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Summary

We have used Y-chromosomal polymorphisms to trace
paternal lineages in Polynesians by use of samples pre-
viously typed for mtDNA variants. A genealogical ap-
proach utilizing hierarchical analysis of eight rare-event
biallelic polymorphisms, seven microsatellite loci, and
internal structural analysis of the hypervariable mini-
satellite, MSY1, has been used to define three major
paternal-lineage clusters in Polynesians. Two of these
clusters, both defined by novel MSY1 modular structures
and representing 55% of the Polynesians studied, are
also found in coastal Papua New Guinea. Reduced Pol-
ynesian diversity, relative to that in Melanesians, is il-
lustrated by the presence of several examples of identical
MSY1 codes and microsatellite haplotypes within these
lineage clusters in Polynesians. The complete lack of Y
chromosomes having the M4 base substitution in Pol-
ynesians, despite their prevalence (64 %) in Melanesians,
may also be a result of the multiple bottleneck events
during the colonization of this region of the world. The
origin of the M4 mutation has been dated by use of two
independent methods based on microsatellite-haplotype
and minisatellite-code diversity. Because of the wide con-
fidence limits on the mutation rates of these loci, the M4
mutation cannot be conclusively dated relative to the
colonization of Polynesia, 3,000 years ago. The other
major lineage cluster found in Polynesians, defined by a
base substitution at the 92R7 locus, represents 27% of
the Polynesians studied and, most probably, originates
in Europe. This is the first Y-chromosomal evidence of
major European admixture with indigenous Polynesian
populations and contrasts sharply with the picture given
by mtDNA evidence.
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Introduction

The Polynesians were skillful ocean-going navigators at
a time when the Greeks and Romans were little more
than coastal sailors. Prior to 1500 A.D. they constituted
the most geographically widespread people on Earth
(Bellwood 1987); their remarkable settlement of the re-
mote Pacific islands has been extensively studied from
the viewpoint of the archaeological record and cultural
and linguistic affiliations (Jennings 1979). The Pacific
islands have been traditionally classified into three ge-
ographical areas. Melanesia includes Papua New Guinea
and islands to the east, including the Solomon Islands
and Vanuatu. To the north of Papua New Guinea, the
dispersed archipelagos of Micronesia stretch from Palau
in the west to Kiribati in the east. The islands to the east
of Fiji constitute Polynesia, a vast ocean triangle with
sides ~6,500 km in length and apices at Hawaii, Aotea-
roa (New Zealand), and Rapanui (Easter Island).
Archaeology, anthropology, and linguistics (Bellwood
1987, 1989, 1991) have been used to construct the fol-
lowing picture of the region’s prehistory. Approximately
30,000-50,000 years before the present (YBP), austra-
loid hunter-gatherers moved through Southeast Asia into
the Sahul landmass, which comprised the present islands
of Papua New Guinea and Australia. These peoples are
thought to be ancestral to the extant populations of na-
tive Australians and Papuan highlanders. The second
major prehistoric migration into the region is associated
with the expansion of a mongoloid Austronesian-speak-
ing population, which began 5,000-6,000 YBP in Tai-
wan and coastal Southeast China. Over a relatively short
period, their highly developed navigational skills al-
lowed them to settle the islands of Melanesia, beyond
the Solomon Islands, that had not previously been col-
onized by the australoid population. By 3,000 YBP, Fiji
in eastern Melanesia and Samoa and Tonga in western
Polynesia had been reached. This initial colonization of
island Melanesia is associated with the Lapita culture,
characterized by its distinctive pottery, and was quickly
followed by the migration of other Melanesian popu-
lations that had acquired ocean-going skills. Coloniza-
tion of remote Oceania followed a lengthy period of
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adaptation in western Polynesia, during which a distinct
Polynesian culture developed. The Marquesas were
reached by 300 A.D., followed by Hawaii (by 500 A.D.),
Rapanui (by 800 A.D.), and, finally, Aotearoa (by 1200
A.D.).

Linking of the proto-Polynesians to the Lapita culture,
whose sites are found in island Melanesia, suggests rel-
atively little genetic contribution of australoid peoples
to Polynesians. Rather, it has been thought that the Pol-
ynesians had their origins in the relatively rapid maritime
expansion from Southeast Asia (Bellwood 1979). An al-
ternative model postulates that the proto-Polynesians
evolved within Melanesia, from the resident population
that had been there for =30,000 years (Terrell 1986).
A third model proposes a substantial colonization of
Polynesia from the Americas (Heyerdahl 1950). In ad-
dition, during the past 300 years there has been sub-
stantial contact with Europeans, who may have con-
tributed genetically to the extant population. Analysis
of classic nuclear-encoded markers in Polynesians has
weakly supported a Southeast Asian origin with perhaps
some Melanesian admixture (Hill and Serjeantson
1989), a contribution that has been further supported
by the discovery, in Polynesians, of a specific thalassemia
allele of Melanesian origin (Hill et al. 1985). There has
been no strong support for an American origin, although
data from classic loci were never able to exclude this
possibility because Native Americans themselves have
an origin in Asia.

In contrast to these uncertainties, studies utilizing
mtDNA have been particularly informative (Lum et al.
1994; Melton et al. 1995; Redd et al. 1995; Sykes et al.
1995). A common lineage cluster comprising three or
four characteristic base substitutions in the control re-
gion and a 9-bp deletion elsewhere in the mitochondrial
genome has been found in 94% of all Polynesian
mtDNA samples. It has also been found at moderate
frequency in coastal Papua New Guinea. Ancestral hap-
lotypes have been traced to Indonesia, the Philippines,
and Taiwan (Melton et al. 1995; Sykes et al. 1995).
Other maternal lineages identified in Polynesians (Lum
et al. 1994) have been confirmed as showing a Mela-
nesian australoid admixture of ~4% (Sykes et al. 1995).
A common finding in all genetic studies has been a strik-
ing lack of diversity in Polynesians, compared with
source populations in Melanesia and Southeast Asia
(Flint et al. 1989; Lum et al. 1994; Sykes et al. 1995).
Together with a cline of diversity within mitochondrial
lineage groups, from high in western Polynesia to low
in eastern Polynesia (Sykes et al. 19935), this suggests
that there have been, not surprisingly, severe population
bottlenecks during the colonization of Polynesia. There
is no mtDNA evidence for a substantial input from either
the Americas or Europe.

Most of the paternally inherited Y chromosome is

Am. ]J. Hum. Genet. 63:1793-1806, 1998

haploid and thus escapes recombination. Mutations on
this portion of the chromosome represent a simple rec-
ord of its evolution, which can be used to address ques-
tions of human population structure (Jobling and Tyler-
Smith 1995). Modern Y chromosomes coalesce back to
a common ancestor who has been dated, in independent
studies, to 188,000 YBP (Hammer 1995), 37,000-
49,000 YBP (Whitfield et al. 1995), or ~170,000 YBP
(Underhill et al. 1997). Mating practices, the cultural
phenomenon of patrilocality, and the small effective pop-
ulation size of the Y chromosome result in a high degree
of geographical differentiation, which has been utilized
to investigate prehistoric migration events (Underhill et
al. 1997; Zerjal et al. 1997). It is the presence of different
Y-chromosomal lineage clusters in Southeast Asia, the
Americas, and Europe that allows us to investigate the
origins of Polynesian Y chromosomes. The Y chromo-
some is likely to be more sensitive than other loci to
certain kinds of admixture—for example, recent male-
dominated admixture between populations normally
separated by geographical distance.

The Y chromosome contains a wealth of different
polymorphic systems with different mutational mecha-
nisms and rates that vary from ~5 x 107 "/locus/gener-
ation, for base substitutions (Hammer 1995), to a few
percent per generation, for the minisatellite MSY1 (Job-
ling et al. 1998). Initial attempts to use the Y chromo-
some for regional evolutionary studies were hampered
by a lack of well-characterized polymorphisms (Spurdle
and Jenkins 1992; Spurdle et al. 1994). Recently, how-
ever, a number of studies have successfully addressed
questions of regional prehistory by use of the Y chro-
mosome (Underhill et al. 1997; Zerjal et al. 1997). It
has been suggested that the best way to utilize the in-
formation content from the different polymorphic sys-
tems is to adopt a genealogical approach based on a
hierarchical analysis of different marker systems (Jobling
and Tyler-Smith 19935; Santos and Tyler-Smith 1996; de
Knijff et al. 1997). This entails subdivision of sets of
chromosomes into distinct lineage clusters defined by
compound haplotypes (haplogroups) of rare-event bial-
lelic polymorphisms, followed by assaying of diversity
within such haplogroups by use of more variable loci
such as mini- and microsatellites. This provides infor-
mation about the demographic history of haplogroups
while minimizing the effect of recurrent mutation in the
multiallelic polymorphic systems.

This study complements the mtDNA analysis, by ex-
amining the paternal lineages of two populations, one
from coastal Papua New Guinea and the other from
Polynesia (Cook Islands), by use of Y-chromosomal
markers that can be assayed by PCR. Thirty of the 33
Cook Islands samples have the common Polynesian
mtDNA haplotype characterized by control-region tran-
sitions at positions 16189, 16217, 16247, and 16261.
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Seven base substitutions and one insertion/deletion were
used to distinguish 10 possible Y-chromosome haplo-
groups, and diversity within observed haplogroups was
assayed by use of seven microsatellite loci and the mini-
satellite MSY1.

A well-documented and well-dated history suggesting
simple population movements in Oceania has been
drawn from studies of achaeology, linguistics, and ma-
ternal lineages; Oceania thus represents an ideal region
for studies of paternal lineages. This is the first Y-chro-
mosomal study to reveal substantial European admix-
ture within the Polynesian Y-chromosomal pool.

Subjects and Methods

Subjects

The DNA samples used in this study were provided
by 91 individuals from two locations in the Pacific, all
of whom had agreed to take part in a genetic survey.
Polynesian samples came from Rarotonga in the Cook
Islands in central Polynesia. Melanesian samples were
from Port Moresby in Papua New Guinea.

Biallelic-Polymorphism Typing

All of these polymorphisms can be typed by use of
similar PCR protocols. Although the cycling programs
differ, the reaction volume (10 ul) and composition are
the same. Samples (10-20 ng) of genomic DNA were
added to a PCR buffer, as described by Jeffreys et al.
(1990), with the addition of 1 uM of each primer and
0.5 U of Taq polymerase (Advanced Biotechnologies).

All PCR reactions were done in 96-well Thermowell
M microtiter plates in an MJR PTC-200 machine. For
RFLP analysis, 1 U of the appropriate restriction enzyme
in 10 ul of 2 x digestion buffer was added directly to
the PCR reaction and incubated at the appropriate tem-
perature for 2 h. All 96 digest/PCR products were run
out on a single agarose gel (1%-3%; Seakem agarose
[FMC]), in 1 x Tris-borate EDTA (TBE), by means of
gel tanks designed and made in house. All pipetting op-
erations were performed with 12-channel pipettes.

A'Y Alu polymorphism (YAP) was typed according
to the procedure of Hammer and Horai (1995); SRY-
1532 (identical to SRY 10,831 of Whitfield et al. 1995)
was typed according to the procedure of Kwok et al.
(1996); and SRY-2627 was typed according to the pro-
cedure of Veitia et al. (1997), who referred to it as “SRY-
2628.” DYS199 was typed by use of the PCR primers
5-TAATCAGTCTCCTCCCAGCA-3' and 5-AGGTA-
CCAGCTCTTCCCAATT-3'; a cycling program of 94°C
for 20 s, 59°C for 20 s, and 72°C for 30 s, repeated 36
times; and the restriction enzyme Mfel. SRY-3225 (iden-
tical to SRY 9,138 of Whitfield et al. 1995) was typed
by use of the primers 5-CAACTGTTGAGAAATAGTC-
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ATC-3’ and 5-CCCAGATGCATATATTACAGG-3; a
cycling program of 94°C for 30 s, 58°C for 30 s, and
72°C for 60 s, repeated 34 times; and the restriction
enzyme Haelll. 92R7 (Mathias et al. 1994) was also
typed by use of a PCR-RFLP assay (M. E. Hurles and
C. Tyler-Smith, unpublished data). The M4 amplicon
(DYS234), which has been shown to contain a site poly-
morphic in Oceanic people (Underhill et al. 1997), was
typed by PCR-RFLP analysis, with PCR conditions of
94°C for 30 s, 60°C for 30 s, and 72°C for 435 s, repeated
34 times, and Ndel digestion. M9 was amplified by use
of the conditions described by Underhill et al. (1997),
and the polymorphic site was assayed by digestion with
Hinfl.

The polymorphism SRY-2627 was typed only on those
chromosomes that had been shown to carry the 92R7
(1) allele, since this polymorphism has been shown to
occur only on this chromosomal background (M. E.
Hurles, unpublished data). Polymorphisms known to oc-
cur only on a YAP* background were not typed in the
sample set, since it contained no YAP™ chromosomes.

Y chromosomes having the Tat polymorphism (Zerjal
et al. 1997) constitute a subset of 50f2/C-deletion chro-
mosomes (Jobling et al. 1996). 50f2/C-deletion chro-
mosomes are identified by the absence of the 203-bp
MSY1 homologue, which is coamplified in the MSY1-
flanking PCR prior to minisatellite variant repeat-PCR
(MVR-PCR) (Jobling et al. 1998). No such deletion
chromosomes were detected in the MSY1-flanking re-
actions, and, therefore, the Tat polymorphism itself was
not typed in these samples.

The allelic states of each haplogroup are as follows
(in the order DYS199, YAP, SRY-3225, SRY-1532,
92R7, M4, SRY-2627, and M9): haplogroup 1 chro-
mosomes have the compound haplotype 00011001,
those of haplogroup 2 have 00010000, those of hap-
logroup 3 have 00001001, those of haplogroup 24 have
00010101, and those of haplogroup 26 have 00010001.
Binary nomenclature indicates ancestral (0) and derived
(1) forms of the polymorphism: 92R7, YAP (Jobling and
Tyler-Smith 1995), SRY-1532, SRY-3225 (Whitfield et
al. 1995), DYS199 (Underhill et al. 1996), M4, M9 (Un-
derhill et al. 1997), and SRY-2627 (Veitia et al. 1997).

Microsatellite Typing

The following seven highly polymorphic Y chromo-
some-specific microsatellites were analyzed: DYS19,
DYS3891, DYS389I1, DYS390, DYS391, DYS392, and
DYS393; all have tetranucleotide-repeat units, except for
DYS392, which has a trinucleotide-repeat unit. Primer
sequences are as described elsewhere (de Knijff et al.
1997), except for the forward primer of DYS389Il,
which was 5-TCCAACTCTCATCTGTATTATCTAT-
GTG-3'. PCR reactions were performed in a 15-ul re-
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action volume containing 6 pmol of each primer, 200
uM of each dNTP, 1x GeneAmp PCR buffer II,
1.5 mM MgCl,, 0.375 U of AmpliTaq Gold (PE Ap-
plied Biosystems), and 50 ng of DNA. The forward
primer was S'-labeled with tetrachlorofluoroscein
(DYS19, DYS3891, and DYS389II), carboxyfluoroscein
(DYS390, DYS391, and DYS393), or 4,7,2,4,5',7-hex-
achloro-6-carboxyfluoroscein (DYS392). The general
PCR profile was as follows: 94°C for 14 min, annealing
temperature (AT) for 1 min, 72°C for 0.5 min, and 94°C
for 1 min, with the latter three steps repeated 35 times;
AT for 1 min; and 72°C for 10 min. Annealing temper-
atures were as follows: 54°C for DYS19, 51°C for
DYS3891, 55°C for DYS38911, 56°C for DYS$390, 55°C
for DYS391, 53.5°C for DYS392, and 56°C for DYS393.

The PCR products from all seven individual reactions
were diluted and pooled together with a size-standard
GeneScan-500 TAMRA, so that an individual’s seven-
locus microsatellite haplotype could be read from a sin-
gle gel track (Reed et al. 1994). The pooled products
were run on denaturing 6% acrylamide gels in 1 x TBE
on an Applied Biosystems 373A DNA sequencer. Gels
were analyzed by ABI PRISM GeneScan Analysis 2.0.2,
and samples were genotyped by Genotyper 1.1 (both
from PE Applied Biosystems). By means of GAS (genetic-
analysis system [A. Young, personal communication]),
the discrete distributions of allele lengths were then put
into allele bins, which were assigned numbers according
to their sizes, with the smallest allele being denoted “1.”
To account for the DYS389I variable array being con-
tained inside the DYS389I1 amplicon (Cooper et al.
1996), the length of the DYS389I product was sub-
tracted from that of DYS389II, prior to placement in
allele bins. The correspondence between our allele def-
initions and the repeat-unit number of previously pub-
lished sources (de Knijff et al. 1997) is as follows: al-
lele 1 corresponds to DYS19, repeat-unit number 11;
DYS3891I, repeat-unit number 9; DYS38911, repeat-unit
number 15; DYS390, repeat-unit number 20; DYS391,
repeat-unit number 9; DYS392, repeat-unit number 11;
and DYS393, repeat-unit number 12.

Minisatellite Coding

Three-state MSY1 MVR-PCR of repeat types 1, 3,
and 4 was performed according to the method of Jobling
et al. (1998). A code—for example, (1)20(3)35(4)20—
represents the minisatellite array as blocks of different
repeat-unit variants, in this case 20 type 1 repeats are
followed by a block of 35 type 3 repeats followed by a
block of 20 type 4 repeats. Modular-structure nomen-
clature of, for example, the form (1,3,4) refers to a block
of type 1 repeats followed by a block of type 3 repeats
followed by a block of type 4 repeats.
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Sequence Analysis of MSY1 Null Repeats

MSY1 alleles containing null repeats were analyzed
by fluorescent automated sequencing of PCR products
generated by means of the primers YIA* and Y1B™.

Phylogenetic Analysis

The haplogroup tree was based on that of Jobling and
Tyler-Smith (1995) and used only those polymorphisms
that are presently typable by PCR and incorporated the
new polymorphisms DYS199, SRY-2627, SRY-3225,
M09, and M4, by typing them on a fully representative
panel of chromosomes previously typed for all poly-
morphisms in the original tree. Minimum spanning mi-
crosatellite networks were constructed for chromosomes
belonging to individual haplogroups, under the assump-
tion of a single-step mutation process, by means of pair-
wise comparisons between all haplotypes. Initially all
haplotypes differing by single mutational steps are
linked, and then most-parsimonious steps of greater mu-
tational distance are considered, in turn, until all hap-
lotypes are included in the network. All most-parsi-
monious steps linking any given haplotype into the
network are included (Zerjal et al. 1997).

The root for the maximum-parsimony tree used in
dating haplogroup 24 (Bertranpetit and Calafell 1996)
was chosen by combining the mode allele length of each
individual locus into a seven-locus haplotype. This hap-
lotype is identical to haplotype 44, which is itself rep-
resented more than once in the data set. The network
gives additional support for this haplotype being a plau-
sible root because the latter occupies a central position
within the network and has the greatest number of links
to other haplotypes.

Results

A total of 33 unrelated Cook Islander and 58 unre-
lated Papua New Guinean samples were assayed for all
polymorphisms. Of the 10 haplogroups defined by the
rare-event biallelic polymorphisms, only 5 (i.e., haplo-
groups 1-3, 24, and 26) were observed in this sample
set. Haplogroup 1 and haplogroup 3 chromosomes are
found in Polynesians alone, haplogroup 2 and haplo-
group 26 chromosomes are found in both Polynesians
and Melanesians, and haplogroup 24 chromosomes are
found only in Melanesians. Haplogroup 2 is the most
ancestral. These data are summarized in figure 1.

A total of 91 samples gave full biallelic-polymorphism
data, and 79 of them also had full seven-locus micro-
satellite haplotypes; of these, 77 gave MSY1 codes.
MSY1 subtypes were defined initially on the basis of
modular structures of arrays of different repeat types
that are represented more than once in the sample set.
Three subtypes were defined: (1), (1,3,4); (2), (3,1,3,4);
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Figure 1 Haplogroup distributions within Polynesians and Mel-
anesians: unrooted trees based on that in the work of Jobling and
Tyler-Smith (1995), with new mutations added (see Subjects and Meth-
ods). Circles represent haplogroups, and lines represent single
mutational steps between them. Lines are labeled with the polymor-
phisms that they represent. Circle area is proportional to the number
of chromosomes within a given haplogroup. Dots at the ends of the
lines denote haplogroups not represented in that population. Numbers
within circles indicate haplogroup number. All 91 chromosomes with
full rare-event biallelic-polymorphism data are included, irrespective
of the status of their microsatellite or minisatellite data.

and (3), a group of MSY1 codes that all end with the
modular structure (...4,0,4). An additional subtype
(3,1,3%,47) was defined when nonoverlapping block-size
ranges within the (3,1,3,4) chromosomes were shown to
be statistically significant (P < .001; Student’s #-test). An
example of a code of the former MSY1 subtype is
(3)3(1)13(3)61(4)8, and an example of the latter MSY1
subtype is (3)1(1)13(3)39(4)16. These typing data are
summarized in figure 2 and are represented diagram-
matically in figure 3. Note that the percentages of hap-
logroup frequencies given in the text refer to all 91 chro-
mosomes studied, whereas the pie charts in figure 3
consider only those chromosomes for which MSY1
codes were available. Sample CI185 is classified as a
(...4,0,4) chromosome by virtue of its microsatellite hap-
lotype, the characteristic null at the start of the array,
and the similarity between its repeat-block sizes and
those in the other (...4,0,4) chromosomes. The null re-
peats appear to have been converted back to type 4
repeats in this chromosome, perhaps by a repeat-ho-
mogenization process (Bouzekri et al. 1998). Complete
typing results, including microsatellite haplotypes, are
tabulated in the Appendix (table A1).

Minimum spanning microsatellite networks for each
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haplogroup were constructed with the 79 samples for
which there were full microsatellite- and biallelic-poly-
morphism data. MSY1 subtypes were then mapped
onto these networks. The final networks are shown in
figure 4.

It is important to distinguish between MSY1 subtypes
that represent very rare mutational events and those that
may have independently evolved multiple times. Sub-
types (3,1,3,4) and (1,3,4) are common to haplogroups
24 and 26. They have also both been observed in other
haplogroups, which were not found in the present study
(Jobling et al. 1998). Given that a haplogroup defined
by a unique mutational event must have been founded
by a single chromosome, these MSY1 subtypes have
probably arisen independently several times. In addition,
there is, in the microsatellite networks, no tight cluster-
ing of chromosomes having these MSY1 subtypes. By
contrast, the (...4,0,4) and (3,1,3%,47) MSY1 subtypes
have been found only in haplogroup 2 and haplogroup
26 chromosomes, respectively, and only in this region
of the world, suggesting that each has a unique origin.
In addition, the tight clustering of these chromosomes
within the microsatellite networks further supports this
conclusion.

Haplogroup 1 Chromosomes

Haplogroup 1 chromosomes were found only in Pol-
ynesians, in whom they comprised 9 (27%) of 33 chro-
mosomes in the sample. The nine haplogroup 1 chro-
mosomes have eight different microsatellite haplotypes,
and all belong to the same MSY1 subtype, (1,3,4).

Haplogroup 2 Chromosomes

Haplogroup 2 chromosomes are found in both Mel-
anesians and Polynesians, in whom they comprise 3
(5%) of 58 and 19 (58%) of 33 of the Y chromosomes,
respectively. Although this haplogroup is found in both
populations, it can also be found in most areas of the
world (C. Tyler-Smith and A. Pandya, personal com-
munication) and thus, on its own, cannot be taken as
evidence of recent common ancestry for the two pop-
ulations. There are 11 different microsatellite haplotypes
in the 22 chromosomes analyzed here, and two different
MSY1 subtypes—(...4,0,4) and (3,1,3,4)—are repre-
sented more than once within this haplogroup. Only one
of these MSY1 subtypes, the (...4,0,4) subtype, is found
in both Polynesians and Melanesians.

The (...4,0,4) chromosomes found in Melanesians
have modular structures different than those found
in Polynesian (...4,0,4) chromosomes. The Polyne-
sian chromosomes all have the modular structure
(0,1,3,4,0,4), whereas the two (...4,0,4) chromosomes
in Melanesians have the modular structures (3,1,3,4,0,4)
and (0,3,1,3,4,0,4,0,4). To determine whether these
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Polynesia

Haplogroup 2, (...4,0,4)

Figure 3

Haplogroup 24, (3,1,3,4)
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Melanesia

Haplogroup 2, (...4,0,4)
Haplogroup 26, (3,1,3,4)

Others

Haplogroup 26, (1,3,4)

Haplogroup 26, (3,1,3+,4-)

Distribution of MSY1 subtypes within Polynesians and Melanesians. Only the 77 chromosomes for which there are full biallelic-

polymorphism and minisatellite-typing data are included. The background pattern represents the haplogroup, and color represents MSY1
subtype. Only those MSY1 subtypes that are represented more than once are displayed. “Others” includes all singleton MSY1 modular structures.

chromosomes do, indeed, belong to the same lineage
cluster, the null repeats from a Cook Islander chromo-
some (CI140) and from a Papua New Guinean chro-
mosome (7092) were sequenced and shown to be iden-
tical. The null repeats at the start of these arrays were
both shown to be type 3 repeats modified by a T—=A
transversion at position 21 within the 25-bp repeat unit.
The null repeats near the end of the array were found
to be type 2 repeats, which are characterized by having
a C—G transversion at position 13 within the repeat,
relative to type 4 repeats (Jobling et al. 1998). Additional
support for the common ancestry of these chromosomes
comes from their association with a rare short DYS390
microsatellite allele that is found almost exclusively in
this region of the world (Forster et al. 1998).

The other MSY1 subtype found more than once
within haplogroup 2 chromosomes is the (3,1,3,4) sub-
type, which is found in only two chromosomes (6%) in
Polynesians. These two chromosomes, along with a third
Polynesian haplogroup 2 chromosome that has neither
the (3,1,3,4) nor the (...4,0,4) MSY1 modular structure,
cluster together in the microsatellite network, perhaps
suggesting a recent common ancestry.

Haplogroup 3 Chromosomes

Only a single haplogroup 3 chromosome has been
found in this study—in Polynesians, in whom it is found
in 1 (3%) of 33 chromosomes in the sample. Haplogroup
3 chromosomes are found in both Europe and Asia (as
haplotype “1D” in the work of Hammer et al. [1998])
and have also been found at low frequency in Indone-
sians (M. E. Hurles, unpublished data).

Haplogroup 24 Chromosomes

This group of Y chromosomes was found in 37 (64 %)
of 58 chromosomes in the Papua New Guinean sample
but not at all in the Polynesian sample. Previously, hap-
logroup 24 chromosomes had been found in Papua New
Guineans and at low frequency in Indonesians (Underhill
et al. 1997; M. E. Hurles, unpublished data). There are
24 different microsatellite haplotypes in the 30 chro-
mosomes that have full microsatellite haplotypes. Two
different MSY1 subtypes are found in these chromo-
somes. By far the most frequent MSY1 subtype is
(3,1,3,4), found in 21 of 28 chromosomes with identified
MSY1 structure. The (1,3,4) MSY1 subtype is found in
four of the remaining seven chromosomes.

The question arises as to whether the mutation defin-
ing haplogroup 24 occurred prior to or after the colo-
nization of Polynesia. The absence of such chromosomes
in Polynesians might constitute significant evidence of
reduced diversity. Consequently, microsatellite diversity
was used to date the origin of these chromosomes, so
as to compare this date with that of the initial migration
into Polynesia, which, on the basis of archaeological
evidence, has been deduced to be ~3,000 YBP. Two dif-
ferent dating methods were used.

In the first approach (Bertranpetit and Calafell 1996),
a rooted maximum-parsimony tree (not shown) was
constructed from the pairwise comparisons between
compound microsatellite haplotypes. The root of the tree
was placed at haplotype 44, on the basis of the mode-
allele length at each locus (see Subjects and Methods
section). Haplogroup 26 is ancestral, but it could not be
used as an outgroup for the purpose of rooting, because
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Haplogroup 2

O Melanesia
] Polynesia

® (.404)
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® (1,3.4)
O Singleton

Haplogroup 26

Figure 4

Haplogroup 24
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Microsatellite networks for individual haplogroups. Numbered circles and squares represent compound microsatellite haplotypes;

small black circles represent intermediate haplotypes not observed in this sample set. Color indicates MSY1 subtype. All 79 chromosomes for
which there are complete microsatellite and biallelic-polymorphism data are included.

there are multiple equally parsimonious links between
the networks of the two haplogroups. The average num-
ber of mutations per locus is calculated from the root
to every haplotype in the tree, with consideration of the
number of times that that haplotype is represented in
the sample. A generation time of 25 years (Thomas et
al. 1998) and a mutation rate of 2.1 x 10~ */locus/gen-
eration for Y-chromosome microsatellites (Heyer et al.
1997) was used to convert the calculated figure of 0.38
mutations/locus/generation to a time of origin of ~4,400
YBP for this base substitution. Factoring in the 95%
confidence limits, 0.6—4.9 x 1073, of the microsatellite
mutation rate gives an interval of 1,900-15,300 YBP
(Heyer et al. 1997).

The second approach (Goldstein et al. 1996) relies on
the variance of linked microsatellite loci and assumes a
single-step—mutation model. As long as the observed var-
iance can be shown to be significantly different from
that expected at mutation/drift equilibrium, the time

taken for the variance to accumulate since its initial value
of zero can be calculated. Given a mutation rate of
2.1 x 10 %/locus/generation and an effective population
size of 4,500 (Goldstein et al. 1996), the variance ex-
pected at mutation/drift equilibrium is 9.4, with 95%
confidence limits of 4.2-18.4. The variance observed in
our sample is 0.45, with 95% confidence limits of
0.36-0.56. This gives a time to the origin of this hap-
logroup (i.e., when variance was zero) of ~5,500 YBP,
with 95% confidence limits of 3,500-5,450 YBP. If the
95% confidence limits for the mutation rate are factored
into the equations, an expanded interval of 2,000-
30,400 years is obtained. Despite the difference in the
various estimates of haplogroup age, it seems likely, on
the basis of microsatellite haplotype diversity, that this
mutation predates the migration into Polynesia, 3,000
YBP.

Preliminary attempts were also made to use MSY1
diversity for dating, by treating each block of repeat

Haplogroup 3
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types as an independent repeat locus, analogous to a
microsatellite, with the mutation rate of each block pro-
portional to the number of repeats within the block and
with a mutation rate range of 2%-11% for the entire
array (Jobling et al. 1998). By means of the first method
described above, an age range of 1,200-12,700 YBP is
obtained. The latter method gives an age range of
2,300-54,400 YBP. The midpoint mutation rate within
the aforementioned range (6.5%) gives absolute ages for
haplogroup 24 that agree very well with those from mi-
crosatellite dating (data not shown).

Haplogroup 2 is defined by the polymorphism SRY-
1532, which, on the basis of both its wide geographic
distribution (Jobling and Tyler-Smith 1995; C. Tyler-
Smith and A. Pandya, unpublished data) and MSY1 di-
versity (Jobling et al. 1998), is thought to be a relatively
old haplogroup and was not dated by means of the mi-
crosatellite data, because mutation/drift equilibrium ren-
ders such dating methods unable to resolve suitably far
back in time. The sample size for haplogroup 1 is too
small for a reasonable attempt at dating. We would also
like to date the origin of the (...4,0,4) MSY1 subtype
chromosomes; however, the small sample size and the
obvious occurrence of a bottleneck in the Polynesian
chromosomes would render any such dating inaccurate.

Haplogroup 26 Chromosomes

Haplogroup 26 chromosomes have been found in 3
(9%) of 33 chromosomes in Polynesians and in 13
(22%) of 58 chromosomes in Melanesians. Within this
haplogroup, there are three main subgroups—(3,1,3,4),
(1,3,4), and (3,1,3",47)—defined by different MSY1
subtypes. Of these subgroups, only the last is shared
between the Melanesian and Polynesian populations; the
others are found solely in Melanesians. As discussed
above, the (3,1,37,47) subtype defines a unique Y-chro-
mosomal lineage. There are three different microsatellite
haplotypes among the four (3,1,3%,47) chromosomes in
Melanesians, whereas all three (3,1,3",47) chromosomes
in Polynesians share the same microsatellite haplotype.

Discussion

The present study illustrates the informative capacity
of a genealogical approach to Y-chromosomal analysis
and is also the first application of MVR-PCR coding of
the minisatellite MSY1 to address a specific issue in hu-
man evolution. If we consider all 77 chromosomes for
which we have obtained complete typing data, there are
59 different microsatellite haplotypes and 66 different
MSY1 codes. Although MSY1 modular structures can
be good predictors of lineage clusters (Jobling et al.
1998; P. G. Taylor, unpublished data), no single poly-
morphic system can distinguish between all the lineage
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clusters observed in our sample set, and this emphasizes
the advantage in the use of different polymorphic sys-
tems in conjunction. When the data from MSY1 and the
seven-locus microsatellite haplotype are combined, 70
different compound haplotypes of 77 chromosomes are
differentiated. Thus, almost all chromosomes can be dis-
tinguished from one another.

What can we say about Papua New Guinean Y-chro-
mosomal diversity? Haplogroup 26 is well represented
in coastal Papua New Guinea, and, to judge on the basis
of its abundance in eastern Asia (M. E. Hurles and C.
Tyler-Smith, unpublished data), it is probably derived
from the Southeast Asian migration that contributed the
majority of Polynesian mtDNA samples. Haplogroup 24
chromosomes, which represent the majority of Mela-
nesian Y chromosomes, are derived from haplogroup
26, and their geographic distribution (Underhill et al.
1997) suggests that they originated in this region of the
world, most probably in Papua New Guinea itself.

Haplogroup 24 is not found in the Polynesian sample,
but, although the microsatellite diversity potentially in-
dicates an origin for haplogroup 24 chromosomes that
predates the colonization of Polynesia, 3,000 YBP, the
confidence limits are such that we cannot be certain
about this. In addition, even though the origin of hap-
logroup 24 chromosomes may predate the colonization
of Polynesia, at the time of the colonization the fre-
quency of haplogroup 24 is likely to have been sub-
stantially less than it is at the present time. Consequently,
the absence of haplogroup 24 chromosomes from Pol-
ynesians cannot be taken as evidence of bottleneck
events. However, there is a reduction of diversity, within
both the (...4,0,4) and (3,1,3%,47) MSY1 subtypes, be-
tween Papua New Guineans and Polynesians, and this
is most probably due to the multiple population bottle-
neck events that accompanied the colonization of Pol-
ynesia. This picture of reduced diversity in Polynesians
compared with Melanesians is common to nearly all
genetic studies of the region, independent of the locus
studied (Flint et al. 1989; Sykes et al. 1995).

If the blocks of MSY1 repeat-unit variants are con-
sidered to be independent loci with mutation rates pro-
portional to their sizes, the use of MSY1 diversity to
date haplogroup 24 generates ranges of ages that agree
well with those derived from microsatellite data. In the
future, greater empirical knowledge about the mutation
dynamics of this locus will allow more-sophisticated dat-
ing analyses.

What are the possible origins of the three major line-
age clusters found in Polynesians? Clearly, the hap-
logroup 2 chromosomes with the (...4,0,4) MSY1 sub-
type and the haplogroup 26 chromosomes with the
(3,1,3%,47) MSY1 subtype found in Polynesians share a
recent common origin with those found in Melanesians.
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Together, these account for 55% of the Polynesian Y
chromosomes in this study.

Haplogroup 1 chromosomes, which comprise 27% of
the Polynesian Y chromosomes in this study, are not
found in our Melanesian sample. From where have these
Y chromosomes come? Haplogroup 1 chromosomes are
found at high frequency in Europeans and at low fre-
quency in Asians and peoples of the Americas (Santos
and Tyler-Smith 1996; C. Tyler-Smith and A. Pandya,
personal communication). Within haplogroup 1, the
MSY1 subtype (1,3,4) is found at appreciable frequen-
cies only in Europeans and peoples of the Americas, with
Asian chromosomes belonging almost exclusively to the
(3,1,3,4) subtype (Jobling et al. 1998). In addition, in a
microsatellite network of haplogroup 1Y chromosomes,
the Polynesian Y chromosomes cluster closely with the
European and not with the Asian Y chromosomes (M.
E. Hurles, unpublished data). Thus, we can discount an
Asian origin for these haplogroup 1 chromosomes. The
majority (90%) of indigenous Y chromosomes in South
Americans have the derived form of the DYS199 poly-
morphism (Underhill et al. 1996). Haplogroup 1 chro-
mosomes do not carry this base substitution and, con-
sequently, represent only a small minority of South
American Y chromosomes. In contrast, haplogroup 1
chromosomes of the (1,3,4) MSY1 subtype are the most
common type of Y chromosome in western Europeans
(Jobling et al. 1998), representing approximately two-
thirds of all Y chromosomes within this region (Santos
and Tyler-Smith 1996; M. E. Hurles, unpublished data).
Within our Polynesian sample, we do not observe any
Y chromosomes that have the derived form of DYS199.
Thus, in this study there is no evidence for a Native
American contribution to the Polynesian Y-chromoso-
mal pool. It therefore seems likely that the haplogroup
1 chromosomes found in the Polynesians have a recent
European origin.

If the haplogroup 1 chromosomes are indeed Euro-
pean in origin, then we should also expect to see in
Polynesians some other haplogroups that are found at
appreciable frequencies in western European popula-
tions. Haplogroup 2 chromosomes belonging to the
(3,1,3,4) subtype are the other major type of Y chro-
mosome found in western Europeans, representing ap-
proximately one-quarter of all Y chromosomes from this
population (Jobling et al. 1998). The Polynesian sample
contains two of these chromosomes, and the Melanesian
sample contains none.

Thus, the Polynesian sample contains two types of
chromosomes that are neither found within the Mela-
nesian sample nor known to be common in Southeast
Asians in general (M. E. Hurles, C. Tyler-Smith, and A.
Pandya, unpublished data). These two types of Y chro-
mosome represent the most common types found in
western Europe. Indeed, in Polynesians these chromo-
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somes are found in approximately the same ratio at
which they are present in western European populations,
providing additional evidence for recent European ad-
mixture. In summary, 55% of Polynesian Y chromo-
somes can be traced to Melanesians and have Southeast
Asian origins, 33% (i.e., haplogroup 1 and [3,1,3,4]
haplogroup 2 chromosomes]) appear to be European in
origin, and 12% remain of indeterminate origin.

This study illustrates the power of the phylogeo-
graphic approach to population-structure analysis using
the Y chromosome. The use of microsatellite data alone
in Y-chromosome studies of this region of the world will
not differentiate between European and genuine Poly-
nesian Y chromosomes. Attempts that investigate pa-
ternal relationships within this region of the world (Lum
et al. 1998) but that do not take into account this sub-
stantial European contribution run the risk of obscuring,
with the “noise” of recent admixture, the real patterns
of prehistoric population movements and, thus, of po-
tentially drawing spurious conclusions.

This study is also a dramatic example of the advan-
tages of combining the Y-chromosomal results with
mtDNA data from the same samples. Comparisons of
Y-chromosomal and mtDNA data have previously been
used to characterize ethnic introgression within Native
American (Bianchi et al. 1997) and African-derived
(Bravi et al. 1997) populations. In the Polynesian pop-
ulation studied here, although almost all maternal line-
ages are derived from native Polynesian ancestors, at
least one-third of Y chromosomes are probably of recent
European origin. Studies of human leukocyte antigen
(HLA) haplotypes in Oceania have identified 5%-10%
as being of recent caucasoid admixture (Serjeantson
1989). Analysis of autosomal loci, such as HLA, will
always reflect an average of maternal and paternal con-
tributions. By contrast, the current study, in combination
with the earlier mtDNA analysis, vividly demonstrates
the differential input from males and females. In the case
of Polynesians, the predominantly paternal route for
European admixture can be explained by the exclusively
male composition of the postcontact groups, which in-
cluded sailors, traders, whalers, and missionaries.
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Table A1

Rare-Event Biallelic-, Microsatellite-, and MSY1-Polymorphism Data for All Samples, Classified by
Haplogroup and MSY1 Modular Structure

Population Microsatellite  Haplotype
and Sample® MSY1 Code Haplotype Number
Haplogroup 1 (1,3,4):
CI75A (1)17(3)36(4)21 2236334 24
CI115 (1)15(3)37(4)20 2225332 16
CI183 (1)16(3)38(4)20 2214232 8
CI188 (1)17(3)38(4)18 2226342 18
CI194 (1)15(3)36(4)21 2224332 13
CI196 (1)16(3)38(4)20 3224232 38
CI120 (1)15(3)39(4)21 2236232 110
CI139 (1)17(3)38(4)18 2226342 18
CI149 (1)15(3)39(4)18 2225331 111
Haplogroup 2 (...4,0,4):
CI140 (0)1(1)13(3)33(4)6(0)3(4)16 4131223 62
Cl147 (0)1(1)13(3)33(4)5(0)4(4)15 4131323 63
CI156 (0)1(1)12(3)35(4)5(0)3(4)17 4231223 69
CI175 (0)1(1)13(3)33(4)6(0)3(4)16 4131223 62
CI180 (0)1(1)13(3)32(4)5(0)4(4)14 4131223 62
CI181 (0)1(1)13(3)33(4)6(0)3(4)16 4131223 62
CI198 (0)1(1)13(3)34(4)5(0)3(4)14 4131223 62
CI206 (0)1(1)13(3)33(4)5(0)4(4)15 4131323 63
CI153 (0)1(1)13(3)33(4)5(0)4(4)16 4131223 62
CI155 (0)1(1)12(3)34(4)5(0)3(4)16 4231223 69
CI186 (0)1(1)13(3)33(4)6(0)3(4)16 4131223 62
CI123 (0)1(1)13(3)33(4)6(0)3(4)16 4131223 62
CI138 (0)1(1)14(3)32(4)6(0)3(4)16 4231323 115
Cl167 (0)1(1)13(3) >11 (4)5(0)3(4)16 4232223 112
CI185 (0)1.(1)13.(3)33.(4)25 4131223 62
6591 (3)2(1)12(3)29(4)4(0)5(4)24 3251213 49
7092 (0)1(3)1(1)11(3)29(4)7(0)3(4)9(0)3(4)11 3321212 50
Haplogroup 2 (3,1,3,4):
CI42 (3)3(1)13(3)37(4)24 2125212 4
C1191 (3)3(1)14(3)37(4)23 2223212 9
Haplogroup 2 (others):
CI145 (0)1(1)12(3)38(4)11 4231223 69
CI192 (3)3(1)1(1/32)1(1)5(1/32)2(1)4(3)28(4)24 2225211 14
14791 (1)14(3/4)21(0)27 3324331 51
Haplogroup 3 (1,3,4):
CI151 (1)20(3)51(4)18 3234213 113
Haplogroup 24 (3,1,3,4):
2592 (3)1(1)13(3)36(4)12 4225332 66
2792 (3)1(1)12(3)34(4)15 3335322 53
2892 (3)1(1)13(3)34(4)17 3128232 34
2992 (3)1(1)13(3)40(4)12 4226232 67
3091 (3)1(1)12(3)31(4)16 2236333 23
3092 (3)1(1)14(3)36(4)8 4125332 58
3392 (3)2(1)13(3)33(4)15 3226233 43
3792 (3)2(1)11(3)39(4)15 3215233 36
4292 (3)1(1)13(3)32(4)12 3225333 41
4992 (3)1(1)13(3)35(4)17 4129332 61
5092 (3)1(1)13(3)36(4)19 4226332 68
5492 (3)1(1)12(3)34(4)13 3227332 46
6092 (3)1(1)12(3)37(4)16 3227332 46
8092 (3)1(1)13(3)37(4)12 4125432 59
8392 (3)1(1)13(3)38(4)13 3226232 42

(continued)
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Table A1 (continued)

Population Microsatellite  Haplotype
and Sample® MSY1 Code Haplotype Number
9391 (3)1(1)11(3)36(4)13 5226232 72
09921 (3)1(1)12(3)34(4)14 4226332 68
12191 (3)2(1)11(3)37(4)15 3226332 44
12591 (3)1(1)12(3)36(4)16 3225332 40
12991 (3)2(1)11(3)35(4)16 4233232 70
13191 (3)1(1)12(3)33(4)13 3227332 46
Haplogroup 24 (1,3,4):
14991 (1)14(3)37(4)14 3226332 44
6991 (1)12(3)38(4)14 6226232 73
7292 (1)11(3)40(4)14 5226232 72
9192 (1)12(3)38(4)14 5226232 72
Haplogroup 24 (others):
6192 (3)1(1)13(3)35(4)1(3)1(4)15 4127332 60
8692 (3)1(1)11(0)1(3)32(4)14 2226333 17
14591 (3)1(1)12(3/1)2(3)34(4)16 3336232 54
Haplogroup 24 (MSY1 undetermined):
9092 X 2245233 26
3691 X 3226334 45
Haplogroup 24 (microsatellites incomplete):
1892 (3)1(1)12(3)>30(4)11 33x6333 103
4092 (3)1(1)9(3)34(4)16 42x6332 106
4492 (3)1(1)13(3)34(4)16 42x5342 105
4692 (3)1(1)12(3)>27(4)14 42x6343 107
5292 (3)1(1)9(3)36(4)14 32x6232 99
6292 (3)1(0)1(1)11(0/3)1(3)38(4)15  32x5233 96
7992 (3)1(1)13(3)34(4)17 41x9332 104
Haplogroup 26 (1,3,4):
1992 (1)12(3)25(4)24 3235162 47
5192 (1)15(3)47(4)12 3325232 52
9791 (1)14(3)48(4)14 1333332 1
13591 (1)14(3)46(4)15 2223232 10
Haplogroup 26 (3,1,3*,47):
CI128 (3)2(1)13(3)63(4)6 3125232 114
CI135 (3)3(1)14(3)59(4)8 3125232 114
ClI166 (3)2(1)13(3)63(4)6 3125232 114
2692 (3)3(1)13(3)61(4)8 3135232 35
9191 (3)3(1)13(3)61(4)8 4115132 56
5692 (3)3(1)12(3)63(4)6 3126232 33
13991 (3)3(1)14(3)60(4)8 3135232 35
Haplogroup 26 (3,1,3,4):
4591 (3)1(1)13(3)39(4)14 2233232 19
5791 (3)1(1)12(3)39(4)14 2223232 10
7792 (3)3(1)10(3)37(4)16 3246242 48
8792 (3)1(1)14(3)44(4)13 3325232 52
14391 (3)1(1)13(3)39(4)15 2433232 30
Haplogroup 26 (others):
CI190 (3)1(1)11(0)1(1)1(3)51(4)15 5125231 71
Haplogroup 26 (microsatellites incomplete):
3192 (3)1(1)14(3)>25(4)15 43x5232 109
5392 (3)1(1)13(3)>25(4)12 23x5253 86
5592 (3)1(1)14(3)42(4)14 33x5232 101
6692 (3)3(1)13(3)>33(4)8 31x6232 93
8492 (3)5(1)11(3)>10(4)14 22x5242 85

* Sample numbers with the prefix “CI” are from the Cook Islands; all others are from Papua New
Guinea.
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