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Summary

A total of 630 haplotypes for the phenylalanine hydroxylase (PAH) gene locus were established in five
groups of Polynesians comprising Samoans, Tongans, Cook Islanders, Maori, and Niueans. Considerable
genetic continuity was demonstrated between these widely dispersed populations, since three common
haplotypes (4, 1, and 7) constituted over 95% of alleles. A control group of individuals from Southeast
Asia shared the same major haplotypes, 4, 1, and 7, with Polynesians. These data provide further support
for the theories of genetic homogeneity and of Asian affinities of the Polynesian precursor populations.
The absence of severe phenylketonuria (PKU) in both Polynesians and Southeast Asians is consistent with
the lack of PAH haplotypes 2 and 3, on which the severe PKU mutants have arisen among Caucasians.

Introduction

The phenylalanine hydroxylase (PAH) gene is located
on chromosome 12q22-q24.1 (Lidsky et al. 1985a). Oc-
cupying a region 90 kb in length, it consists of 13 exons
and codes for a protein of 451 amino acids (Kwok et
al. 1985). Severe deficiency of this enzyme results in
classical phenylketonuria (PKU), an autosomal reces-
sive disorder with a prevalence of one in 11,000 Cauca-
sians (Scriver and Clow 1980). Recently, full-length PAH
cDNA clones have been isolated (Kwok et al. 1985;
Speer et al. 1986). Eight RFLPs at the PAH locus have
been detected, which has enabled the construction of
DNA haplotypes (Lidsky et al. 1985a). The eight poly-
morphic restriction sites exist in significant linkage dis-
equilibrium, since only 12 of a possible 1,536 haplo-
types have been found in the Danish population
(Chakraborty et al. 1987). Strong linkage disequilibrium
between PKU mutants and RFLP haplotypes has en-
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abled the use of these haplotypes in prenatal and car-
rier detection of PKU (Lidsky et al. 1985b; Daiger et
al. 1986).

In the present study, RFLP haplotypes for the PAH
locus were established in five Polynesian groups as well
as in a population of Southeast Asians. Significant differ-
ences are demonstrated by both the above when com-
pared with northern Europeans, to date the only other
extensively studied population (Chakraborty et al.
1987; Lichter-Konecki et al. 1988). We confirm that
limited diversity of haplotypes is exhibited by the widely
dispersed Polynesian island groups, which is consistent
with the theories of a relatively homogeneous found-
ing population in Polynesia. Furthermore, Polynesians
share major PAH haplotypes with Southeast Asians but
lack those haplotypes associated with classical PKU.

Subjects and Methods

Subjects
A total of 347 Polynesian subjects representing Sa-

moans, Tongans, Cook Islanders, Maori, and Niueans
were studied. These included 30 Samoan and two Maori
families, each consisting of the two parents and at least
one child. A further 251 random individuals were sub-



Phenylalanine Hydroxylase Gene Haplotype

10Kb

0
1

n

Exons -- 1 2

.00

IL

-I

43

EC
0 E '

0~~~~~~~3I 11 111
I

5 6 78 9-1213

Figure I PAH gene with polymorphic restriction sites as described in the text

sequently analyzed. Samples were obtained from: (1)
families living in rural villages on the island of Savaii
in Western Samoa; (2) random cord bloods derived from
Polynesian newborns at the Middlemore Hospital,
Auckland; and (3) adult Polynesians living in Auck-
land. Ethnic origins were established by direct ques-

tioning of adults sampled or from mothers of newborns.
A second sample group, comprising Southeast Asians,
was also studied. It included eight families and 21 ran-

dom individuals, all of whom were living in Sydney,
but who had originated from Hong Kong, Indochina,
or the Philippines. Each family consisted of two par-

ents and one child.

DNA Mapping

Blood samples were collected in heparin and frozen
until DNA was prepared by standard phenol/chloro-
form extraction (Old and Higgs 1983). Eight-
microgram aliquots of DNA were digested with the
seven restriction enzymes BglII, PvuII, EcoRI, Mspl,
XmnI, HindIII, and EcoRV (fig. 1). DNA was sepa-

rated on horizontal agarose gels (0.7%-1.0%) and
transferred onto nylon membranes (Hybond,T Amer-
sham) with 20 x SSC. The hybridization probe was

a 2.3-kb human cDNA insert encoding the entire PAH
mRNA, including 40 bp of 5'- and 850 bp of 3'-un-

translated regions, and was inserted into the EcoRI sites
of pUC9 (Speer et al. 1986). The cDNA PAH probe
was labeled with 32P dCTP by using either the nick-
translation kit or the multiprime DNA labeling kit
(Amersham). Hybridization was performed in a solu-
tion containing 6 x SCC, 5 x Denhardt's, 0.5% SDS,
20 gg salmon sperm DNA/ml, and 5% dextran sulfate
at 650C for 18 h (Old and Higgs 1983). Washing of
membranes was carried out at 65°C in 0.1 x SSC for
1.5 h, followed by autoradiography using Cronex
Quanta III" intensifying screens.

Results

Derivation of PAH Haplotypes

Six hundred thirty restriction-enzyme haplotypes for
the PAH locus were determined for individuals who
originated from five Polynesian islands. Initially, haplo-
types were established from family studies (table 1). Of
the 32 families included in the study, 26 were unequivo-
cally informative, providing a total of 104 alleles. In
establishing haplotypes in one-child families, the ab-
sence of recombination was assumed. Haplotype as-
signment in random individuals homozygous for poly-
morphisms accounted for an additional 214 alleles.
Subsequently, it was possible to classify PAH alleles for
the remaining six families and random heterozygous
individuals in the vast majority of cases. A further 299
haplotypes were obtained in this manner, leaving 13
alleles that could not be confidently assigned. Haplo-
type distributions were comparable among the three
groups (table 1).

PAH Haplotypes in Polynesians

Haplotypes 4, 1, and 7 accounted for the vast
majority of PAH alleles in each of the five Polynesian
populations (table 2). Overall, haplotype 4 represented
58% of alleles, ranging from 53% in Cook Islanders
to 69% in Niueans. Haplotypes 1 and 7 were present
at frequencies of 21% (between extremes of 20% and
26%) and 16% (between extremes of 5% and 23%),
respectively. Haplotype 3 was found infrequently in
Polynesians, as was haplotype 6. Additionally, two new
haplotypes, 20 (- - + + + - - -)and31 (-+-+-++-)
(Woo 1988), were detected from the informative Samoan
families (table 1). Haplotype 20 is characterized by the
presence of the PvuIIb restriction site and differs from
haplotype 6 at the BglII polymorphic site. Haplotype
31 differs from haplotype 4 at the EcoRV site. Thirteen
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Table I

RFLP Haplotypes at the PAH Locus

No. (%) OF

Polynesians Southeast Asians

TYPE B P(a) P(b) R M X H V Families Homozygotes Heterozygotes Families Homozygotes Heterozygotes

1...........- + - - + - - - 22 (21) 24 (11) 89 (29) 2 (6) 2 (11) 2 (8)
2 ...........- + + - + + 0 0 0 0 0 0
3 ...........- + - +- + - - 1(1) 0 4(1) 0 0 1(4)
4 ...........- + - + - + + + 63 (61) 174 (81) 129 (41) 27 (84) 14 (78) 12 (50)
5 .+.......... - + + + - + 0 0 0 0 0 0
6 ........... + - + + + --- 0 0 6 (2) 0 0 0
7 ...........+ - - + - + - - 16 (15) 16 (8) 68 (22) 1 (3) 2 (11) 5 (21)
20 ...........- - + + + --- 1 (1) 0 2(1) 0 0 0
31 ........... - + - + - + + 1 (1) 0 1 (<1) 0 0 0
44 ........... + - - + - + + + 0 0 0 2 (6) 0 3 (13)
Unclassified .... 0 0 13 (4) 0 0 1 (4)

Total nos. tested 104 214 312 32 18 24

NOTE.-Polymorphic restriction sites are as described in the text and in fig. 1: B = BglII, P(a) = PvuII (a), P(b) = PvuII (b), R =
EcoRI, M = MspI, X = XmnI, H = HindIII, V = EcoRV. Haploytpes are classified according to Woo (1988).

alleles from heterozygous individuals remained un-

classified.

PAH Haplotypes in Southeast Asians

A strategy similar to that described above was ap-

plied to individuals of Southeast Asian origin (tables
1, 2). All eight families were unequivocally informa-
tive, providing a total of 32 haplotypes. An additional

18 haplotypes were obtained in individuals homozy-
gous for polymorphisms. Subsequently, PAH alleles (23)
could be assigned for heterozygous individuals in nearly
all cases. Approximately 72% of the haplotypes pres-

ent in Southeast Asians were type 4. PAH alleles 1 and
7 were detected at frequencies of 8% and 11%, respec-

tively. A new haplotype 44 (+ - - + - +++), differing
from haplotype 4 at the BglII and PvuIIa polymorphic

Table 2

RFLP Haplotypes at the PAH Locus in Polynesians and Southeast Asiansa

No. (%) OF

HAPLOTYPE Samoans Tongans Cook Islanders Maori Niueans Total Polynesians Asians

1 ........... 37 (20) 18 (24) 43 (20) 20 (26) 17 (23) 135 (21) 6 (8)
2 ........... 0 0 0 0 0 0 0
3 ........... 3 (2) 0 0 2(3) 0 5 (1) 1 (1)
4 ........... 116 (62) 44 (58) 114 (53) 41 (53) 51 (69) 366 (58) 53 (72)
5 ........... 0 0 0 0 0 0 0
6 ........... 1 (1) 1 (1) 4(2) 0 0 5 (1) 0
7 ........... 23 (12) 10 (13) 50 (23) 13 (17) 4 (5) 100 (16) 8 (11)
20 ........... 3 (2) 0 0 0 0 3 (<1) 0
31 ........... 2 (1) 0 0 0 0 2 (<1) 0
44 ........... 0 0 0 0 0 0 5 (7)
Unclassified .... 3 (2) 3 (4) 3 (1) 2 (3) 2 (3) 13 (2) 1 (1)

Total ....... 188 76 214 78 74 630 74

a Results are total numbers obtained for families, homozygotes, and heterozygotes.

384



Phenylalanine Hydroxylase Gene Haplotype

sites, was determined from family studies. This novel
haplotype was found at a frequency of 7%.

Discussion

RFLP haplotypes, such as those for the a- and
IB-globin gene clusters, represent valuable markers with
which to examine the genetic diversity and evolution-
ary relationships of modern populations (Higgs et al.
1986; Wainscoat et al. 1986). The PAH gene also pro-

vides a very polymorphic marker for population studies
(Lidsky et al. 1985a). The degree of heterozygosity at

this locus is 88%, which is comparable to that described
for the globin gene clusters. Despite this, polymorphisms
present at the PAH locus exist in considerable linkage
disequilibrium, since populations studied to date ex-

hibit only a small number of haplotype combinations.
For example, 12 common RFLP haplotypes defined at

the PAH locus were found in a Danish population
(Chakraborty et al. 1987).

In the present study, PAH haplotypes were derived
initially from families. Additional haplotypes were ob-
tained from random samples that were either homozy-
gous for the polymorphisms or heterozygotes for which
haplotypes could be assigned. Allele distributions were
comparable among the three groups. Thirteen haplo-
types from Polynesians remained unclassified. Hence,
some rare or novel normal PAH alleles may have been
undetected. However, since these represented less than
2% of the total alleles, any ascertainment bias would
be extremely small. Haplotype 4 represents a significant
majority of PAH alleles found in Polynesians. Overall,
it accounted for 58% of PAH haplotypes and, in par-

ticular, represented 69% of alleles found in Niueans.
While haplotype 4 is also found in northern Europeans,
it is present at significantly lower frequencies of 19%-
32% (table 3). The relative paucity of haplotype 3
(<1%) and apparent absence of haplotypes 2 and 5 in

Polynesians also make them significantly different from
northern Europeans, in whom these three haplotypes
together comprise between 19% and 25% of normal
alleles (Chakraborty et al. 1987; Lichter-Konecki et al.
1988). PAH haplotype 1 was detected in Polynesians
at a frequency of 21%. This contrasts with the Danes,
in whom haplotype 1 represents 35% of normal PAH
alleles (Chakraborty et al. 1987). Additionally, two re-

cently described haplotypes, 20 ( - - +++ --- ) and
31 (- + - + - + + -), were found in Samoan families.
It is unlikely that the haplotype distributions present
in Polynesians represent European admixture. Each of
the five independent island groups exhibited very simi-

Table 3

Normal PAH Haploytpes in Polynesians, Southeast
Asians, and Nothern Europeans

NORTHERN EUROPEANS

POLYNESIANS ASIANS ()
HAPLOTYPE (%) (%) a II,

1......... 21 8 35 25
2 ........ 0 0 3 10
3 ........ <1 1 5 5
4 ........ 58 72 32 19
5 ......... 0 0 11 10
6 ........ 1 0 0 2
7 ........ 16 11 11 16
Other ...... 3 9 3 13

a Derived from Chakraborty et al. (1987).
b Derived from Lichter-Konecki et al. (1988).

lar frequencies of alleles. Furthermore, globin and HLA
genetic analyses (Trent et al. 1986; Serjeantson et al.
1987), together with mitochondrial DNA data (our own
unpublished observations), confirm a paucity of Euro-
pean admixture in our sample population. In fact, one
of the striking features to emerge from this study is the
relative homogeneity of Polynesian populations. Each
of the island groups exhibited limited diversity of their
PAH alleles, in which three major haplotypes (4, 1, and
7) predominated. All population groups shared the
above haplotypes, differing in their relative proportions
of each. These findings are consistent with a-globin
gene haplotype data, which similarly show limited diver-
sity of alleles in Polynesians (Hertzberg et al. 1988),
since six a-globin haplotypes represent over 96% of
normal alleles. Taken together, these findings support
the theories of a common, relatively small founding
population in Polynesia.
The presence of haplotypes 4, 1, and 7 in all popula-

tions examined to date (including Caucasians, South-
east Asians, and Polynesians) suggests an origin for these
alleles that predates divergence of the races. Haplotypes
that have arisen following this divergence, including
novel alleles 20, 31, and 44 in the present study, may
have resulted either from chromosomal crossover within
the common haplotypes or by mutation at single sites.
For example, haplotype 44 in Southeast Asians could
have arisen from DNA crossover involving haplotypes
4 and 7 between PvuII and EcoRI restriction sites. In
contrast, haplotype 31 in Polynesians may have resulted
from a single nucleotide mutation at the EcoRV site
on haplotype 4. Absence of haplotypes 2 and 5 in both
Polynesians and Southeast Asians may reflect a loss of
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these alleles after separation of the races. Alternatively,
types 2 and 5 may represent new alleles that have arisen
subsequently in Europeans. It is unlikely that these
haplotype distributions result from selection, since, in
the absence of classical PKU, site polymorphisms would
appear to be neutral.

Genetic data, such as HLA markers, have provided
conflicting evidence of the evolutionary relationships
of Polynesians and Southeast Asians. Several Mongoloid
markers, including HLA-A2B40 and HLA-A9Bw22 and
some class II DNA patterns, are shared by both groups
(Serjeantson et al. 1982; Kohonen-Corish and Serjeant-
son 1986). Conversely, there are a number ofHLA genes
present in Orientals but absent in Polynesians and vice
versa (Serjeantson et al. 1987). The triplicated Q-globin
gene rearrangement ((,(/) is present in both Polyne-
sians and Southeast Asians, at frequencies of 22% and
9%, respectively (Higgs et al. 1986; Trent et al. 1986).
In each population, this rearrangement is associated
exclusively with the same a-globin gene haplotype, sug-
gesting that it has arisen once only during evolution
(Hertzberg et al. 1988). In the present study, genetic
similarities between Polynesians and Southeast Asians
are further seen in RFLP haplotypes at the PAH locus.
Together, haplotypes 4, 1, and 7 accounted for the vast
majority of alleles present in both groups of peoples
(95% and 92%, respectively). In particular, haplotype
4 constituted 58% and 72% of PAH alleles in Polyne-
sians and Southeast Asians, respectively, while being
found in only 19%-32% of Europeans. Similarly, both
populations exhibited a relative paucity of haplotype
3, together with an absence of haplotypes 2 and 5.
Therefore, PAH RFLP data lend support to the theories
of a genetic affinity between Southeast Asians and the
ultimate Polynesian and Lapita forebears (reviewed in
Bellwood 1987).

Phenylketonuria is most prevalent among Celtic-
derived people and central Europeans, while it is ex-
tremely uncommon in Southeast Asians (Scriver and
Clow 1980). To date, it has been detected in one Poly-
nesian newborn, and in this case there was a European
parent (K.N.P.M., unpublished data). Recently, two
PKU mutations have been characterized in Caucasians,
and both of these result in the severe form of the dis-
ease (DiLella et al. 1986, 1987; Guttler et al. 1987).
Each mutation is tightly linked with haplotypes 2 and
3. Together, these mutations represent 58% of total PKU
chromosomes in the northern European population
(DiLella et al. 1988). DiLella et al. (1986) have sug-
gested that each of the above PKU mutations may have
arisen only once throughout evolution- and that it may

have spread by subsequent founder effect in Europeans.
Haplotypes 2 and 3 represent approximately 8% of the
normal alleles present in the latter population (DiLella
et al. 1987). In contrast, Polynesians and Southeast
Asians have a significantly lower frequency of haplo-
type 3 (<1%) as well as an absence of haplotype 2.
Therefore, it is significant that both Polynesians and
Southeast Asians, in whom PAH haplotypes 2 and 3
are virtually absent, also appear to lack the severe PKU
mutations characterized previously in Europeans. The
presence of these PKU mutants in European popula-
tions suggests an origin subsequent to separation of the
races. Determination of whether the rare cases of mild
PKU in Southeast Asians are due to the identical muta-
tions carried on the same haplotypes as those present
in northern Europeans awaits further analysis.
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