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Vaidutis Kučinskas,14 Per Knappskog,15 Eileen Treacy,16 Eileen Naughten,16 Linda Tyfield,17

Susan Byck,18 Charles R. Scriver,18 Philip D. Mayne,1 and David T. Croke2n

1Department of Pathology and National Centre for Newborn Screening, The Children’s University Hospital, Dublin, Ireland; 2Department
of Biochemistry, The Royal College of Surgeons in Ireland, Dublin, Ireland; 3Dipartimento di Biologia, Università di Ferrara, Ferrara, Italy;
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The R408W phenylketonuria mutation in Europe has arisen by recurrent mutation in the human
phenylalanine hydroxylase (PAH) locus and is associated with two major PAH haplotypes. R408W-2.3
exhibits a west-to-east cline of relative frequency reaching its maximum in the Balto–Slavic region, while
R408W-1.8 exhibits an east-to-west cline peaking in Connacht, the most westerly province of Ireland.
Spatial autocorrelation analysis has demonstrated that the R408W-2.3 cline, like that of R408W-1.8, is
consistent with a pattern likely to have been established by human dispersal. Genetic diversity within
wild-type and R408W chromosomes in Europe was assessed through variable number tandem repeat
(VNTR) nucleotide sequence variation and tetranucleotide short tandem repeat (STR) allelic
associations. Wild-type VNTR-8 chromosomes exhibited two major cassette sequence organizations:
(a1)5-b3-b2-c1 and (a1)5-b5-b2-c1. R408W-1.8 was predominantly associated with (a1)5-b5-b2-c1. Both
wild-type VNTR-3 and R408W-2.3 chromosomes exhibited a single invariant cassette sequence
organization, a2-b2-c1. STR allele distributions associated with the cassette variants were consistent with
greater diversity in the wild-type VNTR-8 lineage and were suggestive of different levels of diversity
between R408W-1.8 and R408W-2.3. The finding of greater genetic diversity within the wild-type
VNTR-8 lineage compared to VNTR-3 suggests that VNTR-8 may be older within the European
population. However, in the absence of a more extensive STR data-set, no such conclusions are possible
for the respective R408W mutant lineages. Hum Mutat 21:387–393, 2003. r 2003 Wiley-Liss, Inc.
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INTRODUCTION

Phenylketonuria (PKU; MIM# 261600) is caused
by mutation at the phenylalanine hydroxylase (PAH)
locus on chromosome 12q23.1 [Woo et al., 1983;
Lidsky et al., 1984]. The PAH locus contains a
number of neutral polymorphisms useful in defining
haplotypes, including: 7 single nucleotide polymorph-
isms (SNPs); a VNTR motif; and a STR polymorph-
ism [Lidsky et al., 1984; Woo, 1988; Goltsov et al.,
1992, 1993]. More than 400 PAH mutations, their
associated PAH haplotypes, and geographic distribu-
tions are documented in the public domain database
PAHdb [Scriver et al., 2000, 2003]. In common with
other rare, highly penetrant pathogenic alleles, PAH
mutations have been used to infer human population
history through the history of specific mutant alleles:
for example, the distribution of the R408W allele in
north America and Australasia is associated with the
European diaspora in the New World [Scriver et al.,
1996; Scriver, 2001].

Among the most common PAH mutations is
R408W. R408W is found at relative allele frequencies
as high as 84% in Europe [Zschocke, 2003]. The
R408W mutation (c.1222C>T; [DiLella et al. 1987]),
a C to T transition in exon 12 of the PAH gene,
results in the substitution of tryptophan for arginine at
amino-acid residue 408 and is a null mutation
associated with o0.3% of normal activity and a
severe PKU phenotype [Kayaalp et al., 1997]. R408W
is observed in Europe on chromosomes of two distinct
PAH haplotypes (R408W-2.3 and R408W-1.8) and is
most likely to be the result of recurrent mutation
[DiLella et al., 1987; John et al., 1990; Byck et al.,
1994; Eisensmith and Woo, 1992; Eisensmith et al.,
1995]. The two mutations differ markedly in their
geographic distribution in Europe. R408W-2.3 was
shown to exhibit a gradient of relative allele frequency
increasing eastwards and peaking in the Baltic region,
variously interpreted as indicative of range expansions
of the Slavonic and Kurgan peoples and associated
with a pre-Indo-European founder population [Ka-
laydjieva et al., 1991; Eisensmith et al., 1992, 1995;
Giannattasio et al., 1997]. In contrast, the R408W-1.8
mutation was found to occur at high relative
frequency in Ireland and neighboring populations,
leading to the suggestion that Ireland had
been a second center of diffusion of R408W [Treacy
et al., 1993; O’Neill et al., 1994; Eisensmith
et al., 1995; Zschocke et al., 1997]. More recently, it
has been shown that the gradient of R408W-1.8
observed across northwestern Europe continues into
Ireland and peaks in Connacht (the most westerly
province), while spatial autocorrelation analysis de-
monstrated that the gradient is consistent with a
localized cline of R408W-1.8 likely to have been
established by human migration [O’Donnell et al.,
2002].

The observation of different clinal distributions of
the two R408W mutations in Europe as the result of
human dispersal raises the possibility of using them to
probe the history of the European population. To this
end, spatial autocorrelation analysis was used to
investigate the significance of the R408W-2.3 dis-
tribution and genetic diversity within the two R408W
mutant lineages. To this end, spatial autocorrelation
analysis was used to investigate the significance of the
R408W-2.3 distribution and genetic diversity within
the two R408W mutant ‘lineages’ and their corre-
sponding wild-type alleles was used to gain some
insight into their relative ages.

PATIENTS, MATERIALS, ANDMETHODS

Data on the relative allele frequency and PAH haplotype
associations of the R408W mutation in 23 European regions
and countries were drawn from the literature [Eisensmith et al.,
1995; Kozak et al., 1997; Zschocke et al., 1997; Desviat et al.,
1999; Giannattasio et al., 2001; Nechyporenko et al., 2001;
O’Donnell et al., 2002; Kasnauskiene et al., 2003]. Absolute
allele frequencies were estimated as the product of the square
root of the disease incidence and the relative frequency of the
mutation on the assumption of Hardy-Weinberg equilibrium
[Bodmer and Cavalli-Sforza, 1971], using data on the
incidence of PKU drawn from the literature and from
collaborating laboratories. The geographic distribution of the
R408W-2.3 mutant PAH allele in Europe was subjected to
spatial autocorrelation analysis by means of the SAAP software
(Exeter Software, Setauket, NY) package as described
previously [Sokal and Oden, 1978; O’Donnell et al., 2002].
Spatial autocorrelation analysis measures the average level of
genetic similarity between populations in particular geographic
distance classes expressed in a correlogram (Moran’s auto-
correlation coefficient plotted as a function of distance). The
shape of this correlogram reflects the underlying genetic
mechanism. The overall significance of correlograms was
assessed by the Bonferroni criterion [Oden, 1984].
Anonymized singleton DNA samples of known genotype

from fifteen European populations (n=182) were obtained
with appropriate local ethical approval from the collaborating
centers where they had been genotyped previously by standard
methods: Republic of Ireland (n=18); Northern Ireland
(n=16); Scotland (n=8); England (n=8); Wales (n=4);
Italy (n=7); Spain (n=14); Germany (n=7); Denmark
(n=3); Faroe Islands (n=3); Norway (n=10); Czech
Republic (n=30); Poland (n=19); Lithuania (n=20); and
Ukraine (n=15). Those samples that were potentially
informative for the present study (n=148) were investigated
to determine VNTR genotypes. These included samples from
individuals of wild-type (n=49), R408W homozygote
(n=75), compound heterozygote including R408W (n=16),
and R408W heterozygote (n=8) genotypes. In practice, not
all of the 148 samples proved to be fully informative (see
below). For example, a proportion of the wild-type homozygotes
were of VNTR-7/8 or -8/9 genotype and thus cassette
sequences could not be obtained.
PAH VNTR sequences were amplified by PCR in a 50ml

volume containing 50 to 100 ng of genomic DNA, 50pmol of
each primer (VNTR-U: GCTTGAAACTTGAAAGTTGC;
VNTR-L: GGAAACTTAAGAATCCCATC; Golstov et al.
[1992]), 200 mM dNTPs, 50mM KCl, 10mM Tris HCl
(pH8.4), and 1.5mM MgCl2. Following an initial hot start
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(951C, 5min), Taq DNA Polymerase was added (2U, Promega,
Madison, WI) and samples were subjected to 34 cycles of 1min
at 951C, 1min at 551C, 1min at 721C, and a final elongation
step (721C, 5 min). Aliquots (5 ml) of PCR product were
electrophoresed on 12% acrylamide gels to confirm VNTR
genotypes. Of the 148 samples, 116 (78%) were of VNTR 3/3,
3/8, or 8/8 genotype. The remaining 32 samples (wild-type
homozygotes and carriers of mutant alleles other than
R408W) were of VNTR-7/8 or -8/9 genotype and thus were
intractable to the isolation of individual alleles for sequence
analysis.
PCR product generated from samples homozygous for the 8/8

or 3/3 VNTR genotypes were ethanol precipitated for
sequencing. PCR product generated from samples of the
VNTR 3/8 heterozygote genotype were re-amplified and
replicate samples were pooled before electrophoresis on a
1.5% low melting agarose gel (Sigma Aldrich, St. Louis, MO).
The separated alleles were purified using a WizardTM PCR
Prep. kit (Promega). DNA cycle sequencing was performed in
forward and reverse orientations using the Big Dye Terminator
cycle sequencing kit (Applied Biosystems, Foster City, CA)
with primers VNTR-U and a nested reverse primer (VNTR-N:
TAAAATTCACAAATACAA). Sequencing products were
resolved on an ABI 310 automated fluorescent DNA
sequencer (Applied Biosystems, Foster City, CA). Cassette
sequences were identified according to the standard nomen-
clature [Byck et al., 1994]. VNTR sequences were determined
for all 116 samples and their associations with wild-type and
R408W alleles were assigned for 184 of the 232 alleles (79%).
The remaining 48 samples were heterozygous for both PAH
genotype (i.e., compound heterozygotes, carriers of R408W,
and carriers of other mutations) and VNTR cassette sequence
organization and, being phase-unknown, it was impossible to
unambiguously determine the associations.

PAH tetranucleotide STR genotypes were determined
according to the protocol of Zschocke et al. [1994] by PCR
amplification and allele sizing by electrophoresis on an
ALFexpress automated sequencer (Amersham Biosciences,
Little Chalfont, UK). STR associations with VNTR genotypes
were determined for 146 of 184 alleles (79%). Associations
could not be assigned for the remaining 21% of alleles (n=38)
because they occurred in 19 phase-unknown individuals
who were heterozygous for both VNTR cassette sequence
organization and STR genotype.

RESULTS

The R408W-1.8 and R408W-2.3 mutant PAH
alleles have different clinal distributions within
Europe [Kalaydjieva et al., 1991; Eisensmith et al.,
1992; Byck et al., 1994; Eisensmith et al., 1995;
O’Donnell et al., 2002]. Using data on disease
incidence, R408W relative frequency, and the propor-
tions of the two R408W mutant lineages in a range of
European populations (Table 1), the geographic
distribution of the R408W-2.3 allele was subjected
to spatial autocorrelation analysis producing a statis-
tically significant correlogram (po0.01) consistent
with a cline of R408W-2.3 in Europe (Fig. 1A and
1B). The shape of the correlogram is consistent with
an allele frequency distribution resulting from human
migration, with data points attaining significance at
the po0.05 level at the extremes of the distance
ranges analyzed (Fig. 1B).

TABLE 1. PKUDisease Incidence, Relative and EstimatedAbsolute Frequencies of R408W-1.8 andR408W-2.3 in
the EuropeanPopulations Surveyed

Population Incidencea
R408W relative

frequency
R408W-2.3
proportion

R408W-2.3 absolute
frequencyb

R408W-1.8
proportion

R408W-1.8 absolute
frequencyb

Connacht 4,500 0.558 0.00 0.000 1.00 0.832
Leinster 4,500 0.414 0.00 0.000 1.00 0.617
Munster 4,500 0.292 0.00 0.000 1.00 0.435
Ulster 4,500 0.284 0.09 0.038 0.91 0.385
Scotland 7,500 0.323 0.09 0.034 0.91 0.339
England 12,000 0.111 0.31 0.031 0.69 0.070
France 10,000 0.141 0.95 0.134 0.05 0.007
Germany 8,000 0.257 1.00 0.287 0.00 0.000
Denmark 12,000 0.182 0.93 0.155 0.07 0.012
NWNorway 18,600 0.200 0.75 0.110 0.25 0.037
SENorway 12,800 0.110 0.25 0.024 0.75 0.073
Sweden 20,000 0.219 0.92 0.142 0.05 0.008
Iceland 10,000 0.032 1.00 0.032 0.00 0.000
Spain 10,000 0.007 0.00 0.000 0.00 0.000
Portugal 14,500 0.016 0.00 0.000 0.00 0.000
Italy 13,500 0.011 0.67 0.006 0.00 0.000
Hungary 8,800 0.486 1.00 0.518 0.00 0.000
Poland 8,000 0.622 0.99 0.688 0.00 0.000
Czech Republic 9,000 0.549 0.99 0.573 0.00 0.000
Bulgaria 15,000 0.350 0.95 0.271 0.00 0.000
Lithuania 9,000 0.734 1.00 0.774 0.00 0.000
Ukraine 8,300 0.570 1.00 0.626 0.00 0.000
Russia 10,000 0.565 1.00 0.565 0.00 0.000
aIncidence data are expressed as one case per n live-births. Data sources: Eisensmith et al. [1995]; Kozak et al. [1997]; Zschocke et al. [1997];
Desviat et al. [1999]; Giannattasio et al. [2001]; Nechyporenko et al. [2001]; O’Donnell et al. [2002]; Kasnauskiene et al. [2003]; Prof. Gyoergy
Fekete (personal communication).
bEstimated absolute allele frequency valuesmultiplied by100.
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In order to begin to investigate the relative ages of
R408W-1.8 and R408W-2.3, genetic diversity within
the two mutant lineages and their underlying
haplotypes in Europe was investigated by DNA
sequence analysis of the VNTR motif in 184 alleles
of wild-type, R408W-1.8, and R408W-2.3 genotypes
[Goltsov et al., 1992; Byck et al., 1994]. VNTR-8
wild-type chromosomes (n=38) exhibited two major
cassette sequence organizations (Table 2): (a1)5-b3-b2-
c1 (58%; 22 of 38) and (a1)5-b5-b2-c1 (40%; 15 of 38).
A novel VNTR cassette, designated a4 (Table 3), was
identified on a single wild-type VNTR-8 chromosome
of cassette organization (a1)6-a4-c2. R408W-1.8
chromosomes (n=60) exhibited an almost exclusive
cassette sequence organization of (a1)5-b5-b2-c1
(98%; 59 of 60) with a single R408W-1.8 allele
having an (a1)5-b3-b3-c1 cassette sequence organiza-
tion. Both wild-type VNTR-3 chromosomes (n=20)
and R408W-2.3 mutant chromosomes (n=66) ex-
hibited a single invariant cassette sequence organiza-
tion, a2-b2-c1. It is interesting to note that, among
the wild-type heterozygous samples (carriers of
R408Wor another mutation), several other examples
of the (a1)6-a4-c2 and (a1)5-b3-b3-c1 cassette
sequence organizations were observed. Allelic associa-
tions could not be assigned unequivocally for these
because of double heterozygosity at nucleotide posi-
tions 26 and 28 of cassettes 6 and 7 within the 8-
cassette VNTR motif.
Associations between particular VNTR cassette

organizations and STR alleles were also investigated in
146 (79%) of the 184 PAH alleles (Table 2, Fig. 2). For
19 individuals who were heterozygous at both the
VNTR and STR loci, it was impossible to assign STR
associations to individual VNTR genotypes due to
the absence of phase information. The wild-type

FIGURE 1. A cline of frequency of the R408W-2.3 phenylketo-
nuria mutation across eastern Europe. A: Depiction of rela-
tive frequencies of R408W-2.3 in each of 21 European
populations, represented by the shaded areas of the relevant
pie-charts superimposed on the outlinemap. B: Presentation
of a correlogramobtained by spatial autocorrelation analysis
(using the SAAP software) of R408W-2.3 absolute allele fre-
quencies for the 21 populations. Individual data points that
attained signi¢cance at the po0.05 level are indicated by as-
terisks (n). The overall signi¢cance of the correlogram was
po0.01, calculated by the Bonferroni criterion. A similar ¢g-
ure for R408W-H1.8 is provided in O’Donnell et al. [2002].
[Color ¢gure can be viewed in the online issue,which is avail-
able at www.interscience.wiley.com.]

TABLE 2.Genetic Diversity in the R 408W-1.8 andR408W-2.3 Lineages in Europe at the Level ofPAH VNTRCassette
Sequence and of VNTR-STR Allele Association

VNTR-8 cassette
Associated STR allele

VNTR-3 cassette
Associated STR allele

PAH genotype n sequence n size (bp) n sequence n size (bp)

Wild-type 22 (a1)5-b3-b2-c1 1 230 3 234
1 234 10 238
2 238 20 a2-b2-c1 3 242
4 242 3 246
2 246 1 250

15 (a1)5-b5-b2-c1 2 230
3 234
1 238
2 242

1 (a1)6-a4-c2 1 238
1 246

R408W 0 (a1)5-b3-b2-c1 0 66 a2-b2-c1 53 238
1 238 3 242

59 (a1)5-b5-b2-c1 44 242 1 246
4 246

1 (a1)5-b3-b3-c1 ND

Data from15 European populations: Ireland, Northern Ireland, England,Wales, Scotland,Germany, Spain, Italy, Denmark, Faroe Islands, Nor-
way, Poland, Czech Republic, Lithuania, andUkraine.
ND, not determined.
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(a1)5-b3-b2-c1 VNTR (n=10) exhibited a unimodal
distribution of STR alleles centered on the 242bp
allele, while the wild-type (a1)5-b5-b2-c1 VNTR
(n=8) exhibited an overlapping but possibly bimodal
distribution. The R408W (a1)5-b5-b2-c1 VNTR
(n=49) exhibited a unimodal STR allele distribution
centered on the 242bp allele. The wild-type (n=20)
and R408W (n=57) a2-b2-c1 VNTRs exhibited
unimodal STR allele distributions both centered on
the 238bp allele.

DISCUSSION

In Europe, the R408W mutation is observed on
chromosomes of two major haplotype backgrounds.
R408W-2.3 exhibits a west-to-east cline of relative
frequency reaching its maximum in the Balto-Slavic

region. R408W-1.8 exhibits an east-to-west cline in
northwestern Europe peaking in Connacht, the most
westerly province of Ireland [Kalaydjieva et al., 1991;
O’Donnell et al., 2002]. These clinal distributions are
suggestive of geographic patterns resulting from
human migration. The R408W-2.3 cline has been
interpreted as a dispersal from an eastern European
founder population variously associated with the range
expansions of the Slavic and Kurgan peoples [Eisen-
smith et al., 1992, 1995; Giannattasio et al., 1997].
While it has been suggested that the R408W-1.8 cline
represents diffusion from a founder population in the
British Isles [Treacy et al., 1993; Zschocke et al.,
1997], the distribution may also be associated with the
early colonization of the island from Europe [O’Don-
nell et al., 2002]. In an effort to further elucidate the
history of the two R408W lineages in Europe, the
significance of the R408W-2.3 cline was investigated.
Spatial autocorrelation analysis of the R408W-2.3
distribution (Table 1) produced a correlogram con-
sistent with a pattern of genetic variation most likely
to have been established by human migration
(Fig. 1). A previous analysis of the northwest
European R408W-1.8 cline demonstrated that
it too is likely to have been established by human
migration [O’Donnell et al., 2002]. These analyses
therefore confirm previous suggestions that the
geographic distributions of R408W-1.8 and R408W-
2.3 observed in Europe are the result of human
dispersals.
To begin to gauge the relative ages of R408W-1.8

and R408W-2.3, genetic diversity within the mutant
and corresponding wild-type lineages was investigated,
focusing on cassette sequence variation in the VNTR
motif located at the 30 end of the PAH locus and on
the tetranucleotide STR marker located in intron 3
[Goltsov et al., 1992, 1993]. The PAH VNTR,
originally detected as a triallelic HindIII RFLP, was
characterized by Goltsov et al. [1992] who demon-
strated that it consisted of tandemly repeated 30 bp
cassettes with some evidence of sequence divergence
between them. Cassette sequences on wild-type and
mutant chromosomes of VNTR-3 and VNTR-8
genotypes were investigated in 116 samples from a
variety of European regional populations (Table 2).
Wild-type VNTR-8 chromosomes were found to
exhibit two major cassette organizations: (a1)5-b3-
b2-c1 and (a1)5-b5-b2-c1 at relative frequencies of
58% and 40%, respectively, while wild-type VNTR-3
chromosomes were associated with a single invariant
cassette organization, a2-b2-c1. This finding demon-
strates greater genetic diversity within the VNTR-8
lineage as compared with VNTR-3 and may suggest
that VNTR-8 is older than VNTR-3. R408W-1.8
chromosomes were predominantly associated with the
(a1)5-b5-b2-c1 cassette organization (98%), though a
single R408W-1.8 chromosome was observed with an
unusual (a1)5-b3-b3-c1 organization. R408W-2.3

TABLE 3. PAH VNTRCassette SequenceVariants

Cassette Sequence

a1 CACATATATGTATATGCATATGTACGTATG
a2 CACATATATGTATATGCATACGTACGTATG
a3 CACATATATGTATATGCATATGTACATATG
a4 CACATATATGTATATGCATATGTACATAGG
b1 CACATATATGTATGTGCATATGTACGTATA
b2 CACATATATGTATGTGCATATGTACATAGG
b3 CACATATATGTATGTGCATATGTACGTAGG
b4 CACATATATGTATGTGCATATGTAAGTAGG
b5 CACATATATGTATGTGCATATGTACGTATG
c1 CACATATATGTATGTGCATATGTATGTATA
c2 CACATATATGTATATGCATATGTATGTATA

Cassette sequence de¢nitions are as originally speci¢ed byBycket al.
[1994] with a1 arbitrarily designated the canonical sequence; a4 is a
novel cassette sequence (this work).

FIGURE 2. Tetranucleotide STR allele frequency distributions
associated with the wild-type and mutant VNTR cassette se-
quence organizations: wild-type (a1)5-b3-b2-c1 [WT VNTR-
8 b3], wild-type (a1)5-b5-b2-c1 [WT VNTR-8 b5], wild-type
a2-b2-c1 [WT VNTR-3], R408W (a1)5-b5-b2-c1 [R408W-
1.8 b5], and R408W a2-b2-c1 [R408W-2.3]. [Color ¢gure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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chromosomes were associated exclusively with the a2-
b2-c1 cassette organization. It is interesting to note
that the VNTR-8 cassette variants observed in this
study differ consistently from those reported by Byck
et al. [1994], which were wild-type (a1)5-b2-b3-c1
and R408W-1.8 (a1)5-b5-b3-c1. Our initial hypoth-
esis that Byck et al. [1994] may have inadvertently
mislabeled cassette variant b3 as b2, and vice versa,
was confirmed by resequencing of a number of the
samples used in the Byck et al. [1994] study (data not
shown).

The tetranucleotide STR marker, a complex repeat
containing several regions of tandemly repeated
[TCTA]n sequences, has been shown to vary by gain
or loss of 4bp repeat units and to exhibit distinct allele
frequency distributions associated with wild-type and
mutant PAH alleles [Goltsov et al., 1993]. Analysis of
associations between VNTR cassette sequences and
STR alleles yielded further evidence of genetic
diversity (Table 2; Fig. 2). Wild-type VNTR-8 (a1)5-
b3-b2-c1 and (a1)5-b5-b2-c1 chromosomes differed in
their STR allele distributions. VNTR-8-b3 chromo-
somes exhibited a unimodal distribution (242 bp)
whereas VNTR-8-b5 chromosomes exhibited an
apparently bimodal distribution (234 bp and 242 bp).
Wild-type VNTR-3 chromosomes had a unimodal
distribution (238 bp). These observations are similar
to those of Byck et al. [1994] but, given that wild-type
allele numbers were low in both studies, must be
interpreted cautiously. R408W-1.8-b5 and R408W-2.3
chromosomes both had unimodal STR allele distribu-
tions centered on the 242 bp and 238 bp alleles,
respectively, though in both cases the STR allelic
diversity observed was less than in the corresponding
wild-type groups. These STR associations are similar
to those reported by Byck et al. [1994].

VNTR cassette sequences and STR allelic associa-
tions indicate the presence of greater genetic diversity
within the VNTR-8 lineage. Wild-type VNTR-8
chromosomes exist in two distinct cassette organiza-
tions, VNTR-8-b3 and VNTR-8-b5, differing by a
single substitution (g>t) at nucleotide position 29 in
the sixth cassette. The fact that these wild-type
variants are observed at comparable frequencies (58%
vs. 40%) and appear to have different associated STR
allele distributions is suggestive of considerable age for
both. The VNTR-3 lineage exhibited less diversity
being associated with a single invariant cassette
organization (a2-b2-c1) and with a unimodal STR
allele distribution centered on the 238bp allele. If one
assumes that single nucleotide substitution rates are
unaffected by overall VNTR allele length, this relative
lack of diversity suggests that the VNTR-3 lineage
may have arisen more recently than VNTR-8 in the
European population. R408W-1.8, associated primar-
ily with the 242 bp allele (44 of 49 alleles; 90%), is
likely to have arisen by mutation on a VNTR-8-b5
chromosome of 242bp STR genotype. The observa-

tion of a single R408W-1.8 allele with an unusual
(a1)5-b3-b3-c1 cassette organization may indicate
that the R408W-1.8 mutation is of sufficient age to
have accumulated some nucleotide sequence varia-
tion within the VNTR and, thus, may potentially be
older than R408W-2.3. However, given the limited
STR data presented here, firm conclusions regarding
the relative ages of the mutant alleles must await a
more extensive study involving the analysis of other
informative STR markers within and flanking the
PAH gene.
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