JOURNAL OF FORENSIC SCIENCES

TABLE 2—Allele frequency distributions at the three STR loci, D14S299, D15S233 and 9q2h2 in three different populations.

D14S299 (wglc5) D15S233 (wgld1) 9q2h2

Japanese* Chinese Caucasian Japanese* Chinese Caucasian* Japanese* Chinese* Caucasian*
Allele (n � 328) (n � 113) (n � 112) Allele (n � 356) (n � 93) (n � 112) Allele (n � 274) (n � 115) (n � 111)

28 0.005 0.004 0 13 0 0 0.009 12 0.002 0.004 0.005
29 0.084 0.071 0.049 14 0 0 0.013 13 0.055 0.057 0.063
30 0.453 0.407 0.246 15 0.028 0.048 0.121 14 0.184 0.226 0.171
31 0.229 0.265 0.254 16 0.173 0.134 0.210 15 0.323 0.348 0.293
32 0.130 0.119 0.201 17 0.317 0.328 0.241 16 0.292 0.239 0.306
33 0.038 0.044 0.063 18 0.118 0.145 0.063 17 0.091 0.070 0.108
34 0.043 0.049 0.134 19 0.291 0.253 0.210 18 0.029 0.039 0.050
35 0.005 0.009 0.045 20 0.053 0.051 0.076 19 0.015 0.017 0.005
36 0.011 0.027 0.009 21 0.014 0.011 0.054 20 0.005 0 0
37 0 0 0 22 0.003 0 0.004 21 0.004 0 0
38 0.003 0 0 23 0.003 0
39 0.002 0 0
40 0 0.004 0

* Present study.

TABLE 3—Tests for Hardy-Weinberg equilibrium.

Japanese Chinese Caucasian

Locus D14S299 D15S233 9q2h2 D14S299 D15S233 9q2h2 D14S299 D15S233 9q2h2

Homozygosity test 0.5382 0.6046 0.8024 0.7259 0.5217 0.1306 0.3871 0.2516 0.7745
Likelihood Radio test 0.6150 0.2892 0.8779 0.0813 0.8483 0.1607 0.6019 0.5501 0.6187
Exact test 0.7191 0.2122 0.9429 0.1714 0.9216 0.0802 0.6007 0.7311 0.6111

TABLE 4—Statical properties at three loci in the three populations.

Japanese Chinese Caucasian

Locus D14S299 D15S233 9q2h2 D14S299 D15S233 9q2h2 D14S299 D15S233 912h2

Obs. Hz* 0.729 0.778 0.770 0.752 0.807 0.704 0.839 0.866 0.784
Exp. Hz† 0.717 0.768 0.765 0.743 0.785 0.764 0.812 0.830 0.777
PD‡ 0.882 0.904 0.908 0.892 0.920 0.901 0.927 0.942 0.904
PIC§ 0.680 0.731 0.728 0.704 0.749 0.724 0.781 0.804 0.739

* Observed heterozygosity.
† Expected heterozygosity (16).
‡ Power of discrimination (17).
§ Polymorphism information content (18).

TABLE 1—Properties of the three STR loci in the present triplex STR system.

Locus Designation Chromosome Location Common Sequence Motif Size Range (bp)

D14S299 14 (GGAT)n AGAT (GGAT)2 GGAA AAAT GGAT
AGAT GGAT GGGT (GGAT)0,2 GAAT (GGAT)n 299–343
GAAT ATAT GGGT (GGAT)2 (GGGT)0–1 (GGAA)n

D15S233 15 (AGGA)n (GGGA)n 195–227
9q2h2 2p (GGAA)n 131–167
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all three loci were higher than those of other populations. All PD
values were more than 0.88, and the combined PD with this triplex
was calculated at 0.9990, 0.9991, and 0.9996 in Japanese, Chinese,
and Caucasian, respectively.

We also calculated the probability of paternity exclusion (PE,
19) values at each locus and the combined PE value of three loci in
three populations (Table 5). Each value at all loci and the combined
PE value of Caucasian was the highest in them. These values were
similar to those of other loci in a nineplex kit (20).

Pairwise Comparison of Allele Distributions Among Three
Populations

We compared pairs of populations using the revised databases,
and found that there was no significant difference in allele
distribution between Caucasians and either of the two Asian popu-
lations at the locus of 9q2h2 (Table 6). Allele distributions
usually show highly significant difference between such very
different populations as Caucasians and Asians at ordinary STR loci
like the present two, wg1c5 and wg1d1. The simple allele structure
of 9q2h2 (Table 1) may be related to the apparent stability of allele
distribution, although further study is needed to verify this.

Mutation Rates

We could not calculate each mutation rate at all loci because not
enough trio samples confirmed their parenthood; but we have not
observed any mutations of these STRs among a few decades of our
trio samples. However, Brinkmann et al. (21) reported that the mu-
tation rate of repeat regions in STRs showed a positive correlation
to the geometric mean of the number of variable uninterrupted re-
peats, and that this relation can be expressed as an exponential
function. Accordingly, we have estimated the mutation rates at
D14S299, D15S233, and 9q2h2 as approximately 0.2, 0.2, and
0.7% from the geometric mean of the number of variable uninter-
rupted repeats, 11.0, 11.9, and 15.3, respectively. The rates of the
former two loci were similar to D21S11 (0.180%) and vWA
(0.199%), and that of the latter locus was similar to ACTBP2
(0.684%). This rate (0.7%) was relatively high because the se-

quence structure was very simple and the number of repeats was
large. However, since this value exceeded what was logically ex-
pected, the actual one may be smaller.

Usefulness of the Present Triplex STR System

When we tried to amplify DNA extracted from a one-year-old
bloodstain by the present system, we could correctly type all loci
even though from 0.5 ng of template DNA without any allele
drop out.

We designated the present STR system the CDH triplex system.
Since all three loci have only regular tetranucleotide repeat alleles,
each with high discriminating power, and have nonoverlapping al-
lele size ranges, this system can accurately type their alleles by
electrophoresis on a denaturing polyacrylamide gel followed by
silver staining in which the initial cost performance is lower than
the fluorescent format. This system would therefore seem to be
useful as a supplementary tool in forensic practice, especially for
forensic scientists unavailable in any fluorescent formats, and it
will be more useful if a new fluorescent multiplex system includ-
ing these three STR loci will be constructed in future.
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