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Summary

The PCR technique was used to analyze the DXYS17 locus in the pseudoautosomal region of the X and the Y
chromosomes. Analysis on an automated DNA sequencer allowed for sensitive and highly accurate typing of
16 different alleles with a size between 480 and 1,100 bp. Two DXYS17 alleles migrated with the same size on
agarose or denaturing polyacrylamide gels but with different mobilities on nondenaturing polyacrylamide gels.
Sequence analysis showed that, while an identical number of repeats were present in both alleles, differences in
the composition of the units were observed. The origin of these differences was found in the 28- and 33-bp
units, which only had a specific repeat pattern at the 5' and 3' ends of the region. The genotype distribution for
DXYS17 in a Caucasian population did not deviate from the values expected under Hardy-Weinberg
equilibrium. However, the frequency of one allele and one genotype was significantly different between males
and females. Segregation analysis showed that this difference was the result of a nonrandom distribution of
certain alleles on the sex chromosomes in males.

Introduction

VNTR regions or minisatellite sequences are used as
highly polymorphic genetic markers in the construction
of linkage maps, in gene localization, in forensics, and
in paternity determination. Several VNTR loci have
been mapped to the distal parts of the short arms of the
human X and Y chromosomes. Polymorphic markers in
this region exhibit either partial or no sex linkage be-
cause of a high rate of recombination and are therefore
called "pseudoautosomal" (Simmler et al. 1985). One
of these polymorphic pseudoautosomal loci (DXYS17)
has been characterized as a VNTR consisting of two
tandem repeats of 28 and 33 bp (Simmler et al. 1987).
The 33-bp repeat is composed of three 11-bp repeats,
of which the first two are completely homologous,
while the third 1 1-bp sequence shows only slight analo-
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gies with the other units. The 28-bp unit is similar to the
33-bp unit but shows a deletion of 5 bp at the 3' end of
the middle 1 1-bp repeat. Southern blot analysis re-
vealed at least eight alleles that range in size from 1.1 to
1.9 kb in a TaqI digest. Although the basic repeats (28
or 33 nucleotides) are of sufficient length to allow dis-
crimination, on Southern blots, of polymorphic bands
differing in size by one repeat unit, it is possible that
differences of 5-11 bp remain undetected. More re-
cently, alternative methods of detection, based on the
PCR technique, have been developed for a number of
VNTRs (Jeffreys et al. 1988; Boerwinkle et al. 1989;
Decorte et al. 1990; Budowle et al. 1991a; Richards et
al. 1991; Scharf et al. 1992). The PCR method has the
advantage that it allows for nonradioactive detection
with an increased sensitivity and speed. Greater resolu-
tion for small size differences (such as one repeat unit)
can be obtained with a primer set that is close to the
repeat structure and with analysis of the amplified al-
leles on high-resolution agarose or polyacrylamide gels
(Decorte and Cassiman 1991). As a result, exact geno-
typing becomes possible, which contrasts with conven-
tional Southern blots where the low resolution for
small size differences can lead to pseudohomozygosity
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or nondetection of certain alleles (Chakraborty et al.
1991).

In the present report, we describe the application of
the PCR technique for the analysis of the DXYS17
locus with fluorescently labeled primers and the detec-
tion of the amplified alleles on an automated DNA
sequencer. The allele and genotype distributions were
determined in a Caucasian population and were tested
for Hardy-Weinberg (HW) equilibrium. The results will
show that, while HW equilibrium is obtained, a differ-
ence in allele or genotype distribution between females
and males was observed.

Material and Methods

Population Sample
Blood samples of 370 unrelated random Caucasian

individuals of Belgian descent (175 females and 195
males) were collected on EDTA, and genomic DNA
was extracted as described elsewhere (Decorte et al.
1990).

PCR Assay
Amplification of DXYS17 with primers 602-A (5'-

ACTCACTAGCACATGCTGTG) and 602-B (5'-GCG-
CAAAGAAATTCTGGTGA) was performed in a 50-gl
reaction volume in a modified PCR buffer (Kogan et al.
1987): 0.2-0.5 jig of genomic DNA was added to the
reaction buffer containing 16.6 mM (NH4)2SO4, 67
mM Tris-HCI (pH 8.8), 2 mM MgCl2, 10 mM f-mer-
captoethanol, 6.7,M EDTA, 170 jg BSA/ml, 200 jM
of each deoxyribonucleotide (Pharmacia), 1 jM of
each oligonucleotide primer, and 1.25 units of Taq
DNA polymerase (Perkin-Elmer Cetus or Beckmann).
The samples were overlaid with 40 jl of mineral oil and
placed in a thermal cycler (Perkin-Elmer Cetus Instru-
ments or Pharmacia) at 940C for 3 min, followed by 1
min of denaturation at 940C, 1 min of annealing at
550C, and 3 min of extension at 680C, for 25 cycles,
with a final extension of 10 min at 680C. The reaction
volume was scaled down to 15 jl when primer Fluo-
602-A (5' coupled with fluorescein amidite) was used.
A heminested amplification (Li et al. 1990) was used

to construct an allele marker system by amplifying
DNA samples from heterozygous individuals and by
pooling them after a second-nested-amplification re-
action. This provided us with an almost unlimited
source of alleles and avoided the problem of differen-
tial amplification of shorter fragments compared with
longer fragments (Jeffreys et al. 1988; Decorte et al.
1990) when a pool of PCR products was used. A first

amplification reaction was done with primers 602-B
and 602-C (5-TACGAGAGGGAGGAGTAAAG) under
the same conditions as described above, except for the
MgCl2 concentration (1.5 mM) and the primer concen-
tration (0.8 jM). From a 200-fold dilution of this PCR
reaction, 3 jl was used for reamplification with primers
602-A (or Fluo-602-A) and 602-B for 25 cycles of 1 min
of denaturation at 94°C and 3 min of annealing and
extension at 68°C, followed by 10 min of extension at
68°C. PCR products were pooled in equal concentra-
tions after evaluation on gel either by ethidium-bro-
mide staining or on an automated DNA sequencer (flu-
orescein-labeled products).

Analysis of PCR Products
Quality control of the amplifications was performed

by electrophoresis of a 10-jl sample of the PCR reac-
tion either in 7% nondenaturing polyacrylamide gels or
in 2% agarose gels in Tris-borate-EDTA (TBE) buffer
and by staining with ethidium bromide. Unlabeled PCR
products were further analyzed on 7% nondenaturing
polyacrylamide gels in Tris-borate buffer at 200 V for
4-5 h. PCR products with a fluorescein label were ana-
lyzed on the automated laser fluorescence (ALF) DNA
sequencer (Pharmacia LKB Biotechnology, Uppsala,
Sweden). PCR samples were diluted 16-fold, and 4 jl
was mixed with 4 jl gel-loading buffer (2% Ficoll 400,
2% glycerol, 0.02 X TBE buffer, 25 mM EDTA, and 5
mg dextrane blue/ml) and loaded on 6% Hydrolink
Long Ranger (J. T. Baker, Philipsburg, NJ) gels contain-
ing 1.2 X TBE-ALF buffer (120 mM Tris, 100 mM
boric acid, and 1.2 mM EDTA) and a running buffer of
0.6 X TBE-ALF. Running conditions were 1,500 V, 38
mA, 34 W, and 42°C for 360 min. Each run included
several lanes, with an allele size marker to identify the
different amplified fragments. Southern blotting and
hybridization with an oligonucleotide (HVR-DXYS17,
5'-GTCTGTTCTACGAAATAGAC) complementary
to the repeat sequence was performed as described else-
where (Decorte et al. 1990).

Sequencing of different alleles from individuals ho-
mozygous for DXYS17 was done via a solid-phase ap-
proach as described by Cuppens et al. (in press). Two
primer sets (602-B + 602-C and 602-A + 602-B with
the 5' ends of 602-B and 602-A coupled to biotin, re-
spectively) were used in the amplification, followed by
direct sequencing of both strands with fluorescein-la-
beled primers 602-A and 602-B, respectively. Sequenc-
ing reactions were loaded on a 6% Hydrolink Long
Ranger (J. T. Baker, Philipsburg, NJ) gel containing 7-
M urea and 1.2 x TBE-ALF buffer (running buffer 0.6
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X TBE-ALF) on the ALF DNA sequencer (Pharmacia
LKB Biotechnology, Uppsala, Sweden). Sequences were
analyzed with the Gel Assembler System and the Se-
quence Analysis System from the IntelliGenetics Suite,
release 5.4 (IntelliGenetics, Mountain View, CA). The
GenBank accession numbers of the complete sequence
of three alleles and the partial sequence of two alleles
were as follows: allele Gi, L17487; allele El, L17488;
allele E2, L17489; allele C, L17485; and allele F,
L17486.

Computations and Statistical Analysis
The population data generated through the PCR

procedures described above were used for the determi-
nation of the allele frequencies. A 95% confidence in-
terval was calculated according to Goodman (1965),
which takes into account that allele frequencies of a
locus are multinomially distributed. Allele and geno-
type frequencies with respect to sex were compared
with the expected frequencies in the total population,
and a x2 test was performed when the expected number
was greater than 5. The expected number of heterozy-
gotes and the standard error (SE) were computed as
described by Nei (1978). The number of alleles ex-
pected for the level of heterozygosity (Nei 1978) and
the SE were calculated according to the Ewens expec-
tation (Ewens 1972), which assumes that mutational
changes of VNTR alleles always lead to a new allele (the
infinite-allele model). This gives an upper boundary for
the observed number of alleles. The expected number
of rare alleles (frequency of <.01 or <.05) was calcu-
lated according to Chakraborty and Griffiths (1982).
HW equilibrium was tested by three methods: (1) ex-
cess of homozygosity was determined by comparing the
number of observed and expected homozygotes (Wahl-
und 1928); (2) the number of homozygous and hetero-
zygous genotypes observed and expected were com-
pared (Chakraborty et al. 1991); and (3) an exact test of
HW proportion for multiple alleles based on Monte
Carlo methods (Guo and Thompson 1992) was used.

Results

PCR Assay
Figure 1 shows a representative result of the analysis

by PCR of the DXYS17 alleles. Clear results were only
obtained with an annealing temperature of 550C, al-
though there were only 16 nucleotides of complemen-
tarity between primer 602-B (5'-gcgcAAAGAAATT-
CTGGTGA) and the target region because of the lack
of sequence information in the 3' upstream region of

F Cf m F C%; M

Figure I Segregation of DXYS17 alleles in two-generation
families. The amplified fragments were separated on 7% nondenatur-
ing polyacrylamide gels and visualized with ethidium bromide. Lane
F, father. Lane C, child. Lane M, mother. Unlabeled lanes contain an
allele marker (table 1).

the DXYS17 locus (Simmler et al. 1987). Confirmation
that the amplified fragments were derived from the
DXYS17 locus was obtained by Southern blot analysis
with an internal oligonucleotide (HVR-DXYS17) com-
plementary to the repeat sequence (data not shown).
Although different VNTR probes may detect other hy-
pervariable regions under reduced hybridization condi-
tions, the DXYS17 core sequence does not show this
property (Simmler et al. 1987). Codominant segregation
of the different alleles was confirmed in several nuclear
families (fig. 1).

Analysis of the PCR Products
Analysis of the amplified alleles (length range 480-

1,100 bp) was initially done on 3% composite agarose
gels, which should be adequate to discriminate between
two alleles differing in size by one repeat unit of 28-33
bp (Decorte et al. 1990). A population survey revealed,
however, that there was a significant difference be-
tween the number of homozygous individuals (55 in a
sample of 235 individuals) and the expected number
(38.6; X2 = 6.97; P = .008). Several explanations were
possible, including population substructure, the pres-
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Figure 2 Analysis of the DXYS17 allele marker in 5% Hydrolink Long Ranger gels on the ALF DNA sequencer in denaturing (top) and
nondenaturing (bottom) conditions. The two alleles that migrate with the same mobility in denaturing conditions are marked with an arrow.

ence of a null allele (absence of one allele on one of the
two chromosomes), or the nonamplification of one of
the two alleles. However, the quality controls that were
run on nondenaturing PAGE showed two fragments
for some of the homozygous individuals, indicating ei-
ther that the two alleles were of different length but
could not be separated on agarose gel or that the two
alleles were of the same size but had a different se-
quence. Support for the latter hypothesis came from
experiments with fluorescently labeled PCR products
on the ALF DNA sequencer (fig. 2). Two alleles mi-
grated with the same mobility in 5% PAGE gels con-
taining 7 M urea, while the two alleles ran with a differ-
ent mobility in gels with an identical pore size but
without urea. In order to find additional evidence for a
structural difference, we determined the nucleotide se-
quence for the two anomalously migrating alleles. Both
had a size of approximately 730 bp, which is too long to
sequence completely in one direction. The DXYS17

VNTR region is composed of two different repeats of
28 and 33 bp, and the two repeats contain one or more
MaeI sites (C 4TAG), which allowed us to align the 5'
and 3' sequences (fig. 3A). For the two anomalously
migrating alleles (El and E2), an identical sequence
length was obtained with the same composition of
bases. A dinucleotide search showed some minor varia-
tions between the two alleles, indicating a difference in
sequence. Alignment of the two alleles showed that
alleles El and E2 were alleles of the same length but
with different substructure (fig. 3B).

Population Study
In order to increase the throughput of the samples on

the gels and to standardize the gel electrophoresis, we
developed a fluorescent-based approach to analyze the
different amplifications on an automated DNA se-
quencer. The ALF DNA sequencer gave highly stan-
dardized and reproducible results. The maximum dif-
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Figure 3 A, Restriction map (Mael) for three DXYS17 alleles that were sequenced in both directions. Sizes between the bars represent
the distance (in bp) between the two sites. B, Sequence data for the three alleles of DXYS1 7. Sequences are grouped for each repeat. The dashed
lines (-) represent perfect identity between the alleles. The asterisks (*) represent bases not present in the sequence.

ference in mobility across the gel was 0.45%, while the
maximum difference in mobility between gels was

0.66% for the same samples (allele size marker). In total,
370 Caucasian individuals were genotyped, and the ob-
tained allele frequencies for the 16 DXYS17 alleles with
their 95% confidence limits were calculated (table 1).
Since the alleles could not be defined by the number of
repeats, we used a nomenclature which is based on the
mobility of the alleles (A to H) and which allowed us to

add a symbol for each new allele. Several tests were

performed on the population data to determine
whether the population was in HW equilibrium. The
number of observed homozygotes (54.0 ± 6.8) was not

significantly different from the expected value (60.2
+ 1.9; x2 = 0.12). In the population sample of 370 indi-
viduals, 7 homozygote genotypes and 46 different het-
erozygote genotypes were observed, which was in close
agreement with the expected values (6.05 ± 0.77 and
48.07 ± 3.46, respectively). An exact P-value for HW
proportion, calculated as described by Guo and
Thompson (1992), showed that the population in
which we determined the genotypes exhibited HW
equilibrium (P = .0419 and SE = 0.0098). The P-value
is close to rejection ofHW equilibrium at the 5% signif-
icance level, which might indicate substructure within
the population sample studied. However, the number
of observed alleles (16) did not exceed the number of
expected alleles (22.10 ± 4.17) under the infinite-allele
model. This indicated that the population in which we

determined the allele frequencies did not show any hid-
den subdivision (Chakraborty 1990).
The DXYS17 locus is present in the pseudoautoso-

mal region of the sex chromosomes, which exhibits a
lower degree of recombination in female meiosis (4%)
compared with male meiosis (36%; Rouyer et al. 1986).
Therefore, the allele and genotype frequency distribu-
tions according to sex (175 females and 195 males) were
compared for those cases with more than five occur-
rences (table 2). For one allele (Gi) and one genotype
(F-Al), we observed a significant difference between
females and males after correction for multiple testing
(X2 = 8.52; %2 = 10.71; table 2). The difference for the
genotype F-Al cannot be explained by a difference in
allele frequency of one of the two alleles (F or Al). A
possible explanation for the difference between the fe-
male and male distribution of the alleles and the geno-
types could be heterogeneity of the two populations,
although the total population did not show any evi-
dence of subpopulation structure. To test this hypothe-
sis, we tested for the presence of substructure in the
two populations by examining the number of alleles in
different gene-frequency classes (Chakraborty and
Griffiths 1982). Chakraborty et al. (1988) have shown
that in the presence of heterogeneity an excess of rare
alleles (s<.01 or <.05) is observed. Only in the female
population, an excess of alleles (8 vs. 5.53) with a fre-
quency of less than .01 was observed, but the difference
was not significant (table 2). Another explanation for
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B
Gi TAGATGAGAATTAGTCTGTTCTAC GAAATAGACGAGAATTAGTCTAGTCT 50
El ------------ - -

E2 -------------- --------------------------

Gi AC GAAATAGACTAGAAATAGTCTAGTCTAC GAAATAGACTAGAAATAGCC 100
El ----- --- --- --- ---

E2 -- ---------------------------- --------------------

Gi TAGTCTGTTCTAC GAAATAGACTAGAAATAGTCTAGTCTAC GAAATAGAC 150
El ------------- ------------------

E2 ------------- ---------------------------- ---------

Gi TAGAAATAGCCTAGTCTGTTCTAC GAAATAGACTAGAAATAGCCTAGTCT 200
El -------

E2 ------------------------ --------------------------

Gl GTTCTAC GAAATAGACTAGrAATAGCCTAGTCTGTTCTCC ********** 250
El ******* ********************************* **********
E2 ------- ********************************* GAAATAGACT

Gi * GAAATAGACTAGAAATAGTCTGTTCTCC GAAA 300
El ---------------------------- ----

E2 AGAAATAGTCTGTTCTAC ---------------------------- ----

Gl TAGACTAGAAATAGCCTAGTCTGTTCTAC GAAATAGACTAGAAATAGCCT 350
E l -----

E2 ----------------------------- ---------------------

Gl AGTCTGTTCTAC * * 400
El ------------ --------

E2 ------------ GAAATAGACTAGAAATAGTCTGTTCTCC GAAATAGACT

Gl * *************************** 450
El ----------------------- ---------------------------

E2 AGAAATAGCCTAGTCTGTTCTCC GAAATAGACTAGAAATAGCCTAGTCTG

G1 ****** *****************GAAATAGAGTA 500
El ------ GAAATAGACTAGAAATAGCCTAGTCTGTTCTAC -----------
E2 TTCTAC *********************************-----------

Gi GAAATAGTCTAGTCTGTTCTAC GAAATAGACTAGAAATAGCCTAGTCTGT 550
El ------

E2 ---------------------- _____

Gl TCTAC GAAATAGACTAGAAATAGTCTGTTCTAT GAAATAGAAGAGAAATA 600
El ----- ---------------

E2 ----- ---------------------------- -----------------

Gl GTCTAGTCTCTTCTAC * GAAATA 650
El ---------------- GAAATAGACTAGAAATAGTCTGTTCTAC ------

E2.**************************** ******

Gl GACTAGAAATAGTCTGTTCTAC GAAATAGACTAGAAATAGTCTGTTCTAC 700
El ---------------------- ----------------------------

E2 **********************----------------------------

Gl GAAATAGACTAGAAATAGTCTGTTCTAC GAAATAGACTAGAAATAGTCTG 750
El ---------------------------- ----------------------

E2 ---------------------------- ----------------------

Gi TTCTAC GAAATAGACTAGAAATAGTCTGTTCTAT 784
El ------ ----------------------------

E2 ------ -_____________________

Figure 3 (continued)

the excess of allele G1 in the female population could assign the origin of the different alleles to either the X
be a difference between X and Y chromosome allele or Y chromosome in males. In total, 18 sons and 4
frequencies. An evaluation of 13 father-daughter- fathers were heterozygous for G1 and another allele: 6
mother trios and 54 mother-son meioses (homozygous of these (27.3%) had the G1 allele on the Y chromo-
males were excluded from the analysis) allowed us to some, which was statistically significantly different
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Table I

DXYS 17 Allele Frequencies Estimated from a Population
of 370 Caucasians

Frequency
Estimate

.003

.011

.222

.011

.023

.003

.005

.008

.086

.143

.188

.217

.009

.011

.059

.001

95% Lower and Upper
Confidence Limits

.000; .017

.004; .029

.180; .270

.004; .029

.011; .046

.000; .017

.001; .021

.003; .025

.061; .122

.109; .185

.149; .234

.175; .264

.003; .027

.004; .029

.039; .091

.000; .014

a Alleles were ranked according to length and mobility: H2 is the
smallest (480 bp) and A3 is the largest (1,100 bp).

b Alleles present in the allele marker for identification of the ampli-
fied fragments.

from the expected value (by Fisher's exact test, P
.003). A similar study for the F allele showed that, of

the 13 sons and 3 fathers heterozygous for F and an-
other allele, 11 (68.8%) carried the allele on the Y chro-
mosome, which was significant at the .05 level (by
Fisher's exact test, P = .038). This could explain the
reduced occurrence of the F-Al genotype in females by
an excess of F on the Y chromosome.

Discussion

The objective of our study was to develop a PCR-
based method for the analysis of the pseudoautosomal
locus DXYS17 in order to study the diversity of this
VNTR in a Caucasian population. It is the first VNTR
in the pseudoautosomal region on the X and the Y
chromosomes, which has been studied in more detail
and with a higher resolution for allelism. Our results
indicate that the DXYS17 VNTR might be of interest
in the study of the evolution of the Y chromosome and
in population genetics, in general. In total, 16 different
alleles were observed in a population sample of 370
Caucasians. This extends the number of alleles (8) previ-
ously detected by Southern blot analysis and shows that
PCR-based typing offers increased resolution. Part of

this increased resolution was the result of internal varia-
tion of two alleles. They had the same length on agarose
or denaturing polyacrylamide gels, while on nondena-
turing polyacrylamide gels a difference in mobility was
seen. Anomalous migration of double-stranded DNA
on nondenaturing polyacrylamide gels has long been
known (Stellwagen 1983); DNA migrates in nondena-

Table 2

Allele and Genotype Frquencies (More Than Five
Observations), Classified by Sex, and Number of Alleles
with Frequency of <.01 and .05 Observed and Expected

FREQUENCY (No. of
Chromosomes) FOR

ALLELE Females (350) Males (390) pa

Al ..... .214 (75) .228 (89)
El ..... .083 (29) .090 (35)
E2 ..... .134 (47) .151 (59)
F ..... .169 (59) .205 (80)
GI ..... .263 (92) .174 (68) .021
HI ..... .063 (22) .056 (22)

FREQUENCY (No. of
Individuals) FOR

GENOTYPE Females (175) Males (195) pa

Al-Al ... .046 (8) .046 (9)
E2-A....A .086 (15) .082 (16)
F-Al ..... .040 (7) .138 (27) .016
F-El ..... .034 (6) .051 (10)
F-E2 ..... .040 (7) .077 (15)
GC-Al ... .109 (19) .072 (14)
Gl-El ... .051 (9) .041 (8)
Gi-E2 ... .069 (12) .072 (14)
Gl-F ..... .114 (20) .041 (8) .078
G1-Gl ... .063 (11) .031 (6)

No. OF RARE ALLELES FOR

Females Males

Frequency <.01:
Observed 8 5
Expected 5.53 ± 2.35 5.85 + 2.42
pb .086 .470

Frequency <.05:
Observed 9 10
Expected 8.46 ± 2.91 8.61 + 2.93
pb .130 .112

a Probability of the X2 distribution (1 df) after correction for multi-
ple testing.

b Probability of deviation from expectation, based on a Poisson
distribution.

Allelea

A3 .......
A2 .......
Alb ......
Bb.b

........

Cb.cb........
Dlb ......
D2 .......
E3 .......
Elb .......
E2 .......
Fb ........

G Ib ......

G2b ......
Cb.G3J ......

Hlb ......
H2b ......
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turing polyacrylamide not only according to the length
but also according to the base-pair composition. This
observation, in relation to the analysis ofVNTR alleles,
has been reported only once, by Helid (1991). His study
of the hypervariable region (apo B) 3' of the apolipopro-
tein B gene revealed that 3.5% of the alleles showed a
different migration compared with size fractionation
on agarose or in denaturing conditions on PAGE gels.
In our study, the DXYS17 allele (El), which migrates
differently from the same-sized allele (E2), has a fre-
quency of 8.6%. It is obvious that this has conse-
quences in forensic science both for the interpretation
of the results (e.g., matching band pattern or not and
paternity exclusion) and for the evaluation of the statis-
tical weight of DNA profile evidence. The genotype
E1-E2 on PAGE gels would be identified as heterozy-
gous, while on agarose gels it would be typed as homo-
zygous. This results in an estimated genotype frequency
of .025 for the heterozygotes compared with .052,
which is a twofold difference if we take p2 to calculate
homozygosity. In forensics, however, the use of a more
conservative method is recommended, with 2P as a
basis to obtain the estimated genotype frequency of
homozygotes (Budowle et al. 1991b). As a result, the
difference between the two frequencies would be even
more significant, 20-fold (.458).

Recently, Wilkin and coworkers (1993) described
that alleles of equal size in the VNTR region 3' of the
COL2A1 gene could form heteroduplexes on native
polyacrylamide gels thereby increasing the informative-
ness for this VNTR. They reasoned that internal varia-
tion (small length differences) was the basis for their
observation. Neither Heli6 (1991) nor Wilkin et al.
(1993) did provide evidence through sequencing for the
internal variation at the apo B VNTR and the COL2A1
VNTR, respectively. However, characterization, by se-
quence analysis, of several COL2A1 alleles did not
show any evidence for internal heterogeneity in alleles
of equal size (Berg and Olaisen 1993). Here, we could
show, by sequence analysis of the two anomalous
DXYS17 alleles, that there was internal variation pres-
ent because of repeat-unit length variation. The two
repeat units of 28 and 33 bp, respectively, did not show
a specific repeat pattern except for the first two or three
repeats at the 5' and the 3' ends of the repeat region.
This was confirmed by sequencing the 5' end of two
other alleles (F and C; data not shown) and the com-
plete repeat region of allele Gi. The internal variation
observed for DXYS17 is different from the repeat-unit
variation described by Jeffreys and coworkers (1990).
They observed that the repeat units can vary in se-

quence and that this variation can be visualized after
partial digestion with a restriction enzyme that recog-
nizes the mutation. Alternatively, allele-specific PCR
with one flanking primer and a primer for each muta-
tion can be used to identify the internal variation (Jef-
freys et al. 1991). For DXYS17, however, only one allele
was shown to be of similar size to another allele but
with internal differences. Therefore, internal variation
is probably only a minor form of polymorphism at the
DXYS17 locus.
The observed genotype distribution of DXYS17 is in

HW equilibrium, as shown by the different tests ap-
plied. Only with an exact test for multiple alleles a bor-
derline significance was obtained (P = .0419 ± .0098).
No evidence for substructure could be found, except
when male and female genotype distributions were
tested separately. In this case, a significant departure
from HW proportion was obtained for the male distri-
bution (P = .0012 ± .0003). The reason for this can be
found in the difference in allele and genotype distribu-
tions between males and females. Indeed, for one geno-
type a significant difference is present, and this differ-
ence can be explained by a nonrandom distribution of
the two alleles on the X and the Y chromosomes. Of
the F alleles in males, 69% were present on the Y chro-
mosome, while of the G1 alleles in males, only 27%
were present on the Y chromosome. This allele was also
the only one for which the frequency was significantly
different between females and males (26.3% vs. 17.4%).
If we take into account the distribution of the G1 allele
on the X and the Y chromosomes (72.7% vs. 27.3%),
then a frequency is obtained of 12.7% for the X chro-
mosome in males, which fits with the frequency
(26.3%) observed in females who contribute two X
chromosomes (13.15% for each chromosome) for the
allele calculation. The fact that some alleles of DXYS17
are more frequently present on one of the sex chromo-
somes may indicate linkage disequilibrium. Ellis et al.
(1990) observed strong linkage disequilibrium between
a polymorphism 274 bp from the pseudoautosomal
boundary and an Alu repeat that defines the boundary
on the Y chromosome. One of the two alleles was pres-
ent on 100% of the Y chromosomes in different popula-
tions around the world, except for two African popula-
tions. It was hypothesized that reduced recombination
fixed the allele to the Y chromosome. The recombina-
tion frequency between the DXYS17 locus and the sex
phenotype is 12.4% in male meiosis, although this locus
is not more than 750 kb from the boundary that defines
the pseudoautosomal region and the sex-chromosome-
specific DNA (Petit et al. 1988). Therefore, linkage dis-
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equilibrium would be unlikely. An alternative explana-
tion for the difference in allele distribution on the X
and the Y chromosomes must be a combination of two
factors: (1) mutation of the DXYS17 allele either on the
X or the Y chromosome and (2) the time at which the
mutation occurred in the past (mutation-evolution hy-
pothesis). Recombination between the DXYS17 locus
and the sex-specific region must have exchanged the
mutated allele between the two sex chromosomes in
male meiosis and therefore lead to equal representation
of the mutated allele on the X and the Y chromosome
after a number of generations. The most-common allele
(Al) of DXYS17 does not show any significant differ-
ence between males and females (22.8% vs. 21.4%). A
similar segregation analysis in father-daughter-mother
trios and mother-son meioses as described above for
the Gi allele showed an equal distribution of this allele
on both sex chromosomes. This observation, com-
bined with the fact that the most abundant allele is
probably the common ancestor, gives additional evi-
dence for the mutation-evolution hypothesis.

Genotyping by PCR of VNTR loci offers a number
of advantages over Southern blot analysis. Not only are
small amounts of DNA required, but, in addition, in-
creased sensitivity can be obtained by applying fluores-
cence technology. Furthermore, exact genotyping is
possible with the use of high-resolution gels, and heter-
ogeneity in alleles of equal size can be identified by
using native polyacrylamide gels. The information that
can be obtained by these methods could be extremely
useful for population genetic studies, such as gene di-
versity studies, determination of genetic distances be-
tween populations, of migration of populations, of het-
erogeneity, and of HW equilibrium. The analysis of the
internal structure of VNTR alleles may be useful in
understanding mutational processes, such as replica-
tion slippage or unequal sister-chromatid exchange
during meiosis or mitosis, which may generate new
VNTR alleles. Finally, the observation that not all al-
leles of the DXYS17 locus on the pseudoautosomal re-
gion have a random distribution on the sex chromo-
somes may be of interest in the study of the evolution
of VNTR alleles and the evolution of the Y chromo-
some in particular.
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