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ABSTRACT
Many indigenous Pacific populations have been observed to have a high prevalence of
Type 2 Diabetes and Gout. While lifestyle factors are likely to contribute, there is
evidence to suggest that there is a hereditary contribution to these diseases. A number
of genetic loci which confer risk have been identified – notably, polymorphisms in the
genes SLC2A9 (rs16890979, rs5028843 and rs11942223) and ABCG2 (rs2231143) have
been found to have statistically significant associations with Gout in Pacific Island and
Maori populations in New Zealand.

Gout has been found to leave a bony signature in sufferers of the disease. Such lesions
have been found in archaeological human remains from a number of Pacific Islands.
The development of ancient DNA technologies provides a unique opportunity to
explore the antiquity of genetic variants which have been found to contribute to gout
in modern populations. Thus, this thesis aims to explore the feasibility of using
ancient DNA to investigate genetic diseases in the past, and whether it can be used to
determine the presence of polymorphisms predisposing to gout in these past
populations. Samples excavated from archaeological sites at Wairau Bar, New Zealand
and Atafu, Tokelau were used for this task.

Consideration of human history in the Pacific, especially past population movements
and entanglements, as well as selective pressures such as the introduction of diseases
and adverse environmental conditions, contribute to understanding how these genetic
variants may have become conflated in Pacific populations.
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Chapter 1 :
1.1 -

INTRODUCTION

HUMAN BIOLOGY IN PACIFIC PREHISTORY

1.1.1 - PACIFIC COLONISATION

The process of colonisation of the Pacific has long interested scholars of many different
disciplines. Linguists, archaeologists, geneticists and biological anthropologists have all
played a role in piecing together the current available evidence on the patterns of
migration in this region. There have been multiple models of colonisation put forth,
based on various combinations on these different types of evidence, some of which
have stood up to the tests of time more than others. Some of these put the origins of
modern Polynesians in Island South East Asia (ISEA) and more specifically, Taiwan
(Diamond, 1988; Kayser et al., 2008a), while others argue for origins in the Bismarck
Archipelago (Allen, 1984; Terrell, 2004). What is becoming increasingly clear is that
these past migration events are not easily identified; things are a lot more complicated
than previously assumed, with interactions between multiple ancestral populations,
and periods of adaptation and cultural change, which have eventually resulted in the
diversity seen in the Pacific today.

Historically, the region has been split into three major regions based on geography,
and the people associated with each geographically defined area, Melanesia,
Micronesia and Polynesia, have been grouped into discrete entities (Spoehr, 1952;
Thomas et al., 1989). From a biological point of view, this division of peoples is not
particularly useful – while early ethnologists described these peoples based on
phenotypic characteristics such as hair and skin colour, studies of genetics and
linguistics have since shown that these groupings are arbitrary in terms of biology and
culture (Green, 1991b).

A more useful distinction, proposed by Pawley and Green (1973), is that between Near
and Remote Oceania and relates to time depth for occupation and thus differences in
linguistic, cultural and biological diversity. Near Oceania refers to New Guinea, the
Bismarck Archipelago and the main Solomon Islands chain. These landmasses are
1

Figure 1.1 - Map of the Pacific, showing the division of Near and Remote Oceania

mostly inter-visible, separated by relatively short stretches of ocean. Remote Oceania
refers to the rest of the Pacific Islands, including all of Micronesia and Polynesia
(Figure 1.1). A large number of these archipelagos and isolated islands are all separated
from Near Oceania by gaps of more than 350 km of open sea, and often separated by
much greater distances from each other (Pawley and Green, 1973). This distinction is
more useful because it differentiates easily colonised island groups from those which
are more remote, which in turn, affected the timing of colonisation of these areas, and
the resulting genetic, linguistic and cultural diversity (Irwin, 1992).

Near Oceania was first colonised in deep prehistory by modern humans moving south
from Asia into Papua New Guinea and Australia sometime around 50,000 years before
present (BP) (Summerhayes et al., 2010). From here, people moved into the Bismarck
Archipelago by around 40,000 BP (Leavesley et al., 2002), and the Solomon Islands by
around 28,000 BP (Wickler and Spriggs, 1988). These early populations are the
ancestors of the Australian Aborigines and most of the current populations in Near
Oceania (Friedlaender et al., 2008). A high level of genetic and linguistic diversity is
seen in the modern populations derived from these ancestral groups (Friedlaender et
2

al., 2008; Hunley et al., 2008). The languages brought to the Near Oceanic region by
these earliest colonisers are usually described as “Papuan”, despite the high degree of
variability among these languages (Pawley, 2007). Linguistic studies of the New Guinea
region alone, have found that there are around 800 languages belonging to as many as
18 unrelated language families (Ross, 2005).

Subsequent movements of people into the area were significantly later and are widely
believed to be associated with the expansion of Neolithic Austronesian speaking
peoples (Diamond, 1988; Gray and Jordan, 2000; Kirch, 2010). These migrations
probably began in mainland China, spreading to Taiwan and from there down through
Island South East Asia by 4000 BP (Spriggs, 2011), before coming into contact with the
Papuan-speaking people and cultures. Since there were populations already inhabiting
many of the islands of the Bismarck Archipelago and New Guinea, there was some
genetic intermingling between the groups. It has been argued that cultural interaction
between these Austronesians and the Papuan-speaking peoples, which no doubt
involved genetic admixture, is what led to the development of the Lapita culture. This
now admixed Lapita population is thought to have then spread out into Remote
Oceania, reaching the Reef Santa Cruz (Southeast Solomon Islands), Vanuatu and New
Caledonia by 3100 BP and as far as Samoa and Tonga by 2900 BP (Spriggs, 2011). It was
not until 1200 to 1500 years later that further migrations were undertaken into Central
Polynesia, the Marquesas and the Cook and Society Islands (Kirch and Kahn, 2007),
and later into the more remote islands of Rapa Nui (800 BP) (Hunt and Lipo, 2006),
the Hawaiian Islands (800 - 1200 BP) (McCoy, 2007), and New Zealand (around 700
BP) (Higham et al., 1999; Walter et al., 2010).

The degree of admixture between the Austronesian-speakers and the Papuan speakers,
and the timing and location(s) of this interaction, has been long a source of contention
between Pacific prehistorians and is tied into debates about the origins of and
relationships between Polynesian and Micronesian populations. Different models of
colonisation, which require various degrees of contact between the Austronesianspeakers moving out of Asia and the resident populations in the Melanesian islands,
have been put forth over the years (Addison and Matisoo-Smith, 2010; Diamond, 1988;
Green, 1991a; Oppenheimer and Richards, 2001; Soares et al., 2011; Terrell, 2009).
3

Modern genetic research has been helping to answer some such questions. Genetic
markers have been used to shed light on the origin of the Polynesian peoples, with an
increasingly complex picture arising. Autosomal markers (Friedlaender et al., 2008;
Kimura et al., 2008), as well as matrilineal and patrilineal markers in the form of
analysis of mitochondrial DNA (mtDNA) and the non-recombining region of the Ychromosome (NRY) (Hurles et al., 2002; Friedlaender et al., 2007; Kayser et al., 2006;
Kayser et al., 2003; Pierson et al., 2006), have been used to explore the origins of Pacific
peoples.

Mitochondrial evidence from populations in Near Oceania indicate a number of
ancient and diverse lineages (Friedlaender et al., 2007). Many of these mitochondrial
lineages are unique to parts of Near Oceania and Australia, which may indicate that
multiple routes were taken into Sahul, the Pleistocene-era continent which combined
Papua New Guinea, Australia and Tasmania in a time when sea levels were much lower
than present day, and that upon arrival, the founding populations were relatively
isolated during the first 20,000 years of human occupation (Friedlaender et al., 2007).
Nearly 90% of the mtDNA lineages found today in New Guinea belong to haplogroups
which are believed to have originated in the region around the time of initial
settlement around 50,000 years ago and subsequently diversified within Near Oceania.

Studies of modern populations living in Remote Oceania have shown that in addition
to Near Oceanic mitochondrial lineages, there are high frequencies of the Asian
derived mtDNA haplogroup B, and in particular, those belonging to the B4a1a1 and
derived haplotypes. In particular, the B4a1a1a variant (the so-called “Polynesian Motif”)
has been found to exist with a particular predominance in East Polynesian populations,
where it is found above 95% in some locations (Kayser et al., 2003; Pierson et al., 2006;
Redd et al., 1995). Given that a precursor form of this motif has been detected in
Taiwanese aboriginals (Pierson et al., 2006), it had been supposed that the mtDNA
evidence supported the ‘Out-of-Taiwan’ model, which has been proposed based on
linguistic studies (Gray and Jordan, 2000).

4

The idea that this “Polynesian motif” was carried along by the Lapita bearing,
Austronesian-speaking colonisers moving out of ISEA as part of the Neolithic
expansion has been recently challenged by a study suggesting that this motif has its
origins in the Bismarck Archipelago around 6000 years ago, and its immediate
ancestor is around 8000 years old and virtually restricted to Near Oceania (Soares et
al., 2011). The study does not dispute that the B4 mitochondrial lineage originated in
East Asia, but instead only implies that the introduction of this haplogroup may
predate the introduction of Austronesian languages to the region.

In contrast to the evidence from the mitochondrial genome, which is usually
interpreted to predominantly an East Asian origin for the Remote Oceanic peoples,
NRY analyses show a high incidence of Melanesian-type chromosomes, not found in
high frequencies in Asia, in the Pacific populations sampled (Hurles et al., 2002). While
some of the Y chromosomes were found to have Asian origins, the most common Y
chromosomes found in Remote Oceania are thought to have originated in Near
Oceania (Kayser et al., 2006; Kayser, 2010). This implies that there was extensive
mixing with local Melanesians during the migration of the Austronesian-speaking
peoples through this area (Hurles et al., 2002; Kayser et al., 2006).

Autosomal markers also indicate that Remote Oceanic populations resulted from
substantial admixture. In a study of short tandem repeats (STRs), a type of nuclear
DNA marker, in some contemporary Western Pacific populations by Friedlaender et al.
(2008), it was found that a small “Austronesian” genetic signature could be detected,
although this was only found in less than half of the Austronesian-speaking
Melanesian groups, but was absent from Papuan-speaking groups. In the same study,
Polynesians (namely Samoans and one New Zealand Maori group) were found to
cluster with Micronesians (primarily from Belau), Taiwan aborigines (Amis and an
Atayal group), and East Asians, not the Melanesians (Friedlaender et al., 2008).
Meanwhile, genome-wide single nucleotide polymorphism (SNP) (Kimura et al., 2008)
and short tandem repeat (STR) (Kayser et al., 2008b) genotyping has also found that
up to 30% of the autosomal gene pool of Polynesians is of non-Austronesian origin.
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Clearly population histories and the nature of admixture in the region is a complex
issue. Different genetic analyses are contributing to an increasing complex picture of
genetic interactions between the earliest inhabitants of Near Oceania and the
Austronesian speaking migrants who arrived later in prehistory, probably in multiple
episodes of colonisation. It is impossible to determine whether some of this admixture
is a result of prehistoric population entanglement or more recent movements of
people, which means that ancient DNA is required to fully understand and interpret
Pacific genetic variation.

1.1.2 - MODERN POPULATION GENETICS – PREHISTORIC GENETIC
BOTTLENECKS OR

EUROPEAN-CONTACT INDUCED “EPIDEMIOLOGICAL

HOLOCAUSTS ”?

It has long been recognised that human biological variation decreases markedly as one
travels east across the Pacific into Polynesia (Houghton, 1996). Anthropometric and
skeletal studies of Pacific populations over the years have shown a high degree of
homogeneity in Polynesia, particularly in comparison with Melanesia, but also to a
lesser degree, Micronesia (Howells, 1970). Such studies led to the recognition of a
combination of unique anatomical characteristics which occur at high frequency in
Polynesians, thus attributing to the description of a so-called “Polynesian phenotype”
(Houghton, 1980; Houghton, 1996). Polynesians are stereotypically tall, robust
individuals with long bodies, short legs; shovel shaped incisors; broad pentagonalshaped crania; and mandibles possessing a broad vertical ramus and lacking an
antegonial notch, giving them an unusual shape known as the “rocker jaw” (Houghton,
1980; Houghton, 1996). Similar to this biological phenotypic homogeneity, the
linguistic and cultural variability is also restricted as one moves across Polynesia
(Pawley and Green, 1973). Human genetic variation declines immensely in Remote
Oceania, compared to Near Oceania (Friedlaender et al., 2008).

Several scenarios have been put forth to explain this homogeneity. The possibility that
this lack of variation is an artefact of the voyages and the selective pressures the people
faced on their passage eastward, has been suggested by some theorists. Sailing in the
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open ocean in the Pacific is not easy, and lengthy periods would have been spent at sea
during the migrations, which possibly could have led to the loss of life – purportedly
through starvation and hypothermia (Houghton, 1996). Houghton’s argument is based
on his assumption that to obtain the high degree of skeletal similarity as seen among
skeletal assemblages obtained from archaeological sites from the Polynesian islands,
the initial founding population must have been very small, and closely related
(Houghton, 1980).

This scenario presumes sizable fatalities during voyaging. The assumption that the
proto-Polynesians were serendipitous in their voyaging is made, which detracts from
the reality that they were probably highly skilled navigators, as suggested by evidence
of return voyages across vast stretches of the Pacific Ocean (Anderson, 2000;
Anderson, 2008; Collerson and Weisler, 2007; Di Piazza et al., 2007). It seems
implausible that such skilled voyagers would suffer such extreme population loss as
required to produce such a genetic bottleneck as to get the homogeneity seen in
contemporary Pacific populations. Demographically, it would require unheard of
growth to maintain population levels allowing for such a rapid spread (Athens, 2007;
Kirch and Rallu, 2007a).

A more likely scenario is that the populations are a result of a series of genetic
bottlenecks and founder effects, as the colonisation of the Pacific continued. The
archaeological record suggests that the initial mobility seen during the Lapita period
reduced dramatically over time. The 1200-1500 year pause from colonisation and
migration in West Polynesia, with potentially more limited gene flow in Samoa and
Tonga with populations in Near Oceania, could have resulted in the development of a
more genetically similar people compared, for example, with the Lapita-derived
peoples in Vanuatu or New Caledonia. The subsequent voyaging out of this region into
East Polynesia, with again, probably only a subset of the entire variation observed in
the Tongan and Samoan Archipelagos represented, could have led to the relatively
genetically homogenous peoples seen in contemporary times, presuming low levels of
contact between archipelagos late in prehistory.
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However, modern populations may not be truly representative of the people who
actually colonised the Pacific; there may have been a higher degree of variability in
prehistory than what is observed today. Historic events such as the introduction of
previously unfamiliar infectious diseases by Europeans are likely to have significantly
altered the genetic structure of many of populations. So-called “epidemiological
holocausts” (to borrow terminology from Stannard, 1989) may have contributed to the
high degree genetic homogeneity seen in contemporary Polynesia. Stannard uses this
term to describe the catastrophic loss of life after contact with Europeans.

Oceania had long been isolated from diseases of dense populations. While tinea, ringworm and yaws were widely endured, the small-scale nature of most populations, and
the great distances between them, protected most islands from influenza, leprosy,
measles, mumps, smallpox, tuberculosis, cholera, plague, typhoid, whooping cough
and venereal diseases (Denoon, 1995). This suite of diseases will henceforth be referred
to as “Western diseases”, except when one disease is talked about in isolation to the
rest. Most of these diseases require population mass before they can become endemic;
population mass on the scale required to keep these diseases in circulation during the
thousand odd years that these communities were under isolation, was something that
most Pacific Islands lack - measles, for instance, requires an interacting population of
at least 300,000, which is really the upper limit of what population any single
archipelago or island group could sustain. Thus, these diseases became alien to Pacific
Islanders, leaving them immunologically naïve (with regards to Western diseases),
meaning that exposure to these diseases had the capacity to cause large-scale loss of
life. This would be another major genetic bottleneck, resulting in a decrease in
variation. Since susceptibility and resistance to disease is partly genetically
programmed, it is conceivable that certain genotypes may have been selected for,
resulting in a possible loss of the original genetic variation within the Polynesian
populations.

On first contact, the apparent health and vigour of the islanders was noted – Cook’s
expedition did not observe any visibly infirmed individuals on their voyage, although
some dwarves and similar deformities were observed in Hawaii and elsewhere
(Denoon, 1995). The pathogens that were present in these populations are likely to
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have selectively killed children and weaker adults, causing the village populations to
appear healthy to outsiders, as those who survived were largely immune to most of the
common infections endemic to these communities.
The mortality induced by the introduction of Western infectious diseases was only one
facet of the affect on the population. Venereal diseases, gonorrhoea in particular,
caused infertility in females, which made populations unable to recover from the
effects of the epidemics of disease that ran rampant through these communities for
several decades (Lal and Fortune, 2000).

Throughout the twentieth century, there was ongoing debate as to whether precipitous
population declines post-European contact actually happened. Theorists such as
McArthur (1968) were in strong opposition to this idea, claiming that in most
populations, only modest population loss occurred, and that the idea of large-scale
population loss has been perpetuated as a result of the acceptance of initial population
estimates of these localities which are allegedly inappropriately high (McArthur, 1968).
Meanwhile, others like Stannard (1989) and Bayliss-Smith (1974) championed the idea
that these populations did suffer steep demographic decline and suggested that these
lower population estimates could perhaps taken as an attempt to shrug off a sense of
colonial guilt by understating the negative effects of the European incomers on the
pre-existing populations. Most twenty-first century investigators have reconciled with
the idea that European contact caused demographic disturbances on Pacific Islands
(Kirch and Rallu, 2007b; Rallu, 2007).

However, while it has been agreed that population loss did take place, the size of precontact populations is still something about which we can only really speculate. While
studies of carrying capacities of islands based on food resources, and pre-contact
population estimates based on archaeological remains are going some way to
contribute to our understanding of Pacific palaeodemography (Kirch and Rallu,
2007b), these have their own types of limitations. For instance, population estimations
based on house counts are reliant on assumptions of contemporaneous use of
identified house sites and the designation of an arbitrary number of individuals who
dwelled in each purported house (Kirch and Rallu, 2007b). These approaches are being
employed because of the sometimes contradictory nature of the data provided by early
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explorers and missionaries. For instance, the population of Tahiti in 1797 was
estimated by the missionaries in their first tour of the island to be around 50,000, and
only a few days later, following the same route as the missionaries, an estimate of
16,050 was made by Wilson, captain of the ship Duff (McArthur, 1968).

Another example is Hawaii, where Lieutenant King, a member of James Cook’s crew,
estimated a population of around 400,000 in 1779. Less than a decade later in 1787,
Captain Dixon estimated the population to only be around 200,000 (Stannard, 1989). It
has been argued by some historians that King’s initial estimate may have been an overexaggeration of the population size, perhaps assuming a dense population in the
interior of the Hawaiian Islands, when later this was observed not to be the case.
However, equally, this massive population drop could very well be the result of the
immunologically naïve Hawaiians being decimated by western pathogens, a process
seen to have occurred in the Americas (Stannard, 1989).

The disastrous effects of novel diseases introduced to a naive population were observed
in the Americas, where credible estimates for depopulation range between 60 and 95%
(Denoon, 1995). The Americas are the closest analogy to what occurred in Oceania –
however there is no telling whether things followed quite the same trajectory.
Although looking at figures that have been recorded, whether or not they are faulty
due to over-exaggeration, there does seem to be a trend for depopulation during the
Table 1.1 - Population declines since European contact in the Pacific Islands (in thousands) – 17791910
Pacific locality

Population

Initial estimate (year)

Estimate (year)

Estimate (year)

References

New Zealand
Samoa

Maori

80 (1840)
42 (1840-1850)

61.5 (1857)
35 (1850)

42 (1891)
35 (1900)

[1]
[2]

20 (1900)

[2]

Tonga

20 (c. 1830)

Fiji

140-150 (c. 1850)

115 (1881)

20 (1900)

[2]

9.8 (1845)

7.3 (1871)

6.2 (1902)

[3]

Cooks

South

1.8 (1902)
1.4 (1871)
French Polynesia
35 (1790?)
11 (1863)
13 (1902)
20 (1840)
5.0 (1880)
3.6 (1902)
Hawaii
400 (1779)
200 (1787)
< 40 (1893)
Vanuatu
Aneityum
3.5 (1859)
1.5 (1875)
0.4 (1910)
Tanna
15-20 (1859)
10 (1875)
7 (1910)
5 (1859)
1-2 (1875)
0.8 (1910)
Erromanga
Futuna
0.9 (1875)
0.238 (1910)
[1] - (Pool, 1991); [2] – (Harrison et al., 1988); [3] - (McArthur, 1968); [4] - (Stannard, 1989); [5] - (Denoon, 1995)
North
Tahiti and Moorea
Marquesas

?

-

[3]
[2]
[2]
[4]
[5]
[5]
[5]
[5]
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nineteenth century (Table 1.1).

The population of Maori in New Zealand was estimated at around 250,000 in the early
nineteenth century, however epidemics of measles, tuberculosis, syphilis and typhoid
fever saw a huge decline in numbers (Prior and Tasman-Jones, 1981). Other estimates,
however, give different values – for instance, the Forsters, on Cook’s second voyage
guessed that the population would be around 100,000; an estimate which has been
supported by population modelling carried out by several archaeologists in the 1970s
(Davidson, 1984). Davidson, herself, suggests that the prehistoric Maori population
would not have exceeded more than 150,000 individuals. Whatever the prehistoric
population was, it is certain that by 1874, it had dropped to around 61,500 individuals,
and by 1891, it was down to 41,993 individuals. Post-1891, the Maori population began
recover, increasing to 49,844 by 1911 (Pool, 1991).

Population data from other Pacific localities suggests that the Maori were not alone in
this decrease in population; mass loss of life with the inadvertent introduction of
Western diseases appears to have happened throughout Polynesia and beyond (Table
1.1).

The “labour trade” in the Pacific also had a profound effect on the Pacific Island
populations. Blackbirding refers to the “recruitment” of Islanders, often, but not
always, through trickery or kidnapping, to work on plantations, particularly in Fiji,
Samoa and Queensland (Adams, 1990). The mortality as a result of this labour and the
depopulation of the islands is one aspect of this effect on modern genetic diversity, but
the movement of large numbers of people to different parts of the Pacific is another.
Colonial governments were expected to be largely self-sufficient, thus plantations for
the production of copra, sugar, coffee and other crops were set up (Munro and Firth,
1990). These plantations needed large labour forces to maintain them, resulting in the
recruitment of labour from across the Pacific. Between 1864 and 1913, some 12,500
Pacific Islanders and another 3,800 Chinese indentured labourers were brought to
work on German plantations in Samoa, while elsewhere in the Pacific, for instance,
Queensland, Australia, even more vast workforces of Pacific Island labourers – up to
62,000 – were recruited and mobilised (Munro and Firth, 1990).
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While labourers were only legally employed for three years before they were supposed
to be repatriated back to their islands, many died during the voyage to the plantations
due to unsanitary conditions. Many more died in the field due to hard labour (Adams,
1990). Some 3600 Islanders from Pacific centres less dominated by European colonial
activities, mostly isolated atolls, were taken to work on Peruvian plantations during
1862-3 (Maude, 1981). While some, such as the Tongarevans, voluntarily signed up due
to starvation caused by crop failure on their atoll, others were deceived or kidnapped
(Maude, 1981). It is estimated that some communities lost as many as two thirds of
their population result of these Peruvian slave traders, which for many islands
represented a demographic catastrophe (Table 1.2). These reductions were caused not
only by the physical translocation of individuals, but also caused by disease introduced
by the Peruvians, as on Rapa Iti, or the scarcity of able-bodied individuals left to look
after the remnant widows and children, who were not taken by the kidnappers as on
Atafu (Maude, 1981). In some cases, diseases introduced when Islanders were
repatriated caused epidemic outbreaks, resulting in the further decline of populations,
such as seen on Easter Island (Maude, 1981).
Table 1.2- Percentage of population decrease: by islands (adapted from Maude, 1981, pgs 193 and
194)
Island

Est. Pop. 1862 Recruited

Died from disease

Total loss

No. remaining % decrease

Tongareva, Cook Islands

570

472

-

427

98

82.81

Nukulaelae, Tuvalu

315

250

-

250

65

79.37

Rapa, French Polynesia

360

-

240

240

120

66.66

Easter Island

4126

1386

1000

2386

1740

57.83

Ua Pou, Marquesas

110

15

600

616

484

56.00

Nukunonu, Tokelau

140

76

-

76

64

54.29

Funafati, Tuvalu

317

171

-

171

146

53.94

Fakaofo, Tokelau

261

137

-

137

124

53.26

'Ata, Marquesas

350

144

-

144

206

41.14

Nukuhiva, Marquesas

2700

-

960

960

1740

35.56

Rakahanga, Cook Islands

340

115

-

115

225

33.82

Atafu, Tokelau

140

37

-

37

103

26.43

Pukapuka, Cook Islands

600

143

-

143

457

24.00
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While the historic record is a bit lacking in terms of the degree of population loss postEuropean contact, mainly because of the lack of formal censuses at time of first contact
with Europeans and the inability of historians to come to a consensus as to the initial
sizes of the populations, it is clear that the past two hundred and fifty odd years has
seen a lot of demographic change in Pacific peoples. European diseases are likely to
have caused a large decline in numbers, despite the argument against this by historians
such as McArthur (1967), who believe that the impact of these diseases has been largely
overstated as a result of inaccurate estimations of population size by early explorers
and missionaries. It, too, is probable that blackbirding and the labour trade had a large
effect on the genetic structure of contemporary populations, not only because of the
population loss it caused, but population redistribution, particularly in some cases of
the movement of Western Pacific Islanders into more eastern areas. These, in
combination to other historic movements of Oceanic people around the region, as well
as more recent admixture between Oceanic populations, mean that ancient skeletal
samples, that pre-date European arrival, are necessary for truly understanding the
genetic makeup of the colonisers of the Pacific Islands, and to use this information for
studies of population origins and adaptations to environments, or to accurately
understand the impact of bottlenecks on the genetic makeup of Pacific populations
today.

1.1.1 - HUMAN HEALTH AND DISEASE IN PACIFIC ARCHAEOLOGY

Prehistoric health and disease have been studied extensively in Pacific archaeology
(Arriaza, 1997; Buckley, 2000; Buckley, 2007; Buckley and Tayles, 2003a; Buckley and
Tayles, 2003b; Buckley et al., 2008; Buckley et al., 2010; Douglas et al., 1997; Kyle et al.,
2009; Nelson and Fitzpatrick, 2006; Pietrusewsky et al., 1997a; Pietrusewsky and Tsang,
2003; Rothschild and Heathcote, 1995; Scott and Buckley, 2010; Wiesler et al., 2000;
Zaino and Zaino, 1975). Palaeopathology, detectable through examination of the
skeletal remains recovered from archaeological sites, has been the major focus. These
studies have shown evidence for degenerative joint diseases such as gout, rheumatoid
arthritis and osteoarthritis, as well as infectious diseases such as Yaws (Treponema
pertenue) and tuberculosis (Mycobacterium tuberculosis), through bone remodelling
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and bony lesions (Buckley et al., 2008; Buckley and Tayles, 2003a; Valentin et al.,
2010a). It is perhaps interesting that a fair number of skeletons with presumed gout
have been found in the Pacific (Buckley, 2007; Buckley et al., 2010; Douglas et al., 1997;
Rothschild and Heathcote, 1995), an area where relatively high prevalences of gout are
seen in modern populations.

In addition to these bioarchaeological studies of human skeletal remains, modern
epidemiologists and medical geneticists have noted differences in prevalence of disease
across the Pacific which they have inferred relate to prehistoric and historic events
leading to genetic selection for certain traits, which in contemporary populations lead
to differential rates of disease. The differences in rates of Type 2 diabetes (T2D),
obesity and gout in Pacific populations are some of the most striking examples
(Benyshek and Watson, 2006; Dowse et al., 1991; Neel, 1962; Prior, 1981).
Most of these diseases of contemporary interest do not leave bony lesions, gout being
an exception, which means that exploring them archaeologically is virtually
impossible. Advances in DNA sequencing technology are allowing for the examination
of ancient DNA (aDNA), which might provide new avenues of research into the health
of past populations. Gout and T2D are used as a case study in this thesis to examine
the feasibility of studying health and disease in past populations in this manner.

1.2 - GOUT AS A CASE STUDY FOR GENETIC PREDISPOSITION TO
DISEASE

1.2.1 - EPIDEMIOLOGY OF GOUT IN PACIFIC POPULATIONS

Gout is a common metabolic disorder characterized by chronic hyperuricaemia, a
condition of elevated serum uric acid (SUA) levels (>6.8 mg/dL or ≥360 mmol/L)
(Terkeltaub, 2010). The heightened levels of SUA can result in the formation of
monosodium urate monohydrate crystals (tophi), which are deposited in soft tissues in
and around joints, stimulating an inflammatory response (Terkeltaub, 2010;
Wortmann, 2002). This causes acute arthritis with excruciating pain, most commonly
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affecting the extremities (Mclean,
2003).

The

articular

and

peri-

articular inflammation in chronic
gout can lead to the degradation of
osseous tissue (Figure 1.2); the
metatarsal-phalangeal joint at the
base of the big toe is the most
commonly

affected

region.

The

erosive lesions can be observed in
skeletal remains (Figure 1.3); a great
antiquity of the disease has been
indicated by the discovery of gouty
lesions in archaeological human Figure 1.2 -Radiograph of gout in human foot,
specimens dating to between around showing damage to the osseous tissue (PNAS, 2009)
3000 BP to 750 BP (Buckley, 2007; Buckley et al., 2010; Douglas et al., 1997; Rothschild
and Heathcote, 1995).

High SUA levels are observed almost uniformly across the Pacific (Prior, 1981); perhaps
as a consequence of this, some of the highest frequencies of gout seen worldwide are
observed in these populations (Gibson et al., 1984). Polynesians, in particular, have a
much higher prevalence of gout than Europeans (Table 1.3), which has led to the
suggestion that “the people of the Pacific belong to one large gouty family” (Kellgren,
1984 cited in (Buckley, 2011)). Males are more likely to be affected by gout than females
as SUA clearance in females is upregulated by hormones; however post-menopause,
females have the same risk of gout as males (Mclean, 2003). Interestingly, there is a
higher frequency of hyperuricaemia in Polynesian women than in European women
(Simmonds et al., 1994), but this is still lower than in Polynesian males, and the
prevalence of gout remains low. These relatively high SUA levels, in combination with
the increased frequency of clinical gout cases suggest that urate clearance in
Polynesians is less efficient than in Europeans.

It is notable that the high rates of gout are not universal in the Pacific Islands, despite
the frequency of hyperuricaemia. Some populations, such as Tongans and Papuans,
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who have high rates of hyperuricaemia, have low levels of clinical gout relative to other
Pacific populations (Prior, 1981). This might be the result of some mechanism, probably
genetic, protecting against the development of gout in these populations which is not
seen in other Pacific populations.
However, these populations also show how there is some intra-population variation – a
study of men and women from the Nuku’alofa and Foa communities in Tonga found
that there were considerably higher levels of hyperuricaemia in those from Nuku’alofa
compared to those from Foa, despite the overall low rate of gout, meanwhile, villagers
from the Lufa and Gumine districts of Papua New Guinea were found to be
hyperuricaemic, while Highlanders from Gokoa were found to have lower SUA
concentrations (Prior, 1981). It should also be noted that intriguingly low levels of both
hyperuricaemia and gout have been reported in Hawaiians, which is interesting given
that a similar pattern of obesity, hypertension and Type 2 Diabetes to elsewhere in
Polynesia has been observed (Prior, 1981).

A range of studies have been undertaken exploring differences in prevalence rates
between rural and urban, migrant and non-migrant as well as different populations
sharing the same environment (for instance, Europeans, Maori and “Pacific Islanders”
living in New Zealand); Table 1.3 is a summary of these. These studies look at how
different environments and genetic backgrounds affect the prevalence of gout in
populations. Urbanisation and westernisation have been given as a reason as to why
prevalence of disease has been increasing in recent years (Klemp et al., 1997; Mikuls
and Saag, 2006), however, examination of the epidemiological findings does not give
consistent results with regards to this – Tokelauan migrants in New Zealand have a
higher prevalence of gout than traditional living Tokelauans living in Tokelau (Wigley
et al., 1987a; Wigley et al., 1987b), and Chamorro migrants in California, initially from
the Mariana Islands, have a higher prevalence of gout than Chamorro living in Guam
or Rota, but the Chamorro living in Guam in westernised conditions have a lower
prevalence of gout than traditional living Chamorro in Rota (Reed et al., 1970).
Similarly, urbanised Cook Islanders in Rarotonga have lower prevalences of gout than
rural Cook Islanders in Pukapuka (Prior and Rose, 1966), thus westernisation and
urbanisation seem not to be conclusive risk factors to disease, as previously predicted.
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The prevalence of gout is increasing in the Pacific, mimicking the trend seen elsewhere
in the world (Mikuls and Saag, 2006); multiple studies of the incidence of gout in
Maori have been undertaken, and incidence in males has increased from 8.2% in 1956
(Lenane et al., 1960) to 13.9% in 1992 (Klemp et al., 1997). A rise in prevalence has also
been noted in New Zealand European males compared to earlier data (Klemp et al.,
1997). This apparent increase in frequency is not consistent however – different reports
give different values which probably relates partly to the cohort size. Gout is a difficult
disease to give sound prevalence rates for since it is episodic in its initial stages,
meaning that gout sufferers may not be symptomatic at the time of surveying, and it
Table 1.3 - Prevalences of Gout in Pacific Populations

Pacific locality
Polynesia
New Zealand

Cook Islands
Tonga
Tokelau
Tuvalu
Samoa

Population
European
Maori
Pacific Islanders
Rarotonga
Pukapuka
Tongans
Migrants (in NZ)
Non-migrant
Funafuti

Nauru
Melanesia
Fiji
Java
Other
Taiwan

References

5.8%
13.9%
14.5%
2.4%
5.3%
2.8%
5.3%
0.7%
0.0%
2.3%
6.2%
7.2%

[1]
[1]
[1]
[2]
[2]
[3]
[4]
[5]
[6]
[7]
[6]
[6]

Guam - westernised Chamorros
Rota - traditional Chamorros
Chamorros migrants in California
Nauruans

1.5%
4.1%
4.3%
6.9%

[8]
[8]

Urban (Suva)
“Malayo-Polynesians”

0.1%
1.7%

[10]
[11]

11.7%
5.5%
28.1%
27.3%
0.3%

[12]
[13]
[13]
[13]
[13]

Rural
Urban
Micronesia
Mariana Islands

Gout % (men only)

Atayal aborigines
Paiwan aborigines
Bunun aborigines
Mixed aborigines
Non-aborigines

[9]

[1] - (Klemp et al., 1997); [2] - (Prior and Rose, 1966); [3] - (Finau et al., 1983); [4] - (Wigley et al., 1987a); [5] - (Wigley et al.,
1987b); [6] - (Zimmet and Whitehouse, 1981); [7] - (Jackson et al., 1981); [8] - (Reed et al., 1972); [9] - (Zimmet et al., 1978);
[10] - (Tuomilehto et al., 1988); [11] - (Darmawan and Lutalo, 1995); [12] - (Chou and Lai, 1998); [13] - (Chang et al., 1997)
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typically has a late onset, meaning that if the cohort containing a disproportionate
number of younger individuals is likely to give an understated picture as to the
prevalence of disease.

1.2.2 – PALAEO-EPIDEMIOLOGY OF GOUT IN THE PACIFIC

Buckley (2011) recently reviewed the literature on palaeoepidemiology of gout
throughout the world; a summary of the findings in the Asia-Pacific region is included
below. Lesions are usually asymmetric, often but not always, restricted to the
metatarsophalangeal joint of the big toe, and have a “punched out” appearance with a
sclerotic floor (Buckley, 2007). Traditionally, in Western societies, gout has been
attributed to a wealthy and ostentatious lifestyle (Buckley, 2011). Its high prevalence in
Pacific suggests that this supposition should perhaps be revisited.

Two sites in Guam, both from a similar time period (Apurguan site – 1000-1521 AD;
Gognga-Gun Beach site – 950-1450 AD) have yield skeletal remains which have lesions
which possibly could be attributed to gout. Four individuals, three of which are male,
have been identified as possessing gouty lesions (Douglas et al., 1997), while nearly 6%
(N= 14/250) of the sample from the Gongna-Gun beach site had periarticular erosive
lesions characteristic of gout, with similar numbers of males and females apparently

Figure 1.3 - Probable gouty lesions on the left and right metatarsals of
Individual 7, from Teouma (Buckley, 2007)
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affected (Rothschild and Heathcote, 1995).

Erosive gout-like lesions have been observed in a 3000 year old skeletal assemblage
from the Lapita-associated cemetery site of Teouma in Vanuatu (Buckley, 2007)(Figure
1.3). A crude prevalence of 35% was calculated from the skeletons recovered in the 2004
and 2005 excavation seasons (n= 7/20). Most of the seven males with erosive lesions
from this site had mono-articular involvement, however one middle-aged male had
severe erosive changes in most joints of the appendicular and axial skeleton, which
might indicate a different aetiology (Buckley, 2007).

Despite the high prevalence of hyperuricaemia and gout amongst modern Maori and
other Polynesian populations, many have assumed that this disease was absent in
prehistory (Buckley, 2011). For instance, Houghton reported the presence of gout
among prehistoric Maori in his book about the “first New Zealanders” (Houghton,
1980) but retracted this in a later book, claiming that while Maori have a tendency to
produce more uric acid than Caucasians, it was not until they adopted a westernised
lifestyle that gout was likely to have become a problem (Houghton, 1996). This
assumption of gout-free prehistoric Polynesian peoples may be due to historical
observations by early voyagers to the Pacific who regarded the Polynesian people to be
in good health. This oversight could be due to the episodic nature of gout in its early
phases, which is likely to have been missed by these early observers (Prior, 1981).
However, a recent re-examination of a 600 year-old skeletal assemblage from the
Wairau Bar, New Zealand, found lesions indicative of gout in the hands and/or feet of
five of the ten males from the site (Buckley et al., 2010). Additionally, gout has recently
been reported in a skeletal sample from the site of Ihumatao, near Auckland (Campbell
and Hudson, 2011), which might indicate that gout in prehistoric Maori was not
uncommon.

Given the presence of gout in prehistoric skeletal samples from the Pacific, and that
there are historical accounts of Maori with gout in New Zealand published in early
newspapers (Wellington Independent, 1872; Wanganui Herald, 1884; Taranaki Herald,
1886; Evening Post, 1886; Ashburton Guardian, 1911; Ellesmere Guardian, 1921), it is
likely that gout has been a persistent problem since the Maori colonised New Zealand.
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These historic reports are tempered somewhat by the fact that in 1882, it was reported
that gout was a rare disease in Maori, and that “when gout does appear, it is always in
the person of an immigrant” (Newman, 1882), indicating that the levels of disease seen
in the contemporary Maori population were not present in the late nineteenth century.
These prehistoric and early historic cases contradict the argument that gout is a
disease of modernity in the Pacific - a result of a transition to a more westernised and
sedentary lifestyle (Darmawan and Lutalo, 1995). However, it is clear that the change
of lifestyle since European contact has heightened the prevalence of disease, as
evidenced by the trend of increased incidence in the past few decades (Klemp et al.,
1997).

1.2.3 – GOUT AS A GENETIC DISEASE

Gout is a condition which has a complex and multifactorial aetiology; both genetic and
environmental factors have been implicated in contributing to onset of disease
(Wortmann, 2002). A strong genetic contribution is indicated through family histories
of the disease; this genealogical nature was noted early on – it is reported that the
Roman physician, Galen recognised gout’s heritable nature (Morton and Murphy,
1979). A study of monozygotic twins in Queensland, Australia found that renal
clearance of urate, a strong determinant for the concentrations of SUA, has a robust
genetic component; the heritability was estimated at around 60% (Emmerson et al.,
1992). Because of the link between hyperuricaemia and gout, it has been considered
that studying genetic elements which contribute to a hyperuricaemic phenotype and
serum uric acid levels, is in effect, studying elements which contribute to gout.

Epidemiological studies have found that certain populations have higher prevalences
of gout than others. It has been suggested that the accumulation of heightened rates of
gout in many indigenous populations across the Pacific points toward a genetic
susceptibility to disease endemic in these peoples (Prior, 1981).

Association studies, including genome-wide association studies (GWAS) have
identified a number of loci that are associated with disease (Dehghan et al., 2008a;
Doherty, 2009; Hollis-Moffatt et al., 2009; Phipps-Green et al., 2010). These are
achieved by genotyping hundreds of thousands of single nucleotide polymorphisms
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(SNPs) throughout the genome, using them as signposts for loci which are associated
with disease. Genotypes from a large number of cases and controls, and subsequent
statistical analyses, identify SNP alleles which are in higher frequency in individuals
with the disease of interest, in this case, gout. Most of the loci which have been found
to be significantly associated with hyperuricaemia and gout have functions related to
urate transport (Dehghan et al., 2008a; Hollis-Moffatt et al., 2009; Phipps-Green et al.,
2010). These GWAS results are discussed in greater detail in Chapter 3.

Hyperuricaemia and gout are not the only diseases, with significant genetic
contributions, to have a higher prevalence in Pacific populations. A similar pattern of
epidemiology is observed for T2D. Interestingly, heightened serum uric acid levels
have been identified as a risk for T2D (Bhole et al., 2010; Dehghan et al., 2008b).

1.3-

TYPE 2 DIABETES AS A CASE STUDY FOR GENETIC
PREDISPOSITION TO DISEASE

1.3.1 - TYPE 2 DIABETES EPIDEMIOLOGY

T2D is of interest in this study partly because it is a major health concern for those of
Polynesian descent; studies in the epidemiology of T2D in New Zealand show that the
prevalence among Polynesian-derived individuals including Maori, has a two to fourfold higher prevalence when compared to the Caucasian population (Cockram, 2000).
Incidence seems to be on the rise. For instance, the prevalence rate of T2D in Tonga
increased from 7.5% in 1973, to 15.1% in 1998; this equates to the incidence doubling
within a twenty-five year period (Colagiuri et al., 2002). This trend of rising occurrence
was also seen in an evaluation of T2D levels in three urban and rural Western Samoan
populations, where escalations of prevalence were recorded over a thirteen year period
in all three populations surveyed (Collins et al., 1994).

The rise in T2D rates is a trend seen worldwide – the greatest increase in rates has been
observed in developing countries (Zimmet et al., 2001), which belies the traditional
idea that T2D is a disease of affluence. Incidence rates of disease in the Western Pacific
were estimated to be around 30 million in 2000, but are predicted to grow to as many
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as 50 million by 2025 (Cockram, 2000). The increasing rate of disease seems to be
linked to increasing industrialisation and urbanisation of cities, which leads to a more
sedentary lifestyle and less activity (Cheng, 2005).

Considerable variation in T2D prevalence has been documented in Pacific Island
populations (Zimmet, 1979). Table 1.4 is a summary of epidemiological studies carried
out throughout the Pacific. Some of the highest and lowest rates of T2D in the world
have been recorded in the Pacific; namely in Nauruans, who exhibit an agestandardised prevalence of greater than 40%, while in the highlands of Papua New
Guinea, the prevalence rates are close to 0% (Cockram, 2000). Many of the studies
have looked at differences between the Melanesians, Micronesians and Polynesians,
which, as mentioned earlier, are divisions made based more by geography than
biological variation. Because these terms have been employed in much of the
epidemiological literature, they have been used in Table 1.4. For instance, Zimmet et al.
(1989a) noted a difference in the prevalence rate of disease between Melanesians and
part-Polynesians in New Caledonia and Ouvea, with the part-Polynesians showing a
higher rate. They suggested this might indicate that genetic factors could be
influencing the prevalence rates (Zimmet et al., 1982a). Papoz et al. (1996) also found
that Polynesians were more at risk of T2D than Melanesians and Caucasians in their
study at New Caledonia.

Other epidemiological studies of T2D show that environmental factors play a pivotal
role in the incidence of disease; groups of people belonging to the same populations,
with different lifestyles have been tested for prevalence of disease. The rates of T2D
often differ markedly between urban and rural areas (Papoz et al., 1996; Taylor et al.,
1985; Yu and Zinman, 2007; Zimmet et al., 1982b), even within the same ancestral
group. Similarly, groups who live in a more traditional manner as opposed to having
adopted a more western lifestyle also have lower rates of disease in most cases (Østbye
et al., 1989).
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Table 1.4 - Prevalences of T2D in Pacific Populations
Pacific locality

Population

Polynesia

Age-standardised T2D prevalence

References

Males

Females

Urban (Apia)

9.5%

13.4%

[1]

Rural (Poutasi)

5.4%

5.6%

[1]

Rural (Tuasivi)

7.0%

7.5%

[1]

Tonga

Tongans

12.2%

17.6%

[2]

Tokelau

Non-migrant

7.0%

14.3%

[3]

Migrant (in NZ)

10.8%

19.9%

[3]

Non-migrant

1.4%

3.5%

[4]

Migrant (in Noumea)

10.3%

13.2%

[4]

Tuvalu

Funafuti

5.30%

15.40%

[5]

New Caledonia

Polynesians

16.1%

14.80%

[6]

Melanesians

7.40%

9.30%

[6]

Hawaii

Rural Hawaiians

22.30%

22.20%

[7]

Cook Islands

Rarotonga

5.30%

8.30%

[8]

Niue

Niueans

5.60%

8.60%

[8]

New Zealand

Maori

14.10%

18.40%

[9]

Maori (rural)

9.7%

11.6%

[10]

“Pacific Islanders” *

8.0%

12.0%

[11]

Europeans

3.40%

2.4%

[11]

Urban

9.1%

8.7%

[12]

Rural

3.0%

3.3%

[12]

Nauruans

41.90%

42.30%

[5]

Malaita, Ontong Java (Austronesian)

3.02%

1.90%

[13]

Bougainville (non-Austronesian)

0%

0%

[13]

Munda (Urban - Melanesian)

0%

1.40%

[14]

Paradise (rural - Melanesian)

0%

1.50%

[14]

Solstar (Micronesian)

4.30%

7.90%

[14]

Rural (Kalo)

0.60%

2.40%

[15]

Rural (Wanigela)

11.70%

17%

[15]

Urban (Koki)

27.50%

33%

[15]

Rural (Middle Bush Tanna)

1.0%

0.9%

[16]

Semi-rural (Nguna)

2.1%

1.1%

[16]

Urban (Vila civil servants)

2.1%

12.1%

[16]

Rural (Sigatova)

1.10%

1.20%

[17]

Urban (Suva)

3.50%

7.10%

[17]

Amis aborigines

12.10%

7.40%

[18]

Atayal aborigines

11.50%

9.40%

[18]

Samoa

Wallis Island

Micronesia
Kiribati
Nauru
Melanesia
Solomon Islands

Papua New Guinea

Vanuatu

Fiji
Other
Taiwan

Han Chinese
9.80%
12.30%
[18]
[1] - (Collins et al., 1994); [2] - (Colagiuri et al., 2002); [3] - (Østbye et al., 1989); [4] - (Taylor et al., 1985); [5] - (Zimmet
and Whitehouse, 1981); [6] - (Papoz et al., 1996); [7] - (Grandinetti et al., 1998); [8] - (King et al., 1986); [9] - (Prior and
Tasman-Jones, 1981); [10]- (Tipene-Leach et al., 2004); [11] - (Sundborn et al., 2007); [12] - (King et al., 1984); [13] (Beizer, 1990); [14] - (Eason et al., 1987); [15] - (Dowse et al., 1994); [16] - (Taylor et al., 1991); [17] - (Zimmet et al.,
1983); [18] - (Chen et al., 1997)
* - Pacific Islanders mostly of Samoan, Tongan, Niuean and Cook Island origin
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Urbanisation generally leads to a more sedentary lifestyle with decreased physical
activity. This, combined with a change in nutritional habits, appears to lead to a higher
risk of the development of T2D. Østbye et al. (1989) found that the rate of T2D
incidence in Tokelauans living in urban New Zealand was much higher than in those
still living in Tokelau, and that the incidence had increased substantially over a 14 year
period in both groups. Taylor et al (1985) found that Wallisians of Wallis Island had a 7
and 4 times lower prevalence of T2D (in females and males respectively) than first
generation Wallisian migrants living in urban Noumea.

The variation seen in T2D prevalence rates across the Pacific has been of great interest
to epidemiologists and medical geneticists; it may be that this variation, albeit
influenced by Westernisation and industrialisation, is also related to the initial
colonization of the Pacific and the suite of genetic variants carried by these migrating
populations which is impacting the contemporary populations all these years later.

1.3.2 - TYPE 2 DIABETES AS A GENETIC DISEASE

T2D is a complex, multifactorial disease; both environmental and genetic factors are
likely to be involved in the development of the disease state. Environmental risk
factors include smoking, obesity, a sedentary lifestyle, limited physical exercise and
nutritional habits (Cheng, 2005; Cockram, 2000). Obesity, classified as having a body
mass index (BMI) > 30 kg/m², is a particularly important risk factor; there is a high
correlation between obesity and T2D, but being obese alone is not enough to cause
T2D, suggesting that genetic susceptibility to disease is also required for the disease
state to develop (Cheng, 2005).

In support of this supposition of the importance of a genetic contribution to the
manifestation of T2D, family history is another key risk factor. Familial studies have
shown that there is a relatively high recurrence of disease across generations. The
offspring of a diabetic parent has a 40% chance of developing T2D. If both parents are
affected this risk rises to 70% (Groop and Tuomi, 1997) and the absolute risk to siblings
is 30%–40%, as compared to a population prevalence of 7% (Florez et al., 2003).
Monozygotic twin studies show a high concordance rate in the development of T2D
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(Barnett et al., 1981; Medici et al., 1999). In their study of a British twin cohort, Medici
et al. (1999) found that monozygotic twin pairs where one twin had been diagnosed
with T2D, the second twin developed impaired glucose tolerance (IGT) or T2D within a
15 year period in 90% of cases. This high concordance rate in individuals with identical
DNA implies that genes are important determinants of T2D.
Many studies have been undertaken attempting to discover a genetic basis for T2D,
with varying degrees of success. There are two different directions such studies have
taken – studying rare mutations, particularly in isolated family groups, and large
population-based gene hunting, or GWAS (Cheng, 2005).

The identification of diabetic candidate genes is complicated by the multifactorial
nature of disease (Elbers et al., 2006). T2D is likely to be a polygenic disease, resulting
from a large number of genetic variants, each contributing small effects, and
interacting with other genes, thus the penetrance of individual genes in GWAS is low.
It is speculated that allelic heterogeneity and variation in allele frequencies among
populations make it difficult to generalise genome scan results over different
populations and ethnicities; variants that may contribute to susceptibility to disease in
one population may be different to those in other populations (Elbers et al., 2006).
The low penetrance and small effect sizes of individual genes is partially overcome by
the use of increasingly large case-control cohorts, which provide greater statistical
power to identify uncommon variants, and as of 2010, there have been 38 variants
which have been statistically associated with T2D (Billings and Florez, 2010). A number
of these variants are discussed in greater detail in Chapter 3.

It is hoped that data from large-scale genome-wide scans, as discussed above, can be
used in this study to shed light on the presence or absence of possible risk alleles in
some prehistoric Pacific skeletal samples.

1.4

- HYPOTHESES FOR DIFFERENTIAL DISEASE PREVALENCE IN
THE PACIFIC

The pattern of epidemiology in the Pacific, particularly that seen in Polynesia, is
something that has long intrigued medical researchers, who have made allusions to the
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idea that these patterns of disease occurrence could be linked to the shared ancestral
cultural heritage of the populations. This does seem to have merits when one considers
the colonisation history of the region, and the increasing genetic heterogeneity that
exists as one moves further east across the region. It is not especially surprising that
similarities in the occurrence of disease are seen in these relatively similar peoples – it
is more surprising when one sees aberrations to the general rule, for instance, the low
rate of gout occurrence in indigenous Hawaiians which runs contrary to what is seen in
many other indigenous Polynesian groups (Prior, 1981).

Most of the hypotheses for the differences in disease prevalence which have been put
forth have involved T2D, and by extension the Metabolic Syndrome. The Metabolic
Syndrome (or MetS) is a term which describes a suite of related disorders, including
hypertensive cardiovascular disease, obesity, dyslipidaemia and insulin resistance
(Doherty, 2009). While gout is not considered part of this suite of diseases, by most of
the common definitions (Grundy, 2011), many studies show a clear correlation between
MetS and hyperuricaemia and gout. A Korean study found that the prevalence of MetS
in gout patients was 44%, compared to 5% in a control cohort (Rho et al., 2005). An
American study found that MetS had a prevalence of 64% in gout suffers compared to
25% of those without gout (Choi et al., 2007). These trends of comorbidity suggest that
there may be a link between T2D and hyperuricaemia. This could mean that
hypotheses which discuss the heightened prevalences of T2D in certain populations
could be extended to hyperuricaemia and gout.

1.4.1 – THE THRIFTY GENOTYPE HYPOTHESIS

Representing one of the first attempts to understand why populations worldwide were
affected differentially by diabetes and obesity, the “thrifty genotype” hypothesis,
proposed by Neel (Neel, 1962; Neel, 1982; Neel, 1999), has dominated and influenced
the field of research for nearly 50 years. Neel speculated that periods of reduced food
availability in prehistory led to selection for so-called “thrifty genes”. Individuals with a
“thrifty” metabolism were efficient at storing fat when plasma glucose levels were
highest, during times of abundant food, which during times of famine would serve as
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an energy reserve, thus giving these individuals a selective advantage over those not
possessing these theoretical genes. In fact, Neel hypothesised that the earlier menarche
observed in individuals who later develop diabetes might have allowed earlier onset of
childbearing, or even an increase in fertility (Neel, 1962). The underpinning idea is that
while a “thrifty genotype”, with its apparent enhanced capability to store fat, might
have been an asset in the past where food availability was less reliable (Neel 1999), in
combination with a sedentary lifestyle and a stable, high-calorie diet, it is not so
beneficial, predisposing to chronic hyperglycaemia, insulin resistance, obesity and
T2D.

The hypothesis has been updated in response to biomedical advancements (Neel, 1982;
Neel, 1999), as the understanding of the disease was a lot less advanced in the early
1960s, and aspects have had to be reconsidered with regards to anthropological
understanding. For instance, Neel’s suggestion that cycles of feast and famine
influenced hunter-gatherer populations does not stand up to ethnographic and
ethnohistoric observations which indicate that hunter-gatherer populations seldom
experience shortages – in fact, agricultural populations are more likely to experience
regular and severe food shortages due to their reliance on a limited number of plant
crops (Allen and Cheer, 1996; Benyshek and Watson, 2006; Prentice, 2005). The central
concept remains the same, whether or not a past hunter-gathering or agrarian lifestyle
is seen as responsible for the selection of the genes that contribute to the modern
disease state. This core idea has been expanded to include other disorders, under the
umbrella of “evolutionary medicine”, where a mismatch between so-called “Stone Age”
genes and recently adopted lifestyles are thought to contribute to degenerative
diseases in modern populations (Elton, 2008).

It has been suggested that the “thrifty genotype” hypothesis can be effectively applied
to the Pacific region, where the prevalence of disease is highly variable; extremely high
rates of T2D are exhibited in Nauru (Zimmet et al., 1977), and very low rates in certain
Melanesian populations (Cockram, 2000). The idea that limited food availability while
voyaging at sea and settling the Pacific Islands led to the selection of a “thrifty
genotype” proves somewhat popular in the literature with theorists such as Houghton
(1996), Bindon and Baker (1997), Dowse et al. (1991) and Diamond (2003), suggesting
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Oceanic voyaging as a means of direct selection. Houghton (1996) and Bindon and
Baker (1997) propose that the phenotype seen in the Pacific is a result of an interplay
between Bergmann’s Law, where the cold, long and inhospitable oceanic voyages gave
a survival advantage to those individuals with a large body size, and the “thrifty
genotype” hypothesis. McGarvey (1994) suggests that difficulties in establishing
agricultural crops on arrival would also have contributed to this positive selection. The
fragility of an island environment may also lend itself to periods of famine; natural
disasters such as tsunami and cyclones can lead to the destruction of crops and the
silting up of marine resources (Chappell, 1982).

While the hypothesis has been suggested to explain the high rates of T2D in the
Pacific, there has been little attempt to actually test for this. This could partly be
because it is unclear how well the concept stands up to the current understanding of
the genetics of T2D. Over the past decade, it has become increasingly obvious that
T2D is a very complex disease – more complex than perhaps Neel could have imagined
- with multiple contributing factors, including an ever growing number of genetic
elements each contributing a relatively small effect, as well as strong environmental
influences. A lone study carried out by Southam et al. (2009)(not on Pacific
populations) found that there was some evidence for selection at specific loci (eg
rs7901695 at TCF7L2), but no consistent patterns of selection providing conclusive
confirmation of the “thrifty genotype” hypothesis. There are over 38 loci, many of
which are located on different chromosomes, which have been implicated to be
associated with the development of T2D (Billings and Florez, 2010), let alone other
metabolic disorders. It would seem that many different genes, perhaps contributing to
a similar phenotype, have been selected, which makes proving, or disproving the
hypothesis exceedingly difficult. Perhaps the “thrifty genotype” should be understood
as a general parcel of genes contributing to a genotype, not any specific genes in
particular.

Speakman (2007) suggests that there are problems with the underlying idea that
periods of little food resulted in the selection for variants which were better suited to
surviving these conditions. While it is undeniable that periods of famine could have
been regular occurrences due to the fragile island environments which are prone to
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events such as tsunami and storms which can lead to a reduction in food availability, a
majority of the famine-related mortalities would fall into demographic groups which
Speakman (2007) considers unlikely to select for so-called “thrifty genes”.
Predominantly the old and very young are affected; mortality in post-reproductive
adults is irrelevant for genetic selection and differential mortality in the young is
unlikely to be biased towards lean individuals because obesity in this age group is a
modern phenomenon and virtually unheard of in the past (Speakman, 2007).
However, Speakman’s argument fails to address the matter of maternal fitness.
Mothers who can better store energy and survive periods of food shortage are more
likely to have offspring which survive such events. Maternal fitness is important
because human infants have a continued reliance on their mothers for nurturing
throughout their growth and development (Wells, 2007). During the time which the
offspring remain reliant on their mothers, other offspring can be produced, who will
also be reliant on their mothers for survival, thus the mother’s state of health is an
important factor in genetic selection.

There is one population, in particular, which could be used to make a good argument
for the “thrifty genotype” hypothesis: Nauru. Because of the notably high prevalence of
T2D in Nauru, with an age- and sex-standardised prevalence rate reported as high as
40%, the population has been used as an extreme example of a population possessing
these “thrifty genes” at high frequency. Dowse et al. (1991) propose that the frequency
of “thrifty genes” increased in the Nauruan population as a result of two distinct
selection events: the long and difficult voyage to Nauru during colonisation and, more
recently, extreme periods of malnutrition experienced during Japanese occupation of
the country during World War II, which resulted in a loss of around 500 of the preWar population total of 1848 people.
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1.4.2 – THE THRIFTY PHENOTYPE HYPOTHESIS

As a result of critique of the “thrifty
genotype” hypothesis, an alternative
was posed: the “thrifty phenotype”
hypothesis.

Epidemiological

associations were found between
poor foetal and infant growth and
the subsequent development of T2D
and MetS (Hales and Barker, 2001).
This hypothesis suggests that poor
nutrition

during

early

life

(particularly during gestation) can
produce

permanent

glucose-insulin

changes

in

metabolism,

influencing insulin secretion and
resistance, making individuals who Figure 1.4 - Diagramatic representation of the
were born small for gestational age "thrifty phenotype" hypothesis (from Hales and
more likely to develop T2D, when

Barker, 2001)

combined with the effects of obesity, physical inactivity and aging (Figure 1.4). The
underlying concept

is that foetal nutrient conserving adaptations in response to

intrauterine under nutrition are overwhelmed by nutrient abundance postnatally and
manifests in adult metabolic diseases (Hales and Barker, 2001).

This hypothesis takes some of the emphasis off genes, but simultaneously, it does not
assume that genes do not have contributing roles to the development to the diseases of
the MetS. Interestingly, a recent study of small for gestational age babies in a cohort
based in Auckland found that some of the candidate genes for T2D and obesity occur
more frequently in babies born small for gestational age (SGA) than those born average
sized (Morgan et al., 2010). In the same cohort, it was found that maternal diet during
pregnancy (Mitchell et al., 2004), as well as other environmental factors (Thompson et
al., 2001) also contribute significantly to the SGA phenotype.
30

1.4.3 – OTHER HYPOTHESES

There are a number of different factors that can contribute to the selection of genetic
variants, thus there are a wide range of hypotheses that could be used to explain high
frequencies of certain risk alleles in a given region. The “thrifty genotype” hypothesis,
with its suggestion of periods of famine providing a selective pressure for a
hypothetical genotype that in modern times contributes to a susceptibility to
metabolic disease such as T2D, is only one such hypothesis.

As discussed earlier, random genetic drift, largely attributed to the colonisation
process of the Pacific, has been used to explain the relatively homogenous nature of
Polynesian populations: genetic bottlenecks resulting from small number of colonisers
who represented only a subset of the complete genetic variation of the parent
population. This scenario assumes that there was limited post-colonisation contact.
Another candidate for causing random genetic drift is the impact of introduced
diseases, as also discussed earlier.

Alternatively, it has been suggested that the high rate of metabolic disease in some
Pacific populations can be explained by a combination of genetics and cultural
attitudes to food, which have persisted from prehistoric times, influencing modern
patterns of gout and T2D in contemporary Pacific peoples (Buckley, 2011). Food and
feasting in times of plenty is a means of maintaining friendships, societal links and
determining identities (Hughes and Marks, 2009), in addition to perhaps being a
strategy for survival in a precarious environment, remains a fundamental part of
Pacific Island culture (Buckley, 2011).

Temporal and geographical variation aside, the diet of prehistoric Pacific Islanders
generally consisted of domesticated tuberous root crops (for instance, taro or yams) as
the staple food, supplemented by wild marine and terrestrial foods (Kirch, 1997). In
terms of marine exploitation, both purine-rich fish and shellfish were consumed.
Terrestrial animal protein was available in the forms of pigs, dogs, chickens and rats to
31

varying degrees. Fruit, including banana, and coconut, are thought to have
supplemented these other foods (Hughes and Marks, 2009). The relative abundance of
food from land and sea provided all the elements for a healthy diet, although the island
environments were fragile and prone to droughts and cyclone as in present day
(Hughes and Marks, 2009).

A diet high in purines (Schlesinger, 2005) and fructose (Choi and Curhan, 2008) has
found to contribute to SUA levels. The diet of many Pacific Islanders, which
traditionally has been high in seafood, including purine-rich shellfish, and fructoserich foods, such as fruit and coconuts, may have contributed to the heightened rate of
gout seen in many of these populations (Buckley, 2011; Merriman and Dalbeth, 2011).
It is unclear whether traditional Pacific Island diets did have much of an influence on
the rate of disease. This is because of a paucity of data about gout in prehistory, except
from a few notable archaeological sites which have previously been mentioned in this
chapter, and a widespread shift away from the traditional diet resulting from Western
influences.

1.5

- AIMS OF THIS RESEARCH

This research aims to explore how and if ancient DNA can be used to determine the
presence of genes predisposing diseases of contemporary interest, such as Type 2
diabetes and gout, in past populations and to determine whether it is feasible to use
ancient DNA to investigate genetic diseases in the past.

This sort of research has become possible with the growing interest of the indigenous
Pacific peoples, not only with regard to health concerns of contemporary populations,
but learning more about their ancestry in deeper history than that is remembered
through oral histories and genealogy. With increasing numbers of tupuna, or
archaeological skeletal remains of the ancestors of contemporary Pacific Islanders,
being made available for testing to carry out studies such as this, the quality of such
studies in the future will be enhanced, and a clearer picture of prehistoric and
contemporary health and disease, as well as paths of colonisation, might be resolved.
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This study is exploratory, in that it is testing the feasibility of testing for genetic
markers which have been linked to complex diseases in an attempt to determine the
antiquity of these genes in populations which in contemporary times have high rates
of these diseases.
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Chapter 2 :

ANCIENT DNA AND NEXT GENERATION

SEQUENCING
2.1 – ANCIENT DNA AND ARCHAEOLOGICAL RESEARCH
2.1.1– AN INTRODUCTION TO ANCIENT DNA AND ITS INHERENT
COMPLICATIONS

Ancient DNA (aDNA) describes DNA recovered from any post-mortem materials such
as archaeological or historical specimens (Millar et al., 2008). Since the first study
reporting the use of aDNA in 1984 (Higuchi et al., 1984), a whole field of research has
emerged, encompassing a number of different fields of enquiry. The underlying
principle is that DNA can be recovered from old biological material and sequenced,
essentially creating a window into the past. From contributing to our understanding of
how extinct species are related to living species, to understanding past migratory
events and population variation, aDNA has been influential in a number of disciplines,
including but not limited to, palaeontology, evolutionary biology and biological
anthropology (Green et al., 2010; Raff et al., 2011; Rasmussen et al., 2011; Reich et al.,
2010).

The field has been limited significantly by the technology available at any given time.
The earliest studies relied on well-established molecular biology techniques, such as
the amplification of DNA sequences in bacterial clones. The sequencing of 229 base
pairs (bp) of mitochondrial DNA (mtDNA) from the extinct quagga (Higuchi et al.,
1984) is one such early study. The invention of polymerase chain reaction (PCR) in the
late 1980s had important implications for aDNA research, just as it did for all other
areas of genetic inquiry – this helped investigators overcome the problem of small
quantities of target DNA in old specimens, at least to some extent. PCR allowed the
aDNA to be amplified to quantities capable of being sequenced, however, recent
research has shown that a majority of the molecules of the aDNA are generally still too
short for traditional PCR to work (Knapp et al., 2011). The recent development of
nested multiplex PCR and massively parallel DNA sequencing technology constitute
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another important breakthrough which has seen a massive expansion in the fields of
enquiry (Knapp and Hofreiter, 2010; Millar et al., 2008; Stiller et al., 2009). These ‘Next
Generation Sequencing’ (NGS) technologies will be discussed later in this chapter.

Typically, the DNA recovered from old biological material, such as skeletal remains
from archaeological sites, is damaged, highly fragmentary and present in small
quantities. Cellular mechanisms which protected the DNA during life break down after
the death of the organism, resulting in the enzymatic and chemical degradation of the
molecule (Pääbo et al., 2004). Deterioration of the DNA is caused by not only cellular
enzymes, but also by bacteria, fungi, and soil invertebrates (Olivieri et al., 2010). This
degeneration can be classified into three general categories: strand breakage,
miscoding lesions and blocking lesions (Briggs et al., 2010). The degree and rate of this
molecular decay is influenced by conditions external to the sample. Humidity,
temperature and exposure to UV all
contribute

to

the

variable

preservation of the sample, perhaps
more than the length of time since
the organism died (Olivieri et al.,
2010).

Fragmentation of the DNA occurs
as a result of biochemical processes
such as hydrolysis and oxidation of
the sugar phosphate backbone of
DNA (Briggs et al., 2007; Ho and
Gilbert,

2010)(Figure

Spontaneous

chemical

2.1).
reactions

can arise and lead to a partial or Figure 2.1 - Target sites for DNA decay. The segment
total degradation of the DNA of single-stranded DNA consists of (from top)
guanine, cytosine, thymine and adenine, and shows

molecule. Hydrolytic cleavage of sites susceptible to hydrolytic attack (red arrows) and
the base-sugar bond (N-glycosidic oxidative damage (green arrows). Major sites are
indicated by the large arrows. (Modified from

bond)

leads

to

the

loss

of Lindahl, 1993)
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nucleotide bases (Figure 2.1) and induces the formation of apurinic/apyrimidinic sites
(Lindahl, 1993). These baseless sites strongly destabilise the DNA structure and
consequently, strands of the double helix are broken down by a β-elimination reaction
(Olivieri et al., 2010). As time goes on, this mechanism leads to the progressive
fragmentation of the whole molecule. Oxidative damage can destroy the ring structure
of bases (Figure 2.1) which also ultimately leads to strand breakage. DNA fragments
isolated from ancient sources can be highly variable in size, but the average fragment
length is usually below 70 bp (Green et al., 2008; Poinar et al., 2006).

Miscoding lesions are caused by processes such as deamination which can lead to
changes in nucleic acids (Briggs et al., 2010). Driven by hydrolysis reactions, cytosine
(C) and its homologue 5-methylcytosine are converted to either uracil (U) or thymine
(T), respectively (Brotherton et al., 2007; Lindahl, 1993). Thus, the sequences obtained
from ancient samples do not necessarily resemble the closely related sequences when
aligned using fast database searches such as BLAST (Prufer et al., 2010).

Blocking lesions further complicate the sequencing of aDNA. Modifications to the
DNA, such as cross-links between strands of DNA and to other biological molecules
such as RNA, prevent polymerase bypass, and thus amplification and sequencing
(Heyn et al., 2010). While it has been suggested that many of the difficulties in
sequencing aDNA arise from these blocking lesions (Hansen et al., 2006), it has since
been found that such modifications are far less common in aDNA than previously
thought (Heyn et al., 2010).

Laboratory treatments also impact the length and amount of DNA recovered from
ancient samples (Adler et al., 2010). For the DNA from the samples to amplified and
sequenced, the sample needs to be processed into a form where the DNA is accessible
to the reaction reagents. This often involves the mechanical disruption of the bone –
for instance, drilling the bone into a fine powder. It was reported that there was a
significant drop in the amount of aDNA recovered from samples which were processed
using standard drill speeds (ca. 1000 RPM) compared to the use of low drill speeds (eg.
100 RPM). There was a decrease in yield up to 30 times, which is likely to be related to
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heat damage (Adler et al., 2010). Other laboratory protocols have also been adapted in
order to optimise the recovery of aDNA (Knapp and Hofreiter, 2010).

The possibility of contamination from modern sources of DNA is an important
consideration in any study of aDNA, but is particularly relevant in studies of ancient
human DNA (Malmström et al., 2007). The early studies of ancient human DNA, such
as the sequences obtained from a 2400 year old Egyptian mummy (Pääbo, 1985) have
since been suggested to be false positives because the results have not been
reproducible (Pääbo et al., 2004; Shapiro and Hofreiter, 2010). Contamination can be
introduced in the laboratory in multiple ways, including through contaminated
reagents or samples, and by carryover of previously amplified products and other DNA
(Champlot et al., 2010; Knapp et al., 2011). Laboratory protocols involving stringent prePCR treatments, the use of clean rooms and protective clothing, have reduced the
contamination of samples in the laboratory environment. Knapp et al. (2011) have
produced useful guidelines for building a state-of-the-art ancient DNA laboratory,
taking into consideration means for reducing contamination and next-generation
sequencers.

Introduction of contamination can also occur at any stage prior to arrival at the
laboratory; excavation, washing and biological anthropological study can all be sources
of contamination (Sampietro et al., 2006). This could be overcome through strictly
controlled excavation conditions, the placement of excavated samples intended for
genetic analyses in sterile, sealed, DNA-free containers, and where possible, the
avoidance of washing of the samples (Stoneking and Krause, 2011). However, since
many specimens being used in ancient DNA work have come from pre-existing
collections of samples, sometimes from museums, these idealised conditions clearly
cannot always be met.

The sequence obtained from any ancient sample is usually tested for authenticity, and
compared against possible contaminant sources. For instance, in the recent study of a
Palaeo-Eskimo genome, all laboratory work was carried out by researchers of European
ancestry in Copenhagen. Population admixture analyses indicate that there was no
European component in the genome, making it clear that contamination is unlikely to
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have contributed to any sequences obtained (Rasmussen et al., 2010). However, the
contamination issues which plagued some of the earlier studies of aDNA have
tarnished the perception of aDNA technology in the eyes of some despite the efforts to
resolve these earlier problems (Gilbert et al., 2005).

Modern contaminant sources are not the only source of non-target DNA amplification.
Large amounts of DNA related to the post-mortem bacterial colonisation of the
biological remains from which aDNA is being extracted can contribute to the DNA
sequences recovered from ancient samples. In particular, shot-gun sequencing
methods, where many short reads are randomly sequenced and aligned afterwards,
pick up this background DNA. It can be difficult to differentiate from the DNA of
interest, because while modern contaminant DNA can usually be distinguished by
fragment length, these bacterial sequences are also of ancient origin, so this
discriminatory criterion will not be of any use (Prufer et al., 2010). In fact, many of the
sequences obtained using these approaches for aDNA are often found to be
unrecognisable – some of this can be attributed to bacterial genomes which have not
yet been incorporated into databases, while some will be very badly degraded DNA
sequences (Green et al., 2008).

2.1.2– THE CONTRIBUTION OF A DNA TO ANTHROPOLOGICAL RESEARCH

The fields of archaeology and biological anthropology have benefitted greatly from this
new avenue of research. Since DNA allows for the study of heredity and adaptation, it
has a lot to contribute to the understanding of humans, not only in terms of biology,
but also culture. It has been shown that human genetics and evolutionary pathways
can be influenced by both changes in the external environment, and positive selection
as a response to human cultural practices (Hancock et al., 2010; Laland et al., 2010). In
particular, aDNA studies offer a time depth to studies, which is something sought after
in archaeology and biological anthropology, where timing is often of paramount
interest.
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With the recent development of Next Generation Sequencing technology, there has
been an explosion in the number of aDNA studies in the published literature, some of
which are directly related to human origins and variation and others of which deal
with human and environmental impacts on non-human species, most notably species
which have since been domesticated for agricultural purposes. Whole genomes (or
parts thereof) have been sequenced from Neanderthals (Green et al., 2010), an archaic
hominin from Denisova Cave, Siberia (Reich et al., 2010) and a Palaeo-Eskimo from
Greenland (Rasmussen et al., 2010). Entire mitochondrial genomes from the BronzeAge “Tyrolean iceman” (Ermini et al., 2008), an early modern human from Kostenki,
Russia (Krause et al., 2010a), another Denisovan hominin sample (Krause et al., 2010b)
and multiple Neanderthals (Briggs et al., 2009) have been sequenced and published,
mostly within the past year. These studies constitute large amounts of raw data, on
which in depth analysis is yet to be undertaken. These data are allowing glimpses into
the past, showing genetic interactions between populations and human variation.

Analyses of the Neanderthal genome have identified a surprising genetic relationship
between Neanderthals and the modern human genomes that were used as a basis of
comparison; the Neanderthals were more closely related to the three Eurasian
genomes (French, Chinese and Papuan) than they are to the two African genomes (San
and Yoruba). It appears that admixture between the Neanderthals and non-African
anatomically modern humans contributed between one and four percent of the
diversity seen in non-Africans (Green et al., 2010). The gene flow appears to be
exclusively from the Neanderthals to modern humans, as there is no evidence of
modern human genes in the Neanderthal genome (Green et al., 2010).
Similarly, analyses of the mitochondrial genome sequenced from the archaic hominin
from Denisova, suggest that it shared 4-6 % of its genetic material to the genomes of
modern day Melanesians (Reich et al., 2010), despite the archaic hominin and modern
humans last shared an ancestor 1.04 million years ago (Hodgson and Disotell, 2010).
This suggests that the previous models of expansion out of Africa, where relatively
simple population replacement models have been suggested, need to be drastically
reconsidered.
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Mitochondrial DNA (mtDNA) studies have been undertaken to test hypotheses
regarding early human colonisation and migration patterns. mtDNA is present in the
energy producing cell organelle, the mitochondria; there can be hundreds of
mitochondria in a single cell, meaning that there can be hundreds of copies of the
mtDNA in a single cell. Compared to nuclear DNA, which may exist in only one copy
per cell, mtDNA is abundant. Difficulties in sequencing DNA of nuclear origin from
ancient samples because of its low copy number, has meant that mtDNA has had a lot
more utility in the study of prehistoric populations. It has contributed to our
understanding of population continuity as well as the understanding of population
movements in deep history. For instance, comparisons of mtDNA recovered from
skeletal remains of early European hunter-gatherers with Neolithic farmers, as well as
modern European populations have been undertaken in order to test a population
replacement model (Bramanti et al., 2009; Haak et al., 2010). The data show
discontinuity of population, with the probable movement of people into the area from
the Near East during the Neolithic (Haak et al., 2010).

Just as population movements can be investigated by looking at the genetics of the
peoples themselves, commensal and domesticated species have been used to explore
similar questions. In the Pacific, rats (Matisoo-Smith, 2009; Matisoo-Smith and Robins,
2009), pigs (Larson et al., 2005; Larson et al., 2007; Larson et al., 2010) and chickens
(Storey et al., 2007; Storey et al., 2010) have been used as proxies for human
populations and their movements across the Pacific.

These past migration events, seen through mtDNA analysis, are likely to have
impacted genetic variation in modern peoples, including allele frequency in nuclear
DNA. Some alleles are found at high frequencies in some of these populations due to
limited variation in the initial founding population of which the modern peoples are
descended from. These might in turn, result in a higher frequency of diseases which
have a genetic contribution. This is a point of enquiry which could be pursued.
Environmental and cultural factors could also contribute to changes in allele
frequencies which have resulted in the variation which is seen in contemporary
populations.
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The focus of studies of human health using ancient DNA techniques has thus far been
limited to infectious diseases, where DNA from pathogens is sought out from
archaeological skeletal samples. This is no simple task however; where the human
remains are skeletonised, it is uncommon to find relevant bacterial DNA, unless the
infection was persistent enough to be incorporated into the osseous tissue or the pulp
of the tooth (Aboudharam et al., 2010). Where there has been preservation of soft
tissues, for instance mummification, there is a higher likelihood of recovering evidence
for pathogens. Despite this, a number of bacterial pathogens have been detected in
archaeological skeletal remains using aDNA methods, including: Mycobacterium
tuberculosis (Klaus et al., 2010; Salo et al., 1994), Mycobacterium leprae (Suzuki et al.,
2010),Yersinia pestis, which caused the Black Death in Europe (Haensch et al., 2010;
Schuenemann et al., 2011), Bordetella sp., Streptococcus pneumoniae and Shigella
dystenteriae (Thèves et al., 2011) and Salmonella enterica serovar Typhi (Typhus)
(Papagrigorakis et al., 2006). Treponemal diseases (Kolman et al., 1999) have been
investigated, however reports of the isolation of aDNA from Treponema pallidum, the
causative organism of syphilis, have yet to be replicated by other researchers
(Bouwman and Brown, 2005), putting some doubt of the utility of aDNA to explore
certain pathogens. Human coprolites can also be a source of pathogenic DNA, as well
as DNA derived from dietary sources. Analyses of 600 year old coprolites from Belgium
yielded aDNA sequences belonging helminth parasites, Ascaris sp. (Loreille et al.,
2001). Dental calculus from archaeological human remains has been tested for the
presence of bacterial aDNA (Preus et al., 2011); this study did not endeavour to get
identify sequences from specific bacterial species, only to determine the presence of
DNA, which it did achieve. The malaria parasite, Plasmodium falciparum, was reported
to have been detected in two Egyptian mummies from ca 2050-550 BC which had
osteopathologic evidence of chronic anaemia (Nerlich et al., 2008).

With the development of NGS technology and the enhanced ability to sequence
nuclear DNA of ancient origins, it could be possible to begin to look at the presence of
disease-associated alleles in prehistoric peoples, in an attempt to understand global
variation in the occurrence of specific diseases such as gout and T2D. There have been
studies which suggest that human allele frequencies can be influenced by diet,
subsistence and migration (Hancock et al., 2010); analysis of aDNA could contribute a
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temporal aspect to our understanding of the distribution of disease-associated alleles
in antiquity.

2.2 – THE IMPACT OF NEXT-GENERATION SEQUENCING
TECHNOLOGIES

2.2.1– NEXT-GENERATION SEQUENCING TECHNOLOGIES

The recent explosion of the number of aDNA studies being published is largely related
to the development of Next-Generation Sequencing technologies (Shapiro and
Hofreiter, 2010). These technologies are all ideally suited for sequencing millions of
short molecules and the requirement for much less starting material (< 1 ng) for
sequencing (Metzker, 2010) is a huge advantage for aDNA research, where there is
often only small concentrations of DNA present in the samples being tested (Knapp
and Hofreiter, 2010). The publication of palaeo-genomes is a testament to how much
the technology has boosted aDNA studies (Stiller et al., 2009). The amount of raw data
being obtained has increased significantly, however the utility of these data is yet to be
fully realised (Shapiro and Hofreiter, 2010).

When compared to traditional PCR approaches which, even when performed in
multiplex, only allowed a maximum yield of several thousand base-pairs of sequence
from ancient samples (Krause et al., 2006), this new technology is all the more
remarkable. That no targeted amplification steps (such as PCR) are required is a major
advantage of these high-throughput approaches. Extracted DNA is turned directly into
DNA sequencing libraries (Stoneking and Krause, 2011).

The new sequencers do not rely on capillary electrophoresis and are capable of
detecting sequences as they are generated in a process known as ‘sequencing by
synthesis’ (Millar et al., 2008). While the NGS platforms differ considerably in terms of
the biochemistry and how the array is generated, their work flows are conceptually
similar. Library preparation for modern DNA is accomplished by random
fragmentation of DNA, followed by in vitro ligation of common adaptor sequences
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(Shendure and Ji, 2008), however, with aDNA, this fragmentation step can be excluded
due to its naturally degraded nature (Stoneking and Krause, 2011). Clonally clustered
amplicons, produced using a few different methods from a single library molecule, are
spatially clustered and can then be sequenced through alternating cycles of enzymedriven biochemistry and imaging-based methods (Shendure and Ji, 2008).

There are a number of different platforms available, each which have their own
advantages and disadvantages when sequencing aDNA. Only two of these platforms,
the Roche 454 and the Illumina/Solexa sequencers, have so far been used for the
sequencing of aDNA, although there is little reason why other platforms could not be
used (Knapp and Hofreiter, 2010). These platforms are described below. Because these
machines sequence all available templates in a sample, they are particularly suited to
the recovery of complex DNA samples such as those from ancient materials (Millar et
al., 2008).

The raw accuracy of base-calls made by next generation sequencers are at least ten-fold
less accurate than base-calls made by Sanger sequencers (Shendure and Ji, 2008).
However this is offset, in studies of aDNA, by the advantages that the technology offer
to the field compared to the older technologies. The sequencing of single molecules
through in situ PCR amplifications, which are of lengths too short to be sequenced by
Sanger sequencers, is enough to compensate for this lower accuracy rate. Studies have
shown that aDNA is generally sheared into fragment sizes of less than 70 bp and thus
beyond recovery using standard PCR methods (Green et al., 2008; Poinar et al., 2006;
Stoneking and Krause, 2011).
Multiple coverage for each base also mitigates this lower rate of accuracy and statistical
methods can improve and quantify the uncertainty associated with genotype calling in
studies where there are low- to medium-coverage data (Nielsen et al., 2011). This
multiple coverage, where sequences from individual reads overlap, not only provides
independent internal replication, but can also provide information about potential
contaminants and damage, which is particularly useful in the study of aDNA where
authenticity has been a major concern.
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2.2.2– 454/ROCHE GS FLX SEQUENCING

This method of sequencing was the first NGS technology described (Margulies et al.,
2005), and subsequently to be commercialised (Morozova and Marra, 2008).
Amplification of target DNA is carried out through a highly efficient in vitro
amplification method known as emulsion PCR. Emulsion PCR involves the preparation
of libraries of sheared DNA fragments attached to streptavidin beads, which are
captured into separate emulsion droplets; these droplets act as individual amplification
reactors (Figure 2.2), producing around 10⁷ clonal copies of a unique DNA template per
bead (Morozova and Marra, 2008). This allows the amount of starting template DNA

Figure 2.2- Emulsion PCR and Pyrosequencing.
A) Emulsion PCR: The DNA library is amplified
in an oil-aqueous emulsion. Bead-DNA
complexes are encapsulated into single aqueous
droplet. The beads have PCR primers attached
to the surface, which correspond to adapters
which have previously been ligated to DNA
molecules making up the template. PCR
amplification is performed within these
droplets to create beads containing several
thousand copies of the same template sequence.
These can be then deposited into PicoTiterPlate
(PTP) wells for sequencing. B) Pyrosequencing:
DNA-amplified beads are loaded into individual
PTP wells, along with additional beads couple
with sulfurylase and luciferase. Single types of
2’-deoxyribonucleoside triphosphates (dNTPs)
flow through the wells sequentially. When a
successful addition of a dNTP occurs, a light
signal is produced, which is captured by a highresolution charge-coupled camera. The light
generated by this enzymatic cascade is recorded
as a series of peaks caked a flowgram. The
height of the peaks corresponds to the number
of dNTPs which are incorporated in each cycle
(diagrams from Metzker, 2010)
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to be minute (< 1 ng) (Metzker, 2010).
The beads are subsequently transferred into individual wells on a picotitre plate, then
surrounded by more, much smaller magnetic and latex beads which have attached to
them the enzymes required for the sequencing reaction (Figure 2.2).

The DNA

templates attached to the beads are then sequenced using a pyrosequencing reaction.
Deoxynucleotide triphosphates and other reaction reagents are added sequentially by
the sequencer. Each successful incorporation of a nucleotide unit results in the release
of a pyrophosphate molecule (PPi), which is subsequently converted in ATP which
drives luciferase-mediated reaction of luciferin to oxyluciferin (Mardis, 2008). This
reaction generates light which is detected by instrument, thus allowing the DNA
sequence to determine by the sequence of nucleotide incorporations. Hundreds of
thousands of pyrosequencing reactions can be carried out in parallel, causing the
technology to be a highly powerful tool for sequencing, generating huge amounts of
data in a single run (Millar et al., 2008).

One drawback of the technology is that the instrument has difficulty detecting repeats
(that is, consecutive nucleotide bases, such as AAA or CCC), as while the
chemiluminescent signal intensity is proportional to the number of incorporated
nucleotides, the instrument is prone to errors that result from estimating the length of
homopolymeric sequences incorrectly (Morozova and Marra, 2008).

The latest model of the 454 sequencer provides average read lengths of more than 400
bp, which is the longest of the sequencing capabilities of any of the NGS instruments
(Knapp and Hofreiter, 2010). This fragment length is sufficient to greatly reduce
potential errors in de novo assemblies of consecutive sequence. However, of all of the
NGS instruments it produces the smallest amount of data from a single run (Knapp
and Hofreiter, 2010) – around 100 Mb (mega bases) of data are produced per run
(Mardis, 2008). Each run of the 454 sequencer cost around US$8439, making it
comparative to other NGS platforms, quite expensive per Mb of data produced
(Mardis, 2008).

The 454 platform has been used for a number of aDNA studies including

the

sequencing of the mitochondrial genome of the “Tyrolian iceman” (Ermini et al., 2008),
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an 11,450 year old Aurochsen (Lari et al., 2011), genomic sequences from mastodon and
woolly mammoths (Rohland et al., 2010), as well as many others. This is also the
platform that will be used for this study, owing to the fact that the University of Otago
has a 454/Roche GS FLX sequencer.

2.2.3– ILLUMINA SEQUENCING

The Illumina sequencing method differs from the method described above. Singlestranded DNA fragments are attached to a solid surface known as a single-molecule
array, or flow cell where a high density of forward and reverse primers have been
covalently attached (Metzker, 2010), and a solid-phase bridge amplification is carried
out (Figure 2.3), resulting in a large increase of target DNA. After amplification, a flow
cell with more than 40 million clusters are produced, with each cluster comprising of
around 1000 copies of a single clonal template (Morozova and Marra, 2008).
Sequencing by synthesis is then carried out on these clusters of DNA (Figure 2.3).
Differentially fluorescently labelled nucleotides with their 3’OH groups chemically

Figure 2.3 - Bridge PCR and Reversible
termination sequencing. A) Bridge PCR: an
adaptor-flanked library is PCR amplified, but
both primers densely coat the surface of a solid
substrate, attached at their 5' ends by a flexible
linker. As a consequence, amplification products
originating from any given member of the
template library remain clustered near the point
of origin. Post-PCR, each cluster contains around
1,000 copies of a single molecule of the template
library; B) the amplified template clusters from
the PCR undergo cycles where nucleotides
containing dyes are added to the template DNA.
After imaging, a cleaving step removes the
fluorescent dyes and regenerates the 3’-OH group,
to allow for the next cycle. (diagrams from
Metzker, 2010)
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inactivated to ensure the addition of only a single nucleotide per cycle are
incorporated into the growing DNA strand using a special DNA polymerase. After the
incorporation of one of these modified nucleotides, imaging is carried out to
determine which of the nucleotides has been added to the growing chain.
Subsequently the fluorescent moiety is removed and the 3’ end of the nucleotide
unblocked, allowing for the next base to be incorporated and the process to being
again (Mardis, 2008).

The Illumina sequencers are more effective at sequencing homopolymeric repeats that
454 sequencing because of the use of the reversible terminators on the nucleotides, but
they produce much shorter lengths of sequence (Morozova and Marra, 2008). Genome
analysis of Illumina data has shown that there is an underrepresentation of AT-rich
and GC-rich regions, which it is suggested is due to amplification bias during template
preparation (Metzker, 2010).

The Illumina Genome Analyzer currently dominates the NGS market (Metzker, 2010).
This is likely to be partly related to the lesser cost per Mb sequence read (Mardis,
2008). Notably, the Illumina platform contributed the majority of data for the
Neanderthal draft genome (Green et al., 2010), the palaeo-Eskimo genome (Rasmussen
et al., 2010) and the Denisovan hominin genome (Krause et al., 2010b; Reich et al.,
2010).

2.2.4– IMPACT ON STUDIES OF ADNA

NGS technology has unquestionably had a large effect on aDNA research. More than
20 studies have already made use of NGS to obtain sequences from ancient remains
(Knapp and Hofreiter, 2010), constituting huge amounts of data, including draft whole
genome sequences (Green et al., 2010; Reich et al., 2010).
The main benefit of the technology has been the ability to obtain sequences from
samples with small concentrations of remnant DNA, and where there is often highly
degraded and fragmentary DNA, without the need to employ bacterial cloning
techniques to first amplify the sequences in vivo. Bacterial cloning not only requires
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relatively large quantities of DNA, but it also introduces its own inherent biases,
limiting which sequences can be inserted into bacterial cloning plasmids.

The construction of the sequencing libraries from randomly fragmented DNA as being
an integral part of the sequencing process, has meant that shot gun sequencing
methods of large quantities of aDNA, for instance, whole genome sequencing, have
been utilised in a large proportion of the aDNA studies carried out thus far (Knapp and
Hofreiter, 2010). This creation of DNA libraries has been invaluable for the field of
research; it effectively creates an immortal database of all DNA recovered from a
sample, and minimises the number of times that a single ancient sample needs to be
reprocessed. DNA can be extracted and sequenced from the library multiple times,
widening the scope of research which can be undertaken from a single sample, which
is especially useful when dealing with ancient DNA samples, where only small
quantities of DNA are available in the initial samples.

While studies of targeted sequences have been less common than whole genome
sequencing thus far, these will probably become more common as researchers become
more familiar with the new technology and its capabilities. New protocols are being
developed for utilising the DNA libraries in different ways. Targeted enrichment via
hybridisation capture on microarrays (Burbano et al., 2010; Stiller et al., 2009) or
streptavidin beads (Maricic et al., 2010) and primer extension capture (Briggs et al.,
2009) methods, help optimise the levels of target DNA prior to sequencing. A capture
method using streptavidin beads will be used in this study, using the protocols set out
in Chapter 5.

The utility of the massive amounts of data which have been produced using this
technology, has not yet been fully realised (Knapp and Hofreiter, 2010). For instance,
while gene flow and admixture have been investigated through studies of modern
humans, the Neanderthal draft genome (Green et al., 2010), and that of the Denisovan
hominin (Reich et al., 2010), there are a wide range of other questions that could be
explored. One limiting factor is the computational power to manipulate the huge
amounts of data being generated. The amounts of aDNA data being produced have
increased by several orders of magnitude (Knapp and Hofreiter, 2010). One of the main
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difficulties is the identification of target sequences. The target sequences only
constitute a small percentage of the sequences obtained from ancient samples. As
discussed earlier, there is a lot of background DNA present in the sample, both from
contamination, and from organisms which occupied the body post-mortem. In
addition to these are highly corrupted target sequences, which are damaged beyond all
recognition. These sequences all need to be filtered out, which involves some complex
bioinformatic wizardry.

The means of sequencing by synthesis, resulting in a large number of reads, essentially
from individual DNA molecules, allows the degree of contamination to be assessed.
This a huge advantage compared to the old methods of conventional PCR and Sanger
sequencing, which effectively gave a consensus read for the whole sample. This gives
more weight to the findings of these ancient DNA studies, as contaminant DNA can be
effectively filtered out of the analyses during the bioinformatic handling of raw DNA
sequences.

2.3 – THE UTILITY OF ADNA IN THIS STUDY

Genetic diseases and predisposition have not yet been explored using ancient samples
– probably because of the somewhat tenuous links between specific genes and
complex, multifactorial diseases (discussed in Chapter 3). However, with reference to
the spectrum of human variability and the mosaic of disease prevalences observed
from population to population, it is an area which warrants research. Further
explorations into human variation are possible with the heightened capability of
analysing nuclear DNA from ancient samples, where previously research was mostly
limited to the analysis of mtDNA.

The targeted sequencing of variants of genetic elements which have been found to be
statistically linked to the occurrence of certain diseases in modern populations could
give insight into disease prevalence in past populations and give insight into the
antiquity of variants contributing to disease in modern populations.
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As discussed in the Chapter 1, there is an interesting distribution of T2D and gout
prevalence in the Pacific. Selection of archaeological samples which exhibit
pathological signs of disease, in the instance of gout, could allow for this pattern to be
explored at the molecular level: were genetic elements found to be associated with
disease in modern populations present in these archaeological individuals who were
affected by disease? This requires the analysis of nuclear DNA from archaeological
human skeletal samples, which as indicated by the sequencing of whole fossil genomes
(Green et al., 2010; Rasmussen et al., 2010; Reich et al., 2010), NGS is capable of
obtaining.
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Chapter 3 :

GENETIC PREDISPOSITION ELEMENT SELECTION

3.1 – USING GWAS RESULTS TO INDICATE GENETIC PREDISPOSITION
3.1.1 – GENOME-WIDE ASSOCIATION STUDIES (GWAS) – WHAT ARE THEY
AND WHY USE THEM ?

Since the publication of the draft human genome in 2001 (Venter et al., 2001),
increasing numbers of genetic studies have been carried out in hopes of identifying a
genetic basis for common diseases. After the initial successes of medical genetics and
the clarification of a myriad of single genes which cause various diseases, such as cystic
fibrosis and Huntington’s, there was a lot of optimism in terms of finding genetic
elements which cause other, more common, diseases. However it soon became clear
that for most, it was not as simple as identifying the presence or absence of a certain
allele of a single gene (Hardy and Singleton, 2009). Diseases, such as T2D, clearly
appear to have a significant heritable contribution, as risk of diabetes increases if
someone else in the family has the condition, but the specific genetic factors are not
easily identified.

Over the past few years, genome-wide association studies (GWAS) have identified and
replicated the association of certain genetic variants with complex human traits,
suggesting that these genetic traits might contribute to the development of the these
phenotypes (Rosenberg et al., 2010). GWAS compare common genetic variants in large
numbers of affected cases to those in unaffected controls to determine whether an
association with disease might exist (Witte, 2010).

This type of study has been made possible by two key advances: the Human Genome
Project, with a draft sequence in 2001 and near-complete sequence produced in 2003,
and the International HapMap project, with its first phase completed in 2005 (Frazer et
al., 2007; Gibbs et al., 2003; Venter et al., 2001). The realisation that a subset of the
millions of single nucleotide polymorphisms (SNPs) identified in the HapMap project
could be used as tags for common genetic variation via linkage disequilibrium (LD) is
the basis of the idea behind GWAS (Billings and Florez, 2010). LD represents the
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probability that alleles of nearby SNPs will stay
together on a chromosome during meiosis – the
idea being that the SNPs themselves may not be
the element causing the association with
disease, but instead may be located relatively
close by the genetic variant impacting the
susceptibility to disease (Figure 3.1)(Ioannidis et
al., 2009).

The

development

of

microarray-based

Figure 3.1 - Role of LD in generating
phenotypic association with a noncausal
genotyped marker due to a tightlylinked ungenotyped causal locus (from
Astle and Balding, 2009)

technologies – where hundreds of thousands of
SNPs can be represented on a single chip, in the form of single stranded probes which
hybridise to target DNA, producing a signal detectable by a specially designed
instrument (Grant and Hakonarson, 2008; Hoheisel, 2006) - have allowed investigators
to genotype large numbers of SNPs. Huge quantities of data have been produced which
can be statistically analysed for these associations; it is these data that provide the
statistical power to determine whether these associations which are being detected are
significant or not (Billings and Florez, 2010). Data-sets are ideally large and clinically
well described.

By using genetic markers located throughout the entire genome, this approach does
not prespecify particular candidate genes and examines much of the common variation
across the human genome, in theory, reducing bias to loci thought to harbour risk
variants (Witte, 2010). GWAS have detected hundreds of variants associated with a
large number of diseases. Some of these variants however appear to have a modest
effect (Hindorff et al., 2009). Many of these associated SNPs are located in genes or
chromosomal regions have not previously been implicated in disease (Stranger et al.,
2011).

Once a specific polymorphism is associated with a disease, it is usually annotated by
naming the gene in closest proximity to it. This does not necessarily mean that the
variant in question is responsible for the phenotype, nor does it implicate the nearest
gene; it simply indicates that a genomic region contains the causal variant, which may
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itself be acting at a certain distance, for instance, by modulating expression of a far
away gene (Billings and Florez, 2010). Therefore, while association signals are often
identified by gene names, only in a few cases has a causal relationship been
demonstrated (Billings and Florez, 2010). Fine-scale sequencing of the regions found to
be associated with disease phenotypes may yet shed light on the actual mechanisms
contributing to the risk of disease.

Some of the SNPs encode nonsynonymous changes to genetic coding sequences, and
therefore affect the sequence of amino acids incorporated into a protein. However, as
many as 80% of SNPs that are shown to be statistically significant are found in intronic
or intergenic regions and thus do not directly affect the gene product (Manolio, 2010).
There has been some scepticism that a single nucleotide change in an intergenic region
can greatly influence the development of a disease. However, it is currently understood
that intronic and intergenic sequences can encode non-coding RNA (ncRNA), which
are RNA sequences which do not code proteins, rather are processed into other
products, such as micro RNA (miRNA), which are thought to be signalling molecules
(Mattick and Makunin, 2006; Rigoutsos et al., 2006). Thus, a SNP in an intergenic or
intronic region might result in the miscoding of ncRNA, which in turn might result in
inappropriate gene expression. Under certain conditions, this might make an
individual more susceptible to the development of disease. However, this is assuming
that the SNP itself does have a causal relationship with the disease, which as discussed
in the previous paragraph, may not necessarily be the case.

One of the discoveries of GWAS is that most of the disease-associated variants
identified have small effects and explain little of disease heritability and thus, are not
suitable for immediate risk prediction and clinical use (Rosenberg et al., 2010; Witte,
2010). This observation has caused some to question the value of investing vast
amounts of money in detecting variants which may or may not be linked to the
development of disease (Goldstein, 2009; Rosenberg et al., 2010). As of October 2010,
702 human GWAS papers have been published on 421 traits. The majority of these had
medical relevance (Stranger et al., 2011). Given that fundamental questions like why
identified variants have low associated risks and account for so little of the heritability
of disease, have not been addressed, one can see why some medical geneticists are
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disillusioned with this form of study. It could be that rare variants which are not
captured by currant GWAS, or that structural variants, which are poorly captured by
current studies, are responsible for more of the risk and heritability of disease
(Manolio, 2010).
The study of rare variants has been improved by the development of next generation
sequencing (NGS), which has impacted GWAS just as it has aDNA studies; the
complementary application of GWA scans and whole-genome sequencing looks to be a
more effective way at detecting rare or low frequency SNPs which may contribute to
the development of disease (Holm et al., 2011). However, few of such studies have yet
emerged. This has not stopped commentators lauding such studies as ‘next generation
association studies’ (Zeggini, 2011).

Another critique of GWAS is that a majority of the studies undertaken thus far, have
been centred on populations of European descent, and the degree to which knowledge
gained from these studies is transferable to other populations has not been extensively
investigated (Rosenberg et al., 2010). European populations have provided a good basis
to begin these studies in population-wide genetic risk factors to common disease. The
intra-population allele-frequency variation, which is often a cause of false-positive
findings in association studies (Choudhry et al., 2006; Marchini et al., 2004; Tiwari et
al., 2008), is less pronounced in Europe than in other geographic regions (Friedlaender
et al., 2008; Henn et al., 2010; Tishkoff et al., 2009), although subtle geographic
gradients in allele frequencies have been detected in some large population genetic
studies (Moskvina et al., 2010; Rosenberg et al., 2010). Only a subset of human genetic
variation is present in European populations – allele frequencies and biological
adaptations, as well as other properties that might affect the detectability and
importance of risk variants, vary from population to population (Rosenberg et al.,
2010). No single population can be used as a proxy for understanding the underlying
variants for disease in all populations (Myles et al., 2008). Increasing numbers of nonEuropean populations are being studied for common polymorphisms associated with
complex diseases. This has raised concerns that the divisions between populations are
being made on what may be perceived as racial lines, invoking a modern sense of
racism and the attribution of genetic risk to disease to populations as being innate,
taking the focus away from the public health priorities of trying to limit environmental
54

contributors to the development of disease (Frank, 2007; Rotimi, 2004). However,
these studies will contribute to our understanding of the development of disease, the
varying distribution of complex disease, and perhaps even past human migrations.

3.1.2 – WHY USE SNPS FOR PREDISPOSITION MARKERS IN THIS STUDY?

Since the genetic material proposed for use by this study is of ancient origins, SNPs are
an ideal type of genetic marker for studying the presence of genetic elements
associated with disease in the Pacific. As discussed in the previous chapter, aDNA is
often degraded and in fragmentary condition, the sequencing of long stretches of DNA
is not feasible. Since the sequencing of SNPs does not require the sequencing of long
tracts of DNA, it is more likely that they will be recoverable from the fragmentary DNA
from the archaeological specimens.

To determine which risk polymorphisms to examine, a review of the published
literature available on SNPs which have been statistically associated with gout and T2D
in large-scale population studies has been undertaken. Ideally, the SNPs used for
testing in this study would previously been found to have statistically significant
associations to these diseases in Pacific populations, although due to the scarcity of
literature published on Pacific populations, this may not be possible. The
polymorphisms will be selected on the grounds of repeated association in multiple
populations of different ancestral origins (if possible, Pacific populations) and on the
strength of the association found. For this to be assessed, collation of data from various
studies into tables has been undertaken.

Can SNPs identified in association studies be used as markers for disease
predisposition? This issue has been raised again and again by medical geneticists
(Janssens and van Duijn, 2008; Kraft and Hunter, 2009; Manolio, 2010). While SNP
associations have been possible to replicate in other GWA type studies, these
associations have been poorly replicable in studies of families, which indicate that
GWAS results only account for a limited amount of heritability (Witte, 2010). This
reflects the small magnitude of effect for most polymorphisms detected by GWAS;
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even if large effects are found (for example, for combinations of SNPs), these variants
may not have high penetrance and so do not confer a high risk of disease.

3.2- SNPS ASSOCIATED WITH GOUT
3.2.1 – AN OVERVIEW OF THE GENETIC BASIS OF GOUT

As discussed in Chapter 1, a genetic basis to gout has been indicated by familial and
twin studies, as well as GWAS. Such studies have contributed significantly to our
understanding of the genetic basis of hyperuricaemia and gout. Genetic factors
controlling serum urate concentrations, a simple phenotype to measure, have been
examined through GWAS, but no studies focussing specifically on the gout phenotype
have been published to date (Merriman and Dalbeth, 2011). Since a state of
hyperuricaemia is required for the development of the disease, a genotype linked to
these heightened serum urate levels can contribute to the development of a gout
phenotype.

However, despite hyperuricaemia being the strongest single risk factor to disease and
one which is universally present in patients with gout, not all individuals with
hyperuricaemia develop gout. It may be that certain individuals are at greater risk of
developing MSU crystals within the joint. Given that MSU crystals are often identified
in asymptomatic, uninflamed joints in patients with hyperuricaemia, additional local
or systematic factors are likely to regulate the inflammatory response to existing intraarticular MSU crystals, leading to the suppression of the acute gout attack (Merriman
and Dalbeth, 2011).

Table 3.1 shows loci which have been linked to a gouty or hyperuricaemic phenotype
through association studies. Where possible, SNPs which will be most useful for the
study of a genetic susceptibility to gout in the Pacific will have been examined in the
context of Pacific populations. There have been two recent studies of polymorphisms
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Table 3.1 - Loci at which genetic variants are statistically associated with hyperuricaemia and
gout. Adapted from Merriman and Dalbeth, 2010
Locus

Chr

Phenotype

Effect: OR

Population

Reference

SLC2A9/GLUT9

4

Hyperuricaemia

1.7-1.9

Caucasian

[1]

Gout

1.3-5.0

Caucasian
Solomon Island
NZ Maori
NZ Pacific Island
Chinese

[1-6]

ABCG2

4

Gout

1.7-2.0

Caucasian
African-American
Western Polynesian

[3] [7] [8]

SLC22A12/URAT1

11

Hyperuricaemia

1.4

Chinese

[9-11]

Gout

1.2-1.8

Mexican-American
Solomon Island
Chinese

[12]

SLC17A1/NPT1

6

Gout

1.2-1.9

Caucasian
Japanese

[3] [13]

ADRB3

8

Hyperuricaemia

1.1-2.4

Korean
Italian
Japanese

[12]

MTHFR

1

Hyperuricaemia

1.5-1.7

Korean
Iranian
Japanese

[12]

[1] - (Vitart et al., 2008); [2] - (Doring et al., 2008); [3] - (Dehghan et al., 2008a); [4] - (Stark et al., 2008); [5] - (HollisMoffatt et al., 2009); [6] - (Tu et al., 2010b); [7] - (Woodward et al., 2009); [8] - (McArdle et al., 2008); [9] - (VázquezMellado et al., 2007); [10] - (Tu et al., 2010a); [11] - (Guan et al., 2009); [12] - (Dalbeth and Merriman, 2009); [13] - (Urano
et al., 2010a)

which have been significantly associated with gout in NZ Maori and Pacific
populations, which would be ideal for this purpose. These polymorphisms are
discussed in greater detail in the next sections. The replication of these significant
associations between polymorphisms and disease in other populations, further suggest
that these elements may influence the development of gout in susceptible individuals.
This confirms that these markers may be appropriate to use as indication for disease
predisposition. Polymorphisms in the genes SLC2A9 and ABCG2 are discussed below.
While polymorphisms have been associated with gout at other loci, for instance
SLC22A12 (Guan et al., 2009; Tu et al., 2010a) and SLC17A1 (Dehghan et al., 2008a;
Urano et al., 2010a), these have not been studied in a Pacific context as of yet, so
confirmed associations with disease in these populations are not available.
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3.2.2 – SNP RS16890979 LOCATED IN GENE SLC2A9

The gene, SLC2A9, (solute carrier 2A9) located in chromosomal region 4p16.1, encodes
a solute transporter, thought to be the transport of glucose and fructose (Dalbeth and
Merriman, 2009). After being implicated as contributing to risk of gout through
GWAS, SLC2A9 was also found to be a urate transporter (Vitart et al., 2008). The
genetic variation in SLC2A9 has been found to be a risk factor for gout in a number of
sample sets drawn from Caucasian populations (Dehghan et al., 2008a; Doring et al.,
2008; Hollis-Moffatt et al., 2009; Li et al., 2007; McArdle et al., 2008; Vitart et al., 2008;
Wallace et al., 2008), NZ Maori and Pacific Island populations (Hollis-Moffatt et al.,
2009), Han Chinese and Solomon Islanders (Tu et al., 2010b) and African-Americans
(Rule et al., 2010). This variation in SLC2A9 explains up to 5% of variation in serum
urate concentrations, a large effect in the context of genetics of complex phenotypes
(Merriman and Dalbeth, 2011). The inheritance of one predisposing variant of SLC2A9
increases the risk for an individual to develop gout by 30-70% [odds ratio (OR) = 1.31.7] (Dalbeth and Merriman, 2009).

A cluster of SNPs located within the SLC2A9 gene have been shown to have a
statistically significant (P < 0.001) association with hyperuricaemia and gout (Li et al.,
2007). One polymorphism has consistently been linked with gout in repeated studies is
rs16890979. This is a nonsynonymous polymorphism located in exon 9 of the gene
(CT), resulting in a change of amino acid at position 253, from valine to isoleucine.
The T allele has been has been found to be associated with gout in NZ Maori, Pacific
Island and Caucasian samples (P = 1.0 x 10⁻⁴, 0.003, and 3.6 x 10⁻⁴ respectively) (HollisMoffatt et al., 2009). The SNP rs16890979 association has been replicated in other
population studies worldwide (Table 3.2).

Interestingly, the association of rs16890979 has not been replicable in all other
ethnicities. For instance, the polymorphism has been found to be almost
monomorphic in a Japanese cohort, however other polymorphisms in the same gene
have been found to be risk factors for gout for that population (Urano et al., 2010b).
Similarly, this specific polymorphism is not statistically associated with gout in
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Table 3.2 - Statistical associations of rs16890979 (located in SLC2A9) to gout and
hyperuricaemia. Risk allele = T, non-risk = C
Study

Ethnicity

Sample size

OR (95% CI)

P value

References

Framingham

Caucasian

7699

0.63 (0.47-0.84)

1.3 x 10⁻³

[1]

Rotterdam

Caucasian

4148

0.67 (0.59-0.89)

6.0 x 10⁻³

[1]

ARIC (white)

Caucasian

11024

0.56 (0.47-0.68)

1.8 x 10⁻⁹

[1]

ARIC (black)

African ancestry

3845

0.85 (0.69-1.05)

0.14

[1]

Japanese

Asian

776

0.59 (0.13-2.70)

0.50

[2]

NZ Maori

Polynesian

181

0.10 (0.02-0.40)

1.0 x 10⁻⁴

[3]

NZ Pacific Islanders

Polynesian

110

-

0.003

[3]

NZ Caucasian

Caucasian

699

0.49 (0.33-0.73)

3.6 x 10⁻⁴

[3]

[1] - (Dehghan et al., 2008a); [2] - (Urano et al., 2010b); [3] - (Hollis-Moffatt et al., 2009)

Chinese populations (Tu et al., 2010b), but other variants, such as rs3733591
(Arg265His) also present in the gene have been found to be associated (Tu et al.,
2010b), implying that the SLC2A9 locus plays an important role in conferring
susceptibility to disease.

SLC2A9 has been found to be a risk factor for gout in both Maori and Pacific Island
people (Hollis-Moffatt et al., 2009), which makes it a good candidate for this study.
Since the locus rs16890979 has previously been found to be significantly associated
with gout in Oceanic peoples, it would be ideal as a target SNP for detecting the
presence of genetic variants which might predispose to a gouty phenotype.

The study of SLC2A9 polymorphisms associated with a gouty phenotype in New
Zealand Maori and Pacific Islanders also highlighted two further polymorphisms
(rs5028843: P = 7.5 x 10⁻⁵ and 0.004 in NZ Maori and Pacific Islanders respectively;
rs11942223: P = 3.7 x 10⁻⁷ and 1.6 x 10⁻⁶ in NZ Maori and Pacific Islanders respectively),
to be associated to disease (Hollis-Moffatt et al., 2009). Given that these are in LD with
each other, they are marking the same effect, both individually and collectively. It
might be worthwhile to investigate these variants in addition to rs16890979.
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3.2.3 – SNP RS2231142, LOCATED IN GENE ABCG2

Polymorphisms in ABCG2 (ATP-binding cassette, subfamily G, 2) have also been
implicated in the development of gout. This gene codes for a urate efflux transporter,
and thus is involved in the regulation of serum urate levels. It has been found that the
rs2231142 polymorphism (AC), which causes an amino acid substitution (Glu141Lys),
results in the production of an ABCG2 molecule with 53% less uric acid secretory
activity (Merriman and Dalbeth, 2011). In GWAS carried out in multiple populations
(Table 3.3), this polymorphism has been found to have significant statistical
associations with a gouty and hyperuricaemic phenotype (Dehghan et al., 2008a;
Matsuo et al., 2009; Phipps-Green et al., 2010; Wang et al., 2010; Woodward et al., 2009;
Yamagishi et al., 2010).

This polymorphism has been investigated in New Zealand Maori and Pacific Islanders
(Phipps-Green et al., 2010). Interestingly, a significant association (P = 1.9 x 10⁻⁸) was
found in the cohort derived from Pacific Islanders living in New Zealand, while the
cohort derived from New Zealand Maori yielded no significant association. The Pacific
Island cohort consisted of individuals originating from Tonga, Samoa, Niue and
Tokelau. It has been suggested that this could indicate an “East” and “West” Polynesia
Table 3.3 - Statistical associations of rs2231142 (located in ABCG2) to gout and hyperuricaemia,
risk allele = C, non-risk = A
Study

Ethnicity

Sample size

OR (95% CI)

P value

References

Framingham

Caucasian

7699

1.97 (1.49-2.59)

1.5 x 10⁻⁶

[1]

Rotterdam

Caucasian

4148

1.71 (1.30-2.25)

1.5 x 10⁻⁴

[1]

Meta-analysis

Caucasian

28141

-

3.1 x 10⁻²⁶

[2]

NZ Caucasian

Caucasian

776

2.20 (1.66-2.93)

3.2 x 10⁻⁸

[3]

ARIC (white)

Caucasian

10902

-

3.0 x 10⁻³⁰

[4]

ARIC (black)

African ancestry

3881

-

7.0 x 10⁻⁴

[4]

Han Chinese

Asian

435

1.80 (1.32-2.45)

<0.001

[5]

CRSS (Japanese)

Asian

3923

2.30 (1.33-3.12)

0.002

[6]

NZ Pacific Islanders

Polynesian

302

2.80 (1.94-4.03)

1.9 x 10⁻⁸

[3]

NZ Maori

Polynesian

469

1.08 (0.70-1.66)

0.74

[3]

[1] - (Dehghan et al., 2008a); [2] - (Kolz et al., 2009); [3] - (Phipps-Green et al., 2010); [4] - (Woodward et al., 2009); [5] (Wang et al., 2010; Lohmueller et al., 2003); [6] - (Yamagishi et al., 2010)
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divide regarding the marker – with the East Polynesians (ie Maori) having a lower
incidence of the polymorphism than those from West Polynesia (Phipps-Green et al.,
2010).

Tangentially, ABCG2 has also been linked to drug resistance in breast cancer cell lines
(Doyle and Ross, 2003). Breast cancer shows a higher prevalence in young Maori
women (25-39) compared to their Caucasian counterparts, although after the age of 40,
this difference in prevalence balances out (McCredie et al., 1999). From 1996 to 1999,
the rate of mortality as a result of breast cancer was 68% higher in Maori, than in
women of non-Maori or non-Pacific ethnicity (Sarfati et al., 2006). Genetic factors
could be contributing to this trend. However, it is unclear whether the SNPs which
have been identified as being associated with risk to breast cancer are within the same
linkage disequilibrium as those which have been linked with gout, but this could be an
interesting avenue of research into health genetics in the Pacific in the future.

3.3 – TYPE 2 DIABETES-ASSOCIATED SNPS
3.3.1 – OVERVIEW OF THE GENETIC BASIS OF T2D
As discussed in Chapter 1, T2D is a major health problem in modern Westernised
countries and for this reason has been at the forefront of human disease and traits
studied by new genetic analyses (Billings and Florez, 2010; Cockram, 2000). These
studies are complicated by the complex and multifactorial nature of the disease; there
seem to be multiple different genotypes which contribute to a similar clinical disease.
Despite this, GWAS have led to the discovery of at least 38 SNPs associated with T2D
(Table 3.4)(Billings and Florez, 2010). Many of these markers have a low effect size, so
are thought only to explain a small portion of the heritability of the disease; roughly
10% of the heritability is thought to be accountable by these variants (Billings and
Florez, 2010). Most of the polymorphisms are located in or close by to genes which play
a role in the normal functioning of β-cells in the pancreas (Billings and Florez, 2010).

A single study has been carried out on a Pacific population (Myles et al., 2007). This
study involved candidate genes, and does not appear to have been replicated in any
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other population. This paucity of Pacific data makes the study of variants associated to
T2D occurrence in Pacific populations somewhat difficult. The use of some wellcharacterised variants, which have been replicated in multiple populations derived
from different ancestral groups, might be acceptable. Three of such variants, arbitrarily
selected, are examined for their suitability in the following sections.
Table 3.4 - Genetic variants associated with T2D at genome-wide levels of statistical
significance. Adapted from Billings and Florez, 2010.*
Locus

SNP Marker

Chr

Type of
mutation

Allele
(effect/other)

Effect allele
frequency

Effect: OR (95% CI)

PPARG

rs1081282

3

Missense:
Pro12Arg

C/G

0.92

1.14 (1.08-1.20)

KCNJ11/ABCC8

rs5219/
rs757110

11

Missense:
Glu23Lys/
Ala1369Ser

T/C
G/T

0.50
0.40

1.15 (1.09-1.21)

TCF7L2

rs7903146

10

Intronic

T/C

0.25

1.37 (1.28-1.47)

IGF2BP2

rs4402960

3

Intronic

C/T

0.29

1.17 (1.10-1.25)

CDKAL1

rs7754840

6

Intronic

C/G

0.31

1.12 (1.08-1.16)

SLC30A8

rs13266634

8

Missense:
Arg325Trp

C/T

0.75

1.12 (1.07-1.16)

CDKN2A/B

rs10811661

9

125 kb upstream

T/C

0.79

1.20 (1.14-1.25)

HHEX

rs1111875

10

7.7
kb C/T
downstream

0.56

1.13 (1.08-1.17)

FTO

rs8050136

16

Intronic

A/C

0.45

1.15 (1.09-1.20)

HNF1B

rs757210

17

Intronic

A/G

0.43

1.12 (1.07-1.18)

NOTCH2

rs10923931

1

Intronic

T/G

0.11

1.13 (1.108-1.17)

THADA

rs7578597

2

Missense:
Thr1187Ala

T/C

0.92

1.15 (1.10-1.20)

ADAMSTS9

rs4607103

3

38 kb upstream

C/T

0.81

1.09 (1.06-1.12)

JAZF1

rs864745

7

Intronic

T/C

0.52

1.10 (1.07-1.13)

CDC123/
CAMK1D

rs12779790

10

Intergenic region G/A

0.23

1.11 (1.07-1.14)

KCNQ1

rs2237892
rs231362

11

Intronic
Intronic

C/T
G/A

0.61
0.52

1.4 (1.34-1.47)
1.08 (1.06-1.10)

TSPAN8/ LGR5

rs7961581

12

Intronic

C/T

0.23

1.09 (1.06-1.12)

IRS1

rs2943641

2

502 kb upstream

C/T

0.61

1.19 (1.13-1.25)

DUSP9

rs5945326

X

8 kb upstream

G/A

0.12

1.27 (1.18-1.37)

PROX1

rs340874

1

2 kb upstream

C/T

0.50

1.07 (1.05)

BCL11A

rs243021

2

99
kb A/G
downstream

0.46

1.08 (1.06-1.10)

GCKR

rs780094

2

Intronic

0.62

1.06 (1.05-1.08)

C/T
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ADCY5

rs11708067

3

Intronic

A/G

0.78

1.12 (1.09-1.15)

WFS1

rs1081214

4

Intron-exon
junction

G/A

0.27

1.13 (1.07-1.18)

ZBED3

rs4457053

5

41 kb upstream

G/A

0.26

1.08 (1.06-1.11)

DGKB/
TMEM195

rs2191349

7

Intergenic region T/G

0.47

1.06 (1.04-1.08)

GCK

rs4607517

7

36 kb upstream

A/G

0.20

1.07 (1.05-1.10)

KLF14

rs972283

7

47 kb upstream

G/A

0.55

1.07 (1.05-1.10)

TP53INP1

rs896854

8

Intronic

T/C

0.48

1.06 (1.04-1.09)

TLE4

rs1329136

9

234 kb upstream

C/T

0.90

1.11 (1.07-1.15)

CENTD2

rs1552224

11

5' UTR

A/C

0.88

1.14 (1.11-1.17)

MTNR1B

rs10830963

11

Intronic

G/C

0.30

1.09 (1.06-1.12)

HMGA2

rs1531343

12

43 kb upstream

C/G

0.10

1.10 (1.07-1.14)

HNF1A

rs7957197

12

20
kb T/A
downstream

0.85

1.07 (1.05-1.10)

PRC1

rs8042690

15

Intronic

A/C

0.22

1.07 (1.05-1.09)

ZFAND6

rs11634397

15

1.5
kb G/A
downstream

0.56

1.06 (1.04-1.08)

* Data was initially obtained from Diabetes Genetics Replication and Meta-analysis (DIAGRAM) consortium publications,
thus was produced from GWAS carried out on European populations (an effective sample size of 22,000 individuals). The
ORs in this table have been standardised to be less than 1 by Billings and Florez for the sake of each locus to locus
comparison.

Using polymorphisms which have been found to be associated with T2D is
complicated. For many of the polymorphisms, molecular pathogenesis is not clear. The
variability of significant associations with disease in diverse populations is another
factor that needs consideration – is this mosaic of positive associations a result of
population stratification or different allele frequencies between populations?

3.3.2 – SNP RS7756992, LOCATED IN GENE CDKAL1

CDKAL1 is located on 6p22.3, and encodes a CDK5 regulatory subunit associated
protein 1-like 1 (Steinthorsdottir et al., 2007). Risk variants in CDKAL1 have been
associated with impaired insulin response and decreased pancreatic β-cell glucose
sensitivity (Pascoe et al., 2007; Steinthorsdottir et al., 2007). The polymorphism which
has been replicated in a number of different populations (Table 3.5), rs7756992, is
located in intron 5 and resides in a large LD block of 201.7 kb, that includes exons 1-5 of
the CDKAL1 gene and the minimal promoter region, but no other known genes
(Steinthorsdottir et al., 2007).
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Some studies have not yielded statistically significant results. The polymorphism does
not appear to be associated with disease in West Africans (Steinthorsdottir et al.,
2007)or Malayasians or Indians (Tan et al., 2010), as indicated by the result of P > 0.01
(Table 3.5).

Interestingly, there seems to be some ambiguity with the Japanese

population – two of the three studies carried out so far indicate that rs7756992 is not
associated with disease, yet the most recent study, which includes a larger study
cohort, reports quite a strong association (Takeuchi et al., 2009).

Waters et al. (2010) carried out a study exploring the association of T2D risk alleles in
multiple populations, including European Americans, African Americans, Latinos,
Japanese Americans and Native Hawaiians. When exploring the risk conferred by these
alleles, it was found that the same direction of risk (as assessed by odds ratios; OR > 1)
in each of the samples populations, although there was some minor variation between
the populations - for instance OR for Native Hawaiians was calculated at 1.39 (1.19-1.62
95% CI), compared to 1.03 (0.92-1.16 95% CI) in African Americans, and 1.26 (1.05-1.50
95% CI) for European Americans (Waters et al., 2010). It was suggested that the weaker
Table 3.5 – Statistical associations of rs7756992 (located in CDKAL1) to T2D -risk allele = C,
non-risk = G
Study

Ethnicity

n

OR (95% CI)

P value

References

West African population

African

1971

1.02 (0.92-1.14)

0.72

[1]

Combined Chinese and Korean

Asian

6719

1.28 (1.19-1.37)

3.9 x 10⁻¹²

[2]

Han Chinese population

Asian

3737

1.19 (1.09-1.31)

2.0 x 10⁻⁴

[3]

Han Chinese population

Asian

3210

1.38 (1.17-1.62)

9.35 x 10⁻⁵

[4]

Hong Kong population

Asian

2443

1.25 (1.11-1.40)

1.8 x 10⁻⁴

[1]

Japanese population

Asian

1738

1.20 (1.03-1.39)

0.017

[5]

Japanese population

Asian

2694

1.16 (1.01-1.34)

0.036

[6]

Japanese population

Asian

3146

1.35 (1.23-1.50)

4.6 x 10⁻⁹

[7]

Malay population

Asian

3333

1.03 (0.93-1.14)

0.612

[3]

Indian population

Asian

610

1.39 (1.06-1.81)

0.015

[3]

European ancestry combined

Caucasian

16398

1.20 (1.13-1.27)

7.7 x 10⁻⁹

[1]

[1] - (Steinthorsdottir et al., 2007); [2] - (Ng et al., 2008); [3] - (Tan et al., 2010); [4] - (Wu et al., 2008); [5] - (Horikoshi
et al., 2007); [6] - (Omori et al., 2008); [7] - (Takeuchi et al., 2009)
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association in some of the populations may have been due to differences in allele
frequency, linkage disequilibrium and environmental and genetic modifiers. These
subtle differences in effect size can be observed in Table 3.5.

The replication of the polymorphism in multiple populations might indicate that it
could potentially be used in the capacity of exploring genetic susceptibility to disease
in the Pacific, but the lack of cohorts studied from Pacific localities and the variability
in statistical association in some of the populations of distinctly different ancestry
indicates that there would be some uncertainty as to whether the same polymorphisms
are of importance in the development of disease in these different peoples.

3.3.3 – SNP RS7903146, LOCATED IN TCF7L2

TCF7L2 codes for a high mobility group (HMG) box-containing transcription factor
that plays a key role in Wnt-signalling pathway, involved in maintaining normal
physiological processes such as cell differentiation and is ubiquitously expressed (Liu
and Habener, 2008). Polymorphisms in TCF7L2 may increase the risk of diabetes by
modifying the effect of incretins on insulin secretion by desensitising pancreatic β-cells
Table 3.6 - Statistical association of rs7903146 (located in TCF7L2) with T2D, risk allele = T,
non-risk = C
Study

Ethnicity

n

OR (95% CI)

P value

References

Han-Chinese in China meta-analysis

Asian

6312

1.37 (1.15-1.65)

5.8 x 10⁻⁴

[1]

Han Chinese Population

Asian

1520

0.81 (0.50-1.31)

0.36

[2]

Combined Chinese and Korean

Asian

6719

1.35 (1.10-1.67)

0.005

[3]

Indian Population

Asian

1354

1.46 (1.22-1.75)

3.0 x 10⁻⁵

[4]

UK Residents of Punjabi Ancestry

Asian

1268

1.31 (1.11-1.56)

1.96 x 10⁻³

[5]

Japanese population

Asian

3146

1.42 (1.10-1.84)

0.0073

[6]

Japanese population

Asian

4087

1.48 (1.20-1.84)

2.7 x 10⁻⁴

[7]

MAGIC (meta-analysis)

Caucasian

127677

1.40 (1.34-1.46)

2.2 x 10⁻⁵¹

[8]

Malmö

Caucasian

15815

1.30 (1.21-1.40)

9.5 x 10⁻¹³

[9]

Botnia

Caucasian

2645

1.52 (1.14-2.04)

0.003

[9]

WGA

Caucasian

997

1.71 (1.41-2.08)

5.52 x 10⁻⁸

[10]

[1] - (Lin et al., 2010); [2] - (Chang et al., 2007); [3] - (Ng et al., 2008); [4] - (Chandak et al., 2007); [5] - (Rees et al., 2008);
[6] - (Takeuchi et al., 2009); [7] - (Miyake et al., 2008); [8] - (Dupuis et al., 2010); [9] - (Lyssenko et al., 2008); [10] (Salonen et al., 2007)
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to these hormonal molecules; this causes a down-regulation of insulin secretion, which
in turn may lead to a susceptibility to T2D (Bonetti et al., 2011; Villareal et al., 2010).

The SNP is intronic. Its risk T allele is correlated with an increased transcription in
human islets and with increased expression in cellular luciferase assays (Billings and
Florez, 2010). Possession of one or more copy of the T allele of rs7903146, increases the
risk of T2D risk 1.4-fold, making it the most convincing risk allele for T2D discovered
so far (Uusitupa et al., 2011). Furthermore, this SNP association has been replicated in a
number of diverse populations (Table 3.6).

3.3.4 – SNP RS2237892, LOCATED IN GENE KCNQ1

The gene, KCNQ1 encodes for a protein - potassium voltage-gated channel, KQT-like
subfamily member 1, which is expressed mainly in the heart, but also to a lesser extent
in the pancreas, placenta, liver, lung, kidney, brain and adipose tissue. It has been
suggested that mutations in KCNQ1 may lead to cardiac long-QT syndrome, or Jervell
and Lange-Nielson syndrome, which are associated with cardiac conduction
abnormalities and hearing loss (Been et al., 2011). However, GWAS have also found that
Table 3.7 - Statistical association of rs2237892 (located in KCNQ1) with T2D, risk allele = C,
non-risk = T
Study

Ethnicity

n

OR (95% CI)

P value

References

Han Chinese

Asian

3503

1.53 (1.38-1.70)

5.0 x 10⁻¹⁶

[1]

Han Chinese

Asian

2029

1.37 (1.19-1.69)

1.23 x 10⁻⁵

[2]

Chinese

Asian

3737

1.08 (0.96-1.22)

0.183

[3]

Japanese

Asian

3036

1.49 (1.34-1.66)

6.7 x 10⁻¹³

[4]

Japanese

Asian

4909

-

1.3 x 10⁻⁷

[5]

Japanese

Asian

3146

1.25 (1.13-1.39)

2.3 x 10⁻⁵

[6]

Indian

Asian

3310

1.37

0.030

[7]

Indian

Asian

610

2.50 (1.14-5.46)

0.022

[3]

Malay

Asian

3333

1.25 (1.11-1.42)

2.5 x 10⁻⁴

[3]

Dutch

Caucasian

9905

1.16 (0.97-1.40)

0.002

[8]

Swedish

Caucasian

6757

1.29 (1.11-1.50)

7.8 x 10⁻⁴

[4]

[1] - (Hu et al., 2009); [2] - (Han et al., 2010); [3] - (Tan et al., 2010); [4] - (Yasuda et al., 2008); [5] - (Unoki et al., 2008);
[6] - (Takeuchi et al., 2009); [7] - (Been et al., 2011); [8] - (van Vliet-Ostaptchouk et al., 2012)
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in multiple populations, rs2237892, a polymorphism located in an intronic region of
this gene is statistically significant (Table 3.7). The contribution of the polymorphism
or KCNQ1 to the molecular pathogenesis of T2D remains to be elucidated, but the
expression of the gene product in the pancreas indicates that the gene might
contribute to the dysfunction of pancreatic β-cells, which are responsible for the
regulation of insulin (Been et al., 2011).
This polymorphism seems to be associated with T2D in South Asians specifically. Few
GWAS analyses based on populations of European-derived ancestry yield significant
associations with disease at this locus (Been et al., 2011). Given the likely South East
Asian origin of some of the colonising populations of Oceania, it is possible that
similar polymorphisms might be observed in Pacific populations, thus making this a
potential candidate for the study of T2D in these peoples.
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Chapter 4 :

SELECTING ARCHAEOLOGICAL SAMPLES

4.1 – ARCHAEOLOGICAL HUMAN SKELETAL ASSEMBLAGES IN THE
PACIFIC
Modern admixture and recent genetic bottlenecks mean that sampling of
contemporary populations does not give a complete picture of what variation was
present in the original colonisers of the region. Archaeological skeletal samples may
allow insight into past genetic variation which might have contributed to the pattern
of disease prevalence in modern populations. Since gout has been observed in
prehistoric human remains from a number of Pacific archaeological sites (Buckley et
al., 2010; Buckley, 2007; Douglas et al., 1997; Rothschild and Heathcote, 1995), testing
for genetic variants from ancient DNA recovered from such samples might provide
some insight into why gout occurs at high prevalence in some of these Pacific peoples.

Table 4.1 is a summary of the skeletal assemblages from the Pacific which can be found
in the published literature, from over the past sixty odd years; there are no doubt more
which have not made their way out of the grey literature, or have not undergone
analysis by bioarchaeologists. Some consideration needs to be taken in the selection of
appropriate samples for the proposed testing for genetic variants associated with gout.

First, access to the skeletal material in question is required. The Department of
Anatomy at the University of Otago has human remains recovered from several
archaeological sites in the Pacific, and has made connections of good faith with the
appropriate national museums and/or the descendant populations associated with the
skeletal remains. Some of these communities are interested to know about their
ancestors and aspects of their lives, which permits this sort of research to be carried
out. It would not be ethical to carry out testing on human skeletal remains without the
permission of those who have an ancestral link to them.

Second, when testing for alleles associated with the occurrence of gout in prehistoric
samples, one would ideally be using samples where there is a gouty phenotype, and the
characteristic osteoclastic lesions can be observed in the skeletal remains of the
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individual. This severely limits the samples which are to be tested, as gouty lesions
have only been observed in a reasonably small number of skeletons. This is a limitation
for a number of reasons: skeletal pathology has only really recently become a major
focus of biological anthropology in the Pacific, thus researchers have not been actively
looking for the small osteoclastic lesions which can often be observed on the
metacarpal and phalanges of those who suffered from gout.

For many years, human osteology in the Pacific has largely focussed genetic affinities
which can be observed between various populations throughout Oceania – looking at
traits such as the so-called “Polynesian phenotype” which includes characteristics such
as the “rocker jaw”, as well as the general robusticity of bones and stature, in order to
cluster groups of Pacific Islanders in terms of perceived relatedness (Houghton, 1980;
Houghton, 1996). It has only been more recently that health and disease has become a
major focus. Much of the earlier work carried out on skeletal assemblages from the
Pacific thus have in depth craniometric and long bone length analyses completed, but
relatively little written about the pathology associated with these people. There is a
paucity of published information on the palaeopathology of erosive arthropathies in
the Pacific Island in particular, as commented on by Buckley (2007).

Most of the sites where evidence of presumptive gout has been found were mentioned
in Chapter 1, however there are likely to be other sites which have gout present within
the sample, but the pathology has not been recognised or recorded. In some cases,
reanalysis of remains have yielded the discovery of lesions which could indicate
prehistoric gout. For instance, the Wairau Bar remains were initially studied by
Houghton and pathology assessed

with no mention of gout (Houghton, 1975).

However, in a more recent study, gouty lesions were noted in 6 individuals (Buckley et
al., 2010). This suggests that in skeletal samples where these lesions have not been
noted previously, it could be a case that these were overlooked inadvertently – a case,
perhaps, of the bioarchaeologist not knowing what to look for in terms of gout as a
prehistoric disease, or not having a specific interest in health and disease.

Poor condition and preservation and/or the lack of completeness of some of the
skeletal remains may not allow for the identification of archaeological gout, as the
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condition of the bones may be such that lesions cannot be or are difficult to discern.
Often the smaller phalangeal and metatarsal bones are not recovered during
excavation; this is problematic since these are bones which are generally affected in
cases of gout. Some of the skeletal samples listed in Table 4.1 were reported to be in
very poor or incomplete condition, making it difficult for the biological
anthropologists to assess the health status of the individuals and any skeletal
pathology they may have had.
Table 4.1 - a collation of skeletal remains reported on in academic literature from
archaeological sites across the Pacific
Pacific
locality

Site

Period/age of N
site

Age

Sex of
adults?

Palaeopathology
reported?

Gouty
lesions
reported?

Refs

9

8 adults
1 subadult

6 males
2 females

Yes

No

[1]
[2]

38

33 adults
5 subadults

17 males
14 females
3?sex

Yes

No

[3]

4 adults
1 subadult

4 males?

No

N/A

[4]

Leo Palace Hotel Early to mid- 27
Site
Late Latte

16 adults
11 subadults

10 males
5 females
1 ?sex

Yes

Yes

[5]

Apurguan

101 adults
51 subadults

59 males
45 females
48 ?sex

Yes

Yes (in
males,
female)

?

?

?

Yes

Yes (8 males, [7]
7 females)

Near Oceania
Papua
Guinea

New Reber-Rakival
Mid-Late
(SAC),
Watom Lapita
Island
Nebira

1000-1600 AD

Mussau Island Sites ECA, ECB, Lapita (3600- 5
EHB, EKQ and 2500 BP)
EHM
Micronesia
Guam

Gognga
Beach
Pohnpei,
Micronesia

preContact
152
Latte (10001521 AD)
Gun 9501450 AD

3 [6]
1

Awak

317 AD? (from
pollen cores)

9+

?

?

No

N/A

[8]

Teouma, Efate

Lapita
(ca 3000 ya)

71

59 adults
12 subadults

28 males
24 females
7 ?sex

Yes

Yes

[9]

9

7 adults
2 subadults

5 males
2 females

No

N/A

[10]
[11]

Lapita
and 8
Post-Lapita

3 adults
5 subadults

1 male
1 female
1 ?sex

Yes

No

[12]

Remote
Oceania
Vanuatu

Taplin's
Shelters,
Efate

Rock 2800 bp
Mele,

Uripiv, Malakula
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Table 4.1

(continued)

Pacific
locality

Site

Period/age of N
site

Age

Sex of
adults?

Palaeopathology
reported?

Gouty
lesions
reported?

Refs

Vanuatu

Vao, Malakula

Lapita
and 7
Post-Lapita

5 adults
1 adolescent
1 subadults

2 males
4 females

Yes

No

[12]

New
Caledonia

Kone/Lapita

Lapita

1

1 adult

1 male

Yes

No

[13]
[14]

Loyalty

7

3 adults
4 subadults

?

Yes

No

[15]

Motu
Paeao, C12-15
Maupiti Island

6

?

?

No

N/A

[16]

Marae
Te ? - called an 32
Tehata, Tepoto, "ancient site"
Tuamotu
Archipelago

14 adults
18 subadults

7 males
7 females

Yes

No

[17]

Hane Dune Site 1110-1635 AD
(MUH-1),
Uahuka,
Marquesas

42

24 adults
18 subadults

16 males
8 females

Yes

No

[3]

Samoa

Site
ST-Fo-1, Late
Folasa-a-Lalo
prehistoric

6

?age

?sex

No

N/A

[18]

American
Samoa

Fatu-Ma-Futi

Subadult

-

No

N/A

[19]

Solomon
Islands

Namu, Taumako 1200-1500
Island

201

142 adults
84 males
48 subadults 54 females
11 ?age
4 ?sex

Yes

No *

[20]

Cook Islands

Pukapuka Atoll

450-1550 AD

25

10 adults
15 subadults

6 males
4 females

No

No

[21]

Mangaia

Late
pre- 3
European

3 adults

3 males

Yes

No

[22]

Wairau Bar

1280-1300 AD

41 adults
1 subadult

10 males
4 ?males
18 females
3 ?females
6 ?sex

Yes

Yes
(6 [23]
individuals)

Palliser Bay

Early - 1280- 16
1300 AD

8 adults
8 subadults

4 males
4 females

Yes

No

[24]

2 adult
2 subadults

1 male
1 female

Yes

No

[25]

4 adults

1 male
3 females

No

N/A

[26]

Tadine,
Islands

French
Polynesia

New Zealand

?date – but 1
prehistoric

Teviotdale
1500-1700 AD
(S68/37 in NZAA
site
recording
scheme)

42

4

Motutapu Island ?date – but 4
(N38/37 NZAA prehistoric
site
recording
scheme)
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Table 4.1

(continued)

Pacific
locality

Site

Period/age of N
site

Age

Sex of
adults?

Palaeopathology
reported?

Gouty
lesions
reported?

Refs

New Zealand

Eastern
Coromandel

?date – but 8
prehistoric

?

?

No

N/A

[27]

Long Beach,
Otago

?date – but 3
early
prehistoric

3 adults

3 males

No

N/A

[28]
[29]

Otago Peninsula

?date

2

2 adults

1 female
1 ?sex

No

N/A

[30]

Waihora,
Chatham Islands

1500-1800 AD

14

10 adults
4 subadults

7 males
3 females

Yes

No

[31]

Natunuku

Lapita (ca 3000 1
years)

Adult

Male

Yes

No

[32]

Lakeba

Lapita (ca 3000 1
years)

Adult

Male

No

N/A

[33]

Navatanitawake,
Lau Island

Protohistoric

16

16 adults

12 males
4 ?sex

Yes

No

[34]
[35]

Cikobia

Protohistoric

10

8 adults
2 subadults

5 males
2 females
1 ?sex

No

N/A

[36]

Sigatoka

80-270 AD

56

45 adults
11 subadults

18 males
27 females

Yes

No

[37]

Site Y2-25, Waya Ca 2500 BP
Island

1

Adult

Male

Yes

No

[38]

'Atele,
Tongatapu

<1200 AD

99

61 adult
38 subadult

26 males
21 females
14 ?sex

Yes

Yes

[39]†

To-1, Pea Village

?date

3

3 adults

2 males
1 ?sex

Yes

No

[40]

Humafakele III Late
(NT-52),
prehistoricNiuatoputapu
early
protohistoric

3

3 adults

2 males
1 female

Yes

No

[41]

Mokapu, Oahu

1171

838 adults
333
subadults

398 males
439 females

Yes

No

[42]

Kaloko Cemetery 1400-1800 AD 96
(D13-14), North (mostly
Kona
precontact)

76 adult
10 subadult
9 ?age

24 male
37 female
15 ?sex

No

N/A

[43]

Multiple sites

33 adults

25 males
8 females

Yes

No

[44]

Fiji

Tonga

Hawaii

Rapa Nui

Precontact,
but ?date

1100-1870 AD

33

* This book makes no mention of any gout-like cases, however Buckley’s Phd thesis which looked at this same sample does
suggest that there could be individuals with gout within this sample (Buckley, 2001). On a similar vein, 6 individuals were
reported to have lytic lesions in foot bones from this sample – these may or may not be related to gout (this possibility was
not posed in the article) (Buckley and Tayles, 2003a)
† Gout is not specifically mentioned but osteoclastic lesions on some foot bones are noted in this sample, which might
indicate that gout was present (Pietrusewsky, 1969). Buckley also looked at individuals from this assemblage as part of her
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PhD thesis, and also mentioned the possibility of gouty lesions being present in this sample – although specific individuals
were not discussed (Buckley, 2001). In later publications by Buckley about gout, this assemblage has not been included as
one as having definitive signs of gout.
[1] -(Houghton, 1989b); [2] - (Pietrusewsky, 1989b); [3] - (Pietrusewsky, 1976); [4] - (Kirch et al., 1989); [5] - (Douglas and
Ikehara-Quebral, 1992); [6] - (Douglas et al., 1997); [7] - (Rothschild and Heathcote, 1995); [8] - (Ayres et al., 1981); [9] (Bedford et al., 2009); [10] - (Ward and Houghton, 1991); [11] – (Valentin et al., 2011); [12] - (Bedford et al., 2011); [13] (Valentin and Sand, 2000b); [14] - (Valentin, 2003); [15] - (Valentin and Sand, 2000a); [16] - (Anderson et al., 2000); [17] (Conte and Dennison, 1995); [18]- (Ishizuki, 1974) ; [19] - (Addison et al., 2007); [20] - (Houghton, 2008); [21] - (Yoshida,
1988); [22] - (Katayama, 1986); [23] - (Buckley et al., 2010); [24] - (Sutton, 1979); [25] - (Trotter, 1975); [26] - (Houghton,
1977b); [27] - (Houghton, 1977a); [28] - (Dawson, 1949); [29] - (Dawson and Yaldwyn, 1952); [30] - (MacArthur, 1951); [31] (Houghton, 1976); [32] - (Pietrusewsky, 1989a); [33] - (Houghton, 1989a); [34] - (Parke, 1993); [35] - (Parke, 1998); [36] (Valentin et al., 2001); [37] - (Visser, 1994); [38] - (Pietrusewsky et al., 1997b); [39] - (Pietrusewsky, 1969); [40] (Spennemann, 1987b); [41] - (Kirch, 1988); [42] - (Snow, 1974); [43] - (Tainter, 1991); [44]- (Murrill, 1968)

Of the prehistoric skeletal assemblages summarised above in Table 4.1, only a few have
had lesions suggestive of gout indicated to be present, making them of interest to this
study. These include the assemblages excavated from Teouma, on Efate Island, in
Vanuatu, ‘Atele, in Tonga, Wairau Bar, in New Zealand and a number of the burials
from sites in Guam.
In the selection of samples, there are ethical considerations that have to be made
because of the sensitive nature of genetically testing human material, and the
excavation of ancestors. In the past, there has been the excavation and scientific
analysis of archaeological human remains, without a process of consent with living
descendents of the populations. A notable example of this is the Kow Swamp burials
from Australia (Adcock et al., 2001; Bowler et al., 1970). Even the excavation of the
Wairau Bar burials was a cause of dissension, because the human remains were put on
display in a museum, a great breach of Maori customs and tapu. So, the use of human
skeletal remains, even from archaeological contexts, can be a somewhat sensitive issue
and needs to be dealt with in an appropriate and sensitive manner.

Existing relationships between researchers from the University of Otago and some of
the communities who have ancestral and cultural links to the skeletal remains in
question, contribute to the suitability of certain samples for study. The communities
associated with the burials from Wairau Bar, NZ and Teouma, Vanuatu are willing for
scientific analyses to be carried out on their ancestors or tupuna. Similar links have
been made with communities in Watom, New Britain, Papua New Guinea so pending
pathological analyses of the bones and the identification of gouty lesions, the skeletal
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sample from Watom could also be a useful site for exploring the presence of gout
predisposing alleles. Previous University of Otago students of Biological Anthropology
have been allowed access to the archaeological skeletal assemblage from ‘Atele, Tonga
in relatively recent times (Buckley, 2001), which suggests that genetic analysis of these
human remains might also be negotiable because of this pre-existing relationship.
Access to the samples from Guam could be complicated as relationships with the
necessary communities here have yet to be forged.

The assemblages from Watom, Teouma, ‘Atele and Wairau Bar would be ideal for the
proposed study, as they represent samples from each Near Oceania, Remote Oceania
and East and West Polynesia (Figure 4.1), which could allow comparison of the
genotypes of the disease associated polymorphisms from each of these locations to give
a wider view of what is going on in the Pacific in terms of gout. These locations could
be seen as stepping stones across the Pacific (however, the Lapita-bearing peoples of
Watom cannot be considered ancestral to the Lapita peoples of Teouma, as the skeletal

Figure 4.1 - Map of Oceania, showing locations of the sites of: 1) SAC, Watom Island, PNG; 2)
Teouma, Vanuatu; 3) 'Atele, Tonga; 4) Wairau Bar, New Zealand
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samples from Teouma are older than those from Watom), where different
environmental conditions were faced by the colonising populations. For one thing,
biodiversity decreases as one moves south and east across the Pacific and there is
variation in pathogen load. Most notably, malaria is at highly endemic in Watom,
while only mild malaria exists in Teouma. Malaria is absent from Polynesia. Samples
from these locations could allow for some insight into the genetic ensemble that the
colonisers were carrying with them, which may or may not have been affected by the
environmental conditions they faced in the new lands that they colonised.

An outline of the archaeology and the environmental context of the skeletal samples at
these sites are provided below. This contextual information is important because of the
different cultural and physical environments of each site, and the effect that this may
have had on the health of the populations. The subsistence patterns and dietary habits
of these archaeological populations might give some insight into modern variation in
gout and T2D rates across that Pacific.

4.2– CASE STUDY: REBER–RAKIVAL (SAC), WATOM ISLAND,
PAPUA NEW GUINEA
4.2.1 – THE REBER-RAKIVAL (SAC) SITE

The island of Watom is located above the north end of the main island of New Britain
in the Bismarck Archipelago. This island consists of a central volcanic cone with the
coastal region comprising of uplifted reef limestone, both of quaternary origin (1.8-1.6
million years ago), with evidence for extensive Lapita occupation along the coastal flats
(Shaw et al., 2010). To the north of the island is the Reber-Rakival (SAC) site. The SAC
site is the only Lapita-associated burial ground yet discovered in the Bismarck
Archipelago (Green, 2000).

Excavations carried out at this site can be clustered into 4 phases: the earliest being
undertaken by the German missionary, Father Otto Meyer, who was stationed at
Watom from 1902 until his death in 1937. More systematic archaeological endeavours
75

were carried out in 1965-1967
by J.R. Specht, in 1985 by D.
Anson and R.C. Green (Green,
2000), and most recently in
2008 by a team from the
University of Otago (Shaw et
al., 2010). The interest in the
site has largely been provoked
by the discovery of Lapita
pottery

sherds

(Figure

4.2),

and
and

vessels
associated Figure 4.2 - Pottery decorated with dentate-stamped

burials. The skeletal assemblage
comprises individuals excavated

Lapita motifs from Watom Island, deposited by Father
Otto Meyer at the Museum für Völkerkunde in Basle
(Anson et al., yet to be published)

in both the 1985 and the 2008 season, totalling 15 individuals (Anson et al., yet to be
published; Pietrusewsky, 1989b). This assemblage provides unique opportunities to
study a Lapita population that remained in the Bismarck Archipelago several centuries
after other Lapita populations had left the region to colonise the island groups in
Remote Oceania.

Radiocarbon dates indicate that the first evidence for human presence on site, but with
an absence of sustained human presence, is as early as cal. 920 to 1260 BC (2870-3210
BP), but first permanent occupation occurred around cal. 750 to 200 BC (2700-2150
BP). Direct dating of the human skeletal material has yielded dates which suggest they
were interred at around cal. 720 to 560 BC (2670-2510 BP) (Anson et al., 2005).

There has been some controversy over whether the burials obtained from the earlier
excavations were Lapita-associated (Best, 2002), however, further excavations of Lapita
cemeteries have found that the pattern of burials seen at SAC, are consistent with what
is seen elsewhere in the Pacific (Anson et al., 2005). The direct dating of the human
bone also suggests that they are likely to be associated with the earliest permanent
inhabitants of Watom.
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4.2.2 – THE SKELETAL ASSEMBLAGE

There have been 15 individuals excavated from Watom Island thus far. Eight
individuals were described from the 1985 excavations (Green and Anson, 2000;
Houghton, 1989b; Pietrusewsky, 1989b; Pietrusewsky, 1990), but a further field season
in 2008/9 uncovered more remains which are yet to be fully described in the literature.
Three further burials were found, as well as a skull that may have belonged to burial 8
of the 1985 excavation (Anson et al., yet to be published). Burial 11 contained up to 5
individuals, giving a minimum number of individuals (MNI) for the SAC site ReberRakival of 15, so far. These new bones are now being examined for evidence of
pathology.

The excavated individuals from the 1985 excavations consist of six males and one
female, as well as one subadult. Only two of the skeletal remains have crania
associated with them, and overall, the material is rather fragmented with very few
intact long bones (Pietrusewsky, 1990). Only basic palaeopathology was described in
the published report on the remains, including observations of osteoarthritis in the
limbs and vertebrae, possible trauma and periostitis (Pietrusewsky, 1989b). It may be
that the considerable post-mortem damage described, suggested to be a result of
natural disturbances and exposure to periodic high tide water levels (Pietrusewsky,
1989b), has masked other evidence of pathology.

The remains excavated in 2008 are still in the process of being examined for signs of
skeletal pathology, including signs of infectious and degenerative diseases.
Examination of mandibular teeth from burial 8 have shown evidence of disturbed
development of the enamel, which suggested nutritional stress during childhood
(Anson et al., yet to be published). It is yet unclear as to whether they show the
skeletal signature of gout, but they would provide a good comparative sample if they
did.
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4.2.3 – SUBSISTENCE PATTERNS AND DIET

Samples of bone were extracted for stable isotope analysis from six of the eight burials
excavated at Watom in 1985, in order to try and determine the makeup of the
prehistoric diet. The analysis showed that diet was largely made up of land-based foods
(around 64%), but marine resources also played an important role, making up 36% of
the dietary components (Leach et al., 2000). Fish and land herbivores were the main
sources of protein for the diet those living at the Reber-Rakival site in the late-Lapita
era, but plant foods provided by far the most energy. Notably, C4 plants were present
in the diet of these people, implying that either sugar cane was being exploited, and/or
a herbivore which browsed on the C4 grasslands of Papua New Guinea (Leach et al.,
2000).

Arboriculture and horticulture are thought to have formed a major component of the
late-Lapita and immediately post-Lapita economy at the Reber-Rakival site (Lentfer
and Green, 2004). Stable isotope studies show that the food-energy in the diet was
largely comprised from plant sources (Leach et al., 2000). Evidence from phytolith
studies suggest that bananas (Eumusa and Australimusa sp.) were deliberately
cultivated, possibly as a small-scale house-garden horticulture but intensified later,
post-Lapita (Lentfer and Green, 2004). Other cultivars are more tentatively suggested
to be grown, but include cordylines, sugarcanes, Ficus copiosa, Canarium nut trees,
coconut, betel nut (Areca catechu), the fish-tail palm and several types of gingers.
These are known useful plants, which may well have been cultivated, but there is little
supportive evidence, because of the multiplicity and redundancy of phytoliths in plants
and the difficulties involved in positive identification of these species (Lentfer and
Green, 2004). Taro and yams are not observable through phytolith studies, and starch
analysis has not yet been undertaken (Lentfer and Green, 2004), however the relatively
high estimates for the contribution of C3 plants to diet from the isotope analysis,
suggest that these root crops were present (Leach et al., 2000).
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Stable isotope analyses revealed that approximately 11% of the diet was comprised of
meat from land herbivores, including birds, fruit bats and domestic pig (Leach et al.,
2000). Faunal analyses have revealed probable animal husbandry involving pigs. It has
been suggested that horticultural practices would have been required in order to
sustain the pigs since the island is small and lacking in appropriate resources to
maintain the number of pigs observed in archaeological contexts (Smith, 2000).

Pigs may also have been transported to the island; data from strontium isotope
(⁸⁷Sr/⁸⁶Sr), oxygen isotope (δ¹⁸O) and Ba/Sr trace element analysis carried out on tooth
enamel samples from human and pig skeletal remains (six burial teeth, nine non-burial
teeth and six pig’s teeth) excavated from the site, showed that the pigs had a different
distribution of relative strontium and oxygen isotope ratios. This suggests that the pigs
were either consuming a slightly more varied diet than the humans, or that they had
been raised in a different island with a distinctly different geological environment,
then transported to Watom after initial tooth development (Shaw et al., 2010). This
suggests that exchange systems may have contributed to the subsistence on the island
of Watom during the Lapita occupation.

As indicated by the stable isotope analysis (Leach et al., 2000), marine resources were
also exploited and made up a reasonably large portion of the diet (36%).
Archaeozoological studies of the fish bone indicates that fishing practices favoured
inshore fishing, with a large percentage of the assemblage being made up of
parrotfishes (Scaridae), however there was evidence for baited hook, non-reef fishing
with the presence of sea bream, sea basses, snapper and a shark (Green and Anson,
2000). The higher proportion of inshore fish species suggests that the reef may have
provided sufficient quantities, so that pelagic fishing was largely unnecessary. This
trend is seen in most Lapita sites studied thus far (Leach et al., 2000). Shellfish
resources from the reef were also exploited.

Thus, the diet of the Lapita people who dwelled at the site was quite generalised,
exploiting many of the resources available to them – both of terrestrial and marine
origin, as well as domesticated and non-domesticated.
79

4.3 – CASE STUDY: TEOUMA
4.3.1 – THE SITE OF TEOUMA

Teouma is located on the island of Efate, which is in the Republic of Vanuatu. It is a
high island with 899.5 square kilometres of land area. The island is volcanic and
limestone (raised reef) in origin. Much of the island is fringed by a reef, which
harbours a wide variety of marine life. This has been an important part of subsistence
on the island from the time the Lapita people first arrived, until modern times
(Bedford et al., 2006). The climate on the island is tropical, which means that there is
little seasonality affecting the growing of crops.
The site itself is located about 800 metres from the sea on the edge of an upraised
former beach terrace and reef about 8 metres above current sea level and is set
amongst a decaying coconut plantation. It is on the northeast side of Teouma Bay,
adjacent to a tributary of the Teouma River (Bedford et al., 2006). At the time of Lapita
settlement, the site would have been located on a low promontory bounded by the sea
on its western side, the small stream on its northern side and uplifted limestone cliffs
extending several hundred metres to the east and south east. Subsequent to the Lapita
occupation, uplift and massive infilling of the shallow end of the Bay with alluvial
deposits transported down the Teouma River over a 3000 year period has effectively
shifted the site to its current, higher inland location (Buckley, 2007).

Six excavation seasons from 2004-2010 have been carried out on site (Valentin et al.,
2011), and have yielded much information about the Lapita people. The site represents
one of the largest skeletal assemblages yet excavated from a Lapita-associated site: a
total of 68 burial features were identified, with a preliminary sum of 91 individuals
represented (Valentin et al., 2011). Identifiable activity areas, the cemetery, complete
pots linked with burial practice, midden dumping areas and occupational deposits
have been uncovered through excavation. Comparative analysis of some of the pots
have confirmed the early age of this site by providing stylistic evidence of link to other
early Lapita sites in the Bismarck Archipelago (Bedford et al., 2006). Radiocarbon
dating of a chicken bone recovered from the same context as the burials discussed
below yielded a date of 3240-2950 cal BP (Storey et al., 2010).
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Deposits associated with later occupation of the site, namely material associated with
the Erueti phase dating somewhere in the period 2800-2500 BP, overlie this Lapita
material, indicating that the site was not abandoned completely post-Lapita. A layer of
midden up to 50 cm in depth separates the Lapita material from that of the later Erueti
phase. This shows that the site as a principal burial area during the initial phase of
settlement of the island may possibly have been forgotten. The site shows no signs of
occupation or use after 2500 BP; a tephra-rich soil linked to volcanic activity on Nguna
Island at around 2300 BP seals off these earlier deposits, and no cultural deposits are
found on top of this. The site came back in use around 100 years ago, when it was
developed into a coconut plantation (Bedford et al., 2006).

4.3.2 – THE SKELETAL ASSEMBLAGE

During excavations carried out at the site, 91 individuals (Valentin et al., 2011), at least
59 of which were adults, associated with the Lapita cultural complex were uncovered
(Bedford et al., 2009). This assemblage is thus one of the largest of this antiquity yet
discovered and studied in the Pacific, making it
highly significant in terms of our understanding
of the Lapita people.

The burials were found across much of the site,
mostly in gaps in the reef and coral boulders at
the edge of the uplifted reed on the upper part of
the beach (Bedford et al., 2006). Shallow grave
pits were dug into the underlying tephra
deposits. There are a wide variety of burial
positions, but most are laid out in a supine
position (around 75%), often with arms parallel
to the body, with hips and knees flexed or even
hyperflexed (Valentin et al., 2011).

Figure 4.3 - Burials at Teouma,
including a skull in a pottery vessel
(image from Bedford et al., 2006).
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None of the burials have skulls in articulation (Figure 4.3) – the skulls and sometimes
other bones appear to have been removed sometime after interment, indicated by the
presence of loose teeth in the area where the skull should have been. The skulls had
been replaced, in some cases, by Conus shell rings and less often, by flat coral slabs.
Highly decorated pottery has been found in association with many of the burials
(Bedford et al., 2006).

Gouty lesions were identified in 7 of the 20 adults with limb bones and extremities
present, in the material excavated in the 2004 and 2005 seasons (Buckley, 2007) – this
amounts to a prevalence of around 35% within this sample. Further studies of the
complete assemblage have found that high levels of degenerative joint disease and
evidence of erosive arthropathy consistent with gout is also present in material
excavated in later seasons (Bedford et al., 2009).

The geographic origin of 17 of the individuals excavated in the 2004-2007 seasons, was
investigated through the analysis of the isotopes of strontium (⁸⁷Sr/⁸⁶Sr), oxygen
(δ¹⁸O) and carbon (δ¹³C) from tooth enamel (Bentley et al., 2007). Strontium, oxygen
and carbon isotopes are considered valuable for exploring prehistoric human and
animal mobility because of the geographic variability in these elements, as a result of
variation in geologic composition of landmasses and climate. The samples largely
clustered together, but there were four outliers, which have been suggested to
represent either the first colonisers, or else voyagers between communities (Bentley et
al., 2007). Either situation is possible as it is clear that links were maintained between
populations in these early phases of Lapita colonisation as is evident through the
distribution of foreign sourced obsidian throughout the region (Bedford et al., 2009).

4.3.3 – SUBSISTENCE PATTERNS AND DIET

It is unclear how much the Lapita diet differed from the modern traditional Pacific
Island diet, which is thought to be more or less ubiquitous across the Pacific, with a
little variation related to the cultural preferences and the climate and altitude and
other such things. The Pacific diet has largely been based on root-horticultural crops
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such as the yam, taro and sweet potato, as well as arboricultural crops such as banana,
breadfruit and coconut. In addition to this are the domesticated animals, such as the
chicken and pig, as well as the commensal rat. Coastal resources of fish and shellfish
also traditionally play an important role, with many of the islands being fringed by
coral reefs, providing ample opportunity for exploitation.

Early efforts to archaeologically model a Lapita subsistence pattern took a
dichotomous direction. Emphasis was either put on coastal resources with little or no
horticultural component, or the Lapita as “agriculturalists”, colonising the Pacific with
a “transportable landscape” consisting of a range of domestic and commensal animals
and cultivated plants which travelled with them throughout the Pacific (Valentin et al.,
2010b). Presence of agricultural soil horizons and phytoliths associated with cultivated
plant species supports the idea that horticultural production played a role in the diet of
the Lapita people (Kirch, 2000), however, archaeobotanical evidence tends to
correspond to a slightly later phase of settlement. It is unclear how much of a
contribution horticulture would have had during the initial colonisation phase
(Valentin et al., 2010b).

Valentin et al. (2010b) undertook isotopic analysis of 28 tooth enamel samples (23
human samples and 5 animal samples) in an attempt to elucidate the subsistence
strategies and food consumption practices of the Lapita people of Teouma. Stable
isotope ratios of nitrogen (δ¹⁵N) and carbon (δ¹³C) can provide data which allow a
distinction to be made between the consumption of foods from aquatic and terrestrial
ecosystems, as well as the relative importance of plant and animal products in the diet.
The isotopic data attained from the skeletal remains was interpreted in combination
with isotopic information from several coastal and insular environments in order to
determine the constituents of the Lapita diet at Teouma (Valentin et al., 2010b). The
results of this study suggested that the diet was primarily made up of terrestrially
derived animal protein, with some contribution from vegetable produce and inshore
marine species. Isotopic data cannot establish whether this dietary protein
contribution was obtained from indigenous terrestrial fauna, or the consumption of
introduced animals. The mass extinctions that took place immediately after the arrival
of Lapita to previously unoccupied islands, however, supports the idea that
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exploitation of more than just farmed and gardened products took place (Valentin et
al., 2010b).

The stable isotope analysis did not suggest significant vegetable consumption, which
suggests that if the Teouma community had developed horticultural practices during
this initial colonisation phase, the produce was not a major contributor to the diet of
those individuals buried at the cemetery. It should be noted, though, that the apparent
level of C3 plant consumption could be understated because of the lower protein
content of vegetable products compared to animal products, thus their actual
contribution to diet could be higher than is reflected in the isotopic composition of the
human bone collagen tested (Valentin et al., 2010b). Given that a high frequency of
dental caries and periodontal disease is observed in the Teouma dentition (Buckley et
al., 2008), and the frequent association between poor dental health and a high
carbohydrate diet, plant products may have contributed more to the diet than is
suggested by the raw stable isotope analyses (Valentin et al., 2010b). A high
carbohydrate diet would have had high levels of fructose, which has been associated
with gout risk (Choi and Curhan, 2008), which might explain why there is a high
frequency of gout observed in the skeletal assemblage from this site.

The faunal material associated with Lapita is currently under study, but includes
marine shellfish representing an array of different species, reef fish, terrestrial animals
such as pig (Sus scrofa), rat (Rattus exulans), bat (Notopteris macdonaldi) and a range
of birds including chicken (Gallus gallus), and extinct tortoise (Valentin et al., 2010b).
Buckley suggested that the importance of marine resources in the diet of the Teoumadwelling Lapita people would have provided sufficient purine-rich foods to lead to the
onset of acute attacks of gout in already hyperuricaemic individuals (2007). However,
it could be that a high intake of animal protein, in general, contributed to a high rate
of gout amongst these people; like sea foods, meat from terrestrial animals is also a
source of purines (Lee et al., 2006). As the cemetery population of Teouma is thought
to represent the first generation of colonists on the island of Efate, and given that the
development of proper gardens would have taken some time to develop, it stands to
reason that a diet high in animal protein was probably consumed. This is supported by
both isotopic evidence and the archaeological record, which reflects a wide
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exploitation of marine and terrestrial animals, consisting of a high proportion of
inshore fish species as well as both endemic and introduced terrestrial species.

4.4 – CASE STUDY: ‘ATELE, TONGATAPU, KINGDOM OF TONGA
4.4.1 – THE ‘ATELE SITE

The ‘Atele site is located on the island of Tongatapu, in the Tongan archipelago. The
island is continental, with rich and fertile soils, comprised of volcanic ash layers mixed
with decaying limestone which has produced this fertility (Poulsen, 1987). While
freshwater sources are scarce in Tonga, on Tongatapu, there are several open-air pools
and some cave pools (Poulsen, 1987).

A major feature of the island is the extensive Fanga ‘Uta Lagoon, which occupies most
of the central part of the island. Today, this body of water is brackish and fringed with
a thick growth of mangrove (Burley et al., 2001), harbouring an abundance of shellfish
(Buckley, 2001). The abundant presence of both Lapita and Plainware shell midden
sites in the region suggests the lagoon played an important role in subsistence in the
initial settlement phase (Burley et al., 2001).

In 1964, Janet Davidson conducted the excavation of two burial mounds from the
‘Atele region around the lagoon (Davidson, 1969). These mounds were both situated in
the grounds of the Tonga College and were 200 metres apart. The remains of 99
individuals were excavated from these mounds (Pietrusewsky, 1969).

Evidence for post-holes was observed during the excavation of the mounds, which
suggests that the burials may have been interred under house floors, or else, at some
time post-deposition, house structures were built directly on top of the burials. There
is little evidence to indicate which of these scenarios is more likely (Davidson, 1969).
The modern inhabitants of this region have no oral tradition concerning the origins of
these particular mounds (Davidson, 1969). Radiocarbon dates obtained from other
sites on Tongatapu, suggest that Lapita colonisation of the archipelago was achieved
no later than 1200 BC (Buckley, 2001), but radiocarbon dates from the human material
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or materials associated with the burials are not available (Katayama, 1998). Buckley
suggests that the ‘Atele burial mounds were in use a little later than the occupation
sites at Pea and Ha’ateiho (Buckley, 2001), both of which have been associated with the
Lapita cultural complex (Burley et al., 2001).

4.4.2 – THE SKELETAL ASSEMBLAGE

The remains of 99 individuals were recovered from the burial mounds at ‘Atele
(Pietrusewsky, 1969); 42 of which were from Mound 1 and 52 were from Mound 2,
which was the larger of the two mounds (Buckley, 2001). The purpose of the excavation
was not to recover human skeletal material, rather to explore the stratigraphy of the
burial mound, so the excavation strategy was not designed for the optimal recovery of
the burials. Thus samples are less than ideal for skeletal analysis – in most cases only
half of each skeleton was recovered (Buckley, 2001).
Of the 99 individuals, 59 were adult and 40 subadults; 26 of these individuals (8 adults,
19 subadults) have undergone intensive analysis for signs of infectious disease and
patterns of skeletal involvement (Buckley, 2001). Other skeletal elements present in the
sample were also examined for signs of pathology. A previous report on the remains
(Pietrusewsky, 1969) did not describe skeletal pathology in any great depth.
Extravertebral osteolytic lesions, perhaps associated with gout or rheumatoid arthritis
were observed in a few individuals from both of the Tongan mounds: notably burials 21
and 22b from Mound 2 were observed to have lytic lesions of the metatarsals (Buckley,
2001).

4.4.3 – SUBSISTENCE PATTERNS AND DIET

Archaeological excavations on midden sites from the Lapita period, at the base of the
inner lagoon, were carried out in the early 1960s. Shellfish from the lagoon constituted
a substantial portion of the remains from the middens. No systematic faunal analysis
has been carried out on material excavated from Tongatapu (Poulsen, 1987), but
observations of the predominant species show that, as on other islands, the early
Tongans relied on the exploitation of molluscs, turtle and fish from the lagoon and the
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coral reef surrounding the island (Spennemann, 1987a). Of the fish, reef and shallow
water species predominated (Poulsen, 1987).

Most of the Lapita domesticate species can be observed in archaeological sites in
Tonga, with the notable absence of the dog. There is evidence for chicken at
Tongatapu from the earliest sites onwards, definitive evidence for pigs by the middle
period of the ceramic sequence, but it was probably present in the earlier periods also
(Poulsen, 1987), but evidence for the presence of dog at any stage is ambiguous (Burley,
1998).

By the first centuries AD, pottery production had dropped off, and subsistence
patterns changed subtly (Spennemann, 1987a). Mollusc species (especially Anadara
antiquata, Gafrarium tumidum and Gafrarium gibbosium) had initially predominated
the middens, but reductions in salinity and declining sea levels, in combination with
human impact on these shellfish populations resulted in diminished returns, in terms
of both quality and quantity (Dalzell, 1998). This led to a down-regulation in maritime
resource exploitation (Burley, 1998), and an increase in horticulture and domestic
animal breeding (Dalzell, 1998). With this shift in subsistence, came differential land
use, with many settlements moving to the interior of the island, probably to where the
gardens were located (Spennemann, 1987a). Davidson (1969) concluded that the ‘Atele
mounds and surrounding area were used primarily for burial and cultivation while the
nearby Pea and Ha’ateiho areas were the main habitation areas.

It is not known whether foraging or agriculture dominated in the economy of the sites
Poulsen excavated (Poulsen, 1987). It is evident that exploitation of terrestrial and
probably also marine resources supplemented horticultural and agrarian production
systems, as within the first three centuries of settlement, no fewer than 14 species of
Tongan birds had been driven to extinction (Burley, 1998).

Despite there being no permanent sources of water, dryland agricultural systems were
developed. Agriculture was so successful that it has been estimated that the island was
very densely populated not long after initial colonisation (Kirch, 1984). The intense
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land usage and consequent competition over land is believed to have resulted in the
rise of social complexity and chiefdoms (Buckley, 2001).

4.5 – CASE STUDY: WAIRAU BAR, NEW ZEALAND
4.5.1 – THE WAIRAU BAR SITE

Located in the northeast of the South Island of New Zealand, Wairau Bar is arguably
“the most important Archaic site yet discovered” (Golson, 1959). This site is one of the
oldest archaeological sites yet discovered in New Zealand, with radiocarbon dates
indicating occupation towards the end of the 13th century (Buckley et al., 2010; Higham
et al., 1999).
It is situated on a boulder bank which makes up a narrow strip of land, bounded on
one side by the Pacific Ocean and the other lagoon and swamp land, and to the north,
the Wairau River.

The archaeological significance of the site was originally based on the urupa (burials)
with lavish grave goods, some of which are indistinguishable from Eastern Polynesian
assemblages (Duff, 1977), which suggests that this site might be representative of one
of the earliest phases of settlement in New Zealand. This idea that Wairau Bar may
have be a site of the initial colonisation era is supported by the relatively early
radiocarbon dates of the site (Higham et al., 1999).

The site was discovered in 1939, by Jim Eyles, a primary school pupil at the time, who
stumbled across a perforated moa egg as well as the first burial from the site, complete
with a reel necklace and a sperm whale tooth pendant. In 1942, Eyles excavated a
second burial, under supervision of Roger Duff, an ethnologist at Canterbury Museum.
A further five burials were excavated the same year (Figure 4.4). Follow up excavations,
with a greater emphasis on understanding stratigraphy and layout of the site,
continued in the 1956 and 1959 by Duff. More burials were discovered, with similarly
lavish grave goods (Duff, 1977). The excavations at the site in 1963-4 by Owen Wilkes
signalled the last at the site until the 2009 field season. There was midden refuse,
including moa bones, and rake out from earth ovens, scattered throughout the area
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Figure 4.4 - Layout of burials from 'Group 1' at Wairau Bar (from Eyles, 2007:87, via
Buckley et al., 2010)

where the burials were being revealed (Duff, 1977)– some of this material was
handpicked for faunal analysis (Scofield et al., 2003).

Ultimately 42 individuals were excavated during these excavations, and the remains
were held for many years by the Canterbury Museum. In 2009, these remains were
reinterred at Wairau Bar, after in depth skeletal analysis carried out by researchers at
the University of Otago (Buckley et al., 2010). Samples of bone were taken for genetic
and isotopic testing at the request of the Rangitane iwi.

Radiocarbon dates obtained in the 1990s, indicated that the site was only inhabited for
a very brief time – from about 1288 -1300 AD (Higham et al., 1999). However, more
recently obtained data from the direct dating of the human remains, indicate that the
chronology is perhaps more complex than previously thought. Radiocarbon analyses
have indicated that there were a minimum of two different burial ages (cal 1250 AD
and 1420 AD), which suggests the continual use of the burial ground (F. Petchey,
unpublished data). The excavations carried out in 2009 were undertaken to better
understand the stratigraphy and the range of activities being carried out on site.
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Archaeological methods have progressed a lot since the last excavations in 1964, so
thus it is hoped that our understanding of life at Wairau Bar might be advanced
significantly through the most recent archaeological endeavours at the site. Cooking
areas, working floors, middens and structures have come to light. Analysis of material
excavated in 2009 is still being undertaken.

4.5.2 – THE SKELETAL ASSEMBLAGE

The human skeletal remains excavated from Wairau Bar represent the largest single
assemblage so far excavated in New Zealand, with the 42 individuals represented.
These individuals were reinterred in 2009, but prior to this underwent in depth
examination (Buckley et al., 2010; Houghton, 1975). This included age and sex
estimations and observations of palaeopathology. Facial approximations were also
made of a number of these individuals (Hayes et al., 2011)(Figure 4.5).

Houghton commented that the soil conditions at Wairau Bar were unfavourable for
the preservation of bone, which meant that the remains were fragmentary and
incomplete (1975), an assessment which is confirmed by the assertion that the remains
were in “variable but generally poor” condition
(Buckley et al.,

2010).

Haphazard

excavation

methods in the early years may also have poorly
influenced the bones. Duff’s account of excavations
in 1943 mention the use of a plough to speed the
exploration of the excavation area, and mandible
fragments were found in a furrow, indicating that
there was likely to be a burial (Duff, 1977).

The most recent age estimations carried out on the
material indicate that within the 42 individuals,
there were 41 adults and 1 subadult. It is suggested

Figure 4.5 - Facial reconstruction of

that the lack of infants and children are a result of Burial 2.1 (Hayes et al., 2011)
an excavation or recovery bias (Buckley et al., 2010)
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as one would expect there would be a higher proportion of subadults within a sample
this size. It is also possible that infants and children were buried elsewhere. There are
more females (21) than males (15) in the sample.

Some of the individuals showed signs of stress, perhaps as a result of malnutrition or
persistent infection, during development, with the presence of developmental defects
of enamels (DDE), including enamel hyperplasia, in over 70% of individuals (Buckley
et al., 2010).
As well as indicators of stress, there were signs of specific diseases within the sample.
Most notably for this study, erosive arthropathies were observed in the hands and/or
feet of 6 individuals (burials 2.1, 2.2, 3, 4, 5 and 6), in a pattern and type of bone change
that is consistent with gout (Buckley et al., 2010).

4.5.3 – SUBSISTENCE PATTERNS AND DIET

In depth analysis on diet and subsistence at Wairau Bar has not yet been completed,
however such studies are underway. Faunal analysis on material excavated in the 2009
field season currently being undertaken and stable isotope analysis on the human
skeletal material pending (Buckley et al., 2010). These studies will contribute vastly to
our understanding of subsistence patterns at Wairau Bar.

What is clear from previous studies, however, is that the people at Wairau Bar were
exploiting a wide range of resources - both terrestrial and marine– and a huge array of
different species represented in the midden which has been analysed from the site
(Scofield et al., 2003). Duff, himself, suggested that the site was ideally located for the
exploitation of a large number of different species, with the proximity of both the
marine resources of the sea and lagoon, the eeling possibilities of the river, as well as
access to terrestrial resources on the main land (1977). The findings of faunal analyses
of material recovered in both Duff’s 1950s excavations and Trotter’s 1970s excavations,
have supported this, showing that the people of Wairau Bar, foraged and hunted in the
close by wetlands and also utilised coastal resources, exploiting almost all aspects of
the environment surrounding the site (Scofield et al., 2003).
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Over 55 species of bird are represented in the middens recovered from Wairau Bar,
including vast quantities of moa (Scofield et al., 2003). Large amounts of dog bone
were also present, which indicates that dogs were an important food source (Scofield
et al., 2003); it is possible that they were being farmed for consumption (J. Spinks, pers.
com). Fish species, shellfish and marine mammals including elephant seals, sea lions
and fur seals were also represented in the samples. Interestingly the fish species
present in the midden are limited to only a few species (J. Spinks, pers. com.)

There is no indication of horticulture at the site, but this does not rule out that it was
taking place. Since the site is located on a boulder bank, it is unlikely that any
horticultural endeavours were ever attempted on the Bar, but it is possible that
cultivation was carried out on the main land. There is currently no evidence with
regards to this. It might very well be possible that with the abundance of faunal species
available for exploitation when the East Polynesians first arrived in New Zealand, that
horticultural production was not required as a subsistence method. There is evidence
to suggest that horticultural production in other prehistoric sites in the South Island
was low intensity, or entirely absent, which is likely to relate to the climate.
Experimental cultivation of varieties of kumara which are thought to pre-date
European contact has found that climatic factors would not have inhibited kumara
production in the Cook Strait region. However, its utility as a carbohydrate source out
of harvest season was severely limited by the considerable amount of tuber loss due to
rot, during storage between harvest and planting (Burtenshaw et al., 2003).

The cemetery population at Wairau Bar is considered to be another archaeological
colonising population (Buckley et al., 2010). As suggested at Teouma, the consumption
of animal protein might have been heightened; certainly, being a virgin land where
there had been no previous human presence, there would have been ample fauna to
sustain a population during initial colonisation. It likely took some time for the
colonisers to establish which native flora was edible and how to prepare it, or establish
horticultural production systems (if they did indeed ever establish horticulture at
Wairau Bar – something which remains unclear), so it is conceivable that during this
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early period, there may have been a reliance on subsistence patterns based on faunal
exploitation.

4.6 – SUMMARY OF PROPOSED SKELETAL ASSEMBLAGES
4.6.1 – THE SKELETAL ASSEMBLAGES
The 15 individuals from the Reber-Rakival site on Watom Island, the 59 adult
individuals from Teouma, Vanuatu, the 59 adults from the ‘Atele site in Tonga and the
42 individuals from Wairau Bar, New Zealand, contribute a reasonable sized sample
from these localities. Within these assemblages, individuals showing the skeletal
manifestations of gout are of the most interest, as they are the most likely to possess
the genetic variants which have been associated with gout.

Human remains which do not possess bony lesions indicative of probable gout
pathology are still useful for this study, as even if these gouty lesions cannot be
identified, it may still be possible to identify polymorphisms which have previously
been found to contribute to risk of developing the disease. Some of these individuals
could have suffered from gout, but it may not have been diagnosed in the skeletal
remains because of the incomplete recovery of some individuals or because of damage
to external surfaces of the bone via taphonomic processes masking the characteristic
lesions. The material recovered from Reber-Rakival, Watom Island may fall into the
latter category - periodic exposure to high tide water levels has left the bones in rather
poor condition (Pietrusewsky, 1989b) - although gout may simply have not been a
common disease in this particular population.

4.6.2 – SUBSISTENCE PATTERNS AND DIET
Subsistence and diet has been discussed above because of its influence on human
health. As discussed in Chapter 1, high dietary intake of fructose and purines can lead

93

to an increase in serum uric acid concentrations (Choi and Curhan, 2008; Schlesinger,
2005), which in turn, may affect the likelihood of developing gout.

On a broad level, similar types of resources were being accessed by each of the
populations. Inshore marine resources were depended upon at all sites, which is not
surprising given the proximity of such resources. Similarly, indigenous terrestrial
animals were opportunistically exploited, on top of the intentional farming of animals
(ie. pigs at Reber-Ravikal, pigs and chickens at Teouma and ‘Atele, and dogs at Wairau
Bar).

Horticultural production contributed to subsistence at ‘Atele, and Reber-Rakival and
Teouma, although archaeobotanical evidence at Teouma is thought to correspond to a
slightly later phase of settlement than that of the burials (Valentin et al., 2010b). There
is no evidence for horticultural production at Wairau Bar, at present.

It is perhaps interesting to note that the human remains recovered from Teouma and
Wairau Bar are thought to be the primary colonisers of the islands (Buckley et al., 2010;
Valentin et al., 2010b). This probably impacted the diet of these peoples. As the
development of horticultural systems in these new colonised lands would have taken
some time, and material recovered from oven middens from both of these localities
show that a wide range of endemic wildlife were exploited probably for nutritional
purposes (Scofield et al., 2003; Valentin et al., 2010b), it is likely that a diet high in
animal protein was consumed. Isotopic analysis of human remains from Teouma
support this assumption (Valentin et al., 2010b). Given that meats are considered
purine-rich (Schlesinger, 2005), the diets of these earliest colonisers might have
contributed to development of gout in a population which may already have been
genetically predisposed.

4.7 – ACTUAL SAMPLES
Given the time constraints of this project, the only samples which were actually
available for testing were samples from Wairau Bar, New Zealand and Atafu, Tokelau.
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Clearly, the Wairau Bar was discussed earlier in this chapter. This sample comprises
human remains dating back to the earliest phase of colonisation in New Zealand.
These were excavated between 1939 and 1964, and were curated by Canterbury
Museum until 2009, at which time they were repatriated to the local Rangitane iwi and
subsequently reburied.
Burial 2.1 was used for the genetic testing described in the following chapter. This
individual was an old male, who possessed osteoclastic lesions indicative of probable
gout, which made him ideal for this study. Dates of cal 1220-1300 AD were acquired by
the direct dating of radiocarbon from bone material sourced from Burial 2.1 (F.
Petchey, unpublished data). Interestingly, these dates are slightly older than those
acquired for the site as a whole (Higham et al., 1999). This is probably because the
most recent radiocarbon dates indicate a longer period of site use than previously
assumed (F. Petchey, unpublished data).

In some ways, aDNA samples from New Zealand are a good place to start in terms of
determining whether the methods are going to work or not. As New Zealand has a
smaller time-depth than most other Pacific Islands, and is located in a temperate zone,
DNA may be more likely to survive. While ancient sequences have been recently
obtained from archaic hominins and other extinct Pleistocene species (Chapter 2), the
environments which the skeletal remains have been residing since the end of their
biological lives are vastly different from the environments seen in the Pacific.
Given that the Pacific is considered to have a tropical climate, excepting New Zealand
which is in a temperate zone, the temperatures and humidity experienced by the
remains may not be optimal for DNA conservation despite their relatively young age.
Tropical environments have been deemed bad for the long survival of DNA, while the
colder and less humid conditions in New Zealand, are likely to be more suited to the
continued existence of DNA, long after the demise of the individual.
However, one disadvantage of the Wairau Bar assemblage is that it was curated in a
museum collection for many years prior to its repatriation in 2009, thus there could be
considerable contamination from all of those who have handled the bones over the
years.
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In contrast, the samples from Atafu, Tokelau, were only excavated in 2008, thus have
not been housed or curated in a museum. There has been little analysis carried out on
material recovered from these excavations, unlike the material from Wairau Bar, so in
depth description of the material and the context was not possible at the time of
writing this thesis. The Tokelauan samples themselves were loose human teeth, which
were not found in the context of a human burial. They are also not thought to be very
old, as although radiocarbon dates are not available specifically for this material, the
oldest calibrated age for people on Atafu is 660-540 BP (Petchey et al., 2010).
This has implications for the DNA that may be recovered. There is less likely to be
contamination resulting from many years of human handling of the samples, and the
relatively young age of the skeletal remains might mean that the DNA could perhaps
be more intact, despite the relatively tropical conditions of Tokelau.

Since the aim of this thesis is to assess the feasibility of exploring questions about the
genetics of gout in prehistoric populations using ancient DNA, the samples that are
available are suitable for exploring this. While it would be interesting to use a wider
range of samples such as those described in the previous sections of this chapter to get
an idea what was going on in the prehistoric Pacific in terms of gout polymorphisms, it
needs to first be ascertained that the methods work before expanding out into a wider
range of samples.
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Chapter 5 :

GENETIC TESTING

To determine whether gout-associated polymorphisms are present in DNA recovered
from archaeological human remains from Atafu, Tokelau, and Wairau Bar, New
Zealand (discussed in more detail in Chapter 4), the methods described below were
used. Given time constraints, the samples tested were few in number: one sample from
each Atafu (burial 67) and Wairau Bar (burial 2.1) underwent testing. The markers
being targeted include the polymorphisms rs6890979, rs5026642 and rs11942223
located in the gene SLC2A9, and rs2231142 located in the gene ABCG2, which have been
previously identified to be associated with gout in cohorts of Pacific Islanders (HollisMoffatt et al., 2009; Phipps-Green et al., 2010). A general overview of the laboratory
methods used is given in Figure 5.1.

5.1 – LABORATORY METHODS

The DNA extraction and the 454 library preparation were carried out in a designated
ancient DNA lab, which was spatially separated from any modern DNA lab. A number
of precautions to limit chance of contamination were taken. Protective clothing was
worn – hooded coveralls were worn over ancient DNA lab dedicated clothes (ie clothes
which are kept in the holding room adjacent to the ancient DNA lab, which are
donned prior to entry of the laboratory); hairnets, facemasks and face shields were
worn; two pairs of gloves were worn at all times to limit skin exposure between glove
changes whilst in the lab; designated footwear were worn in both the transitional
holding room and the lab to prevent the transfer of foreign DNA into the lab.
PCR steps and the nuclear capture were carried out in a modern DNA laboratory,
which was spatially separated from the ancient DNA laboratory.

5.1.1 – DNA EXTRACTION

An extraction protocol based on that outlined by Rohland and Hofreiter (2007) was
followed. In a fume hood, the tooth samples were ground using a sterile mortar and
pestle to powder, to obtain less that 250 mg of finely ground sample. This material was
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Figure 5.1 -Overview of laboratory methods
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transferred to a sterile 50 mL falcon tube. Multiple samples were prepared in such a
manner and there was minor variation between the quantities of powdered sample.
Between the preparations of each sample, the surfaces inside the fume hood were
cleaned with ethanol, and fresh tin-foil to work on was laid out and a clean mortar and
pestle was used.

The ground tooth samples were digested in the falcon tubes with 50 mL of a digestion
buffer consisting of 0.45 M EDTA (pH 8.0) and 0.25 mg/mL Proteinase K, sealed with
Parafilm and incubated overnight in dark conditions at room temperature.
The following day, the samples were then spun in a centrifuge for 2 minutes at 4000
rpm. The resulting supernatants from each of the samples were transferred to clean
falcon tubes. To these, 2.5 mL of binding buffer with 100 μL silica suspension was
added, after which the tubes were sealed and incubated on a rocker for 3 hours at room
temperature in dark conditions.

The falcon tubes were then centrifuged for 2 minutes at 4000 rpm and the resulting
supernatant discarded. The silica pellet was resuspended in 1 mL of binding buffer, and
the suspension was then transferred to a 1.5 mL micro-centrifuge tube. The sample was
spun for 10 seconds, and the supernatant discarded. The pellet was resuspended in 1
mL of binding buffer and respun in the centrifuge for 10 seconds. Again the
supernatant was discarded. The pellet was resuspended in 1 mL of wash buffer,
centrifuged and then had the supernatant discarded. This washing step was repeated,
after which the pellet was left to dry at room temperature for around 15 minutes.

After drying, the silica was resuspended in 50 μL 1 x TE buffer, and then eluted for 10
minutes at room temperature. After this, the suspension was spun for 1 minute, after
which the extract was transferred to a siliconised tube. This elution step was repeated.

5.1.2 – 454-SEQUENCING LIBRARY PREPARATION

The protocol for this part of the method was essentially the same as that outlined by
Knapp et al. (2012), but is described in detail in this section.
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Given that the raw ancient DNA extract contains many oddly broken bits and pieces
of DNA, some of which have overhanging single-stranded ends, the first stage of
library preparation involved blunt-ending the DNA fragments in preparation for the
ligation of adaptors required for subsequent PCR and sequencing primer annealing.
This was achieved by treating 20 μL of DNA extract from each sample with 2 μL of 10
units/μL T4 polynucleotide kinase and 0.8 μL of 5 units/μL T4 DNA polymerase, in the
presence of 4 μL of 10 mM ATP (1 mM), 1.6 μL of 10 mM dNTPs (400μM) and 4 μL of
10x Buffer Tango. To each reaction, 7.6 μL of UltraPure water was added to make the
volume up to 40 μL. In a PCR machine, reaction mixtures were incubated for 15
minutes at 12˚C, then for a further 15 minutes at 25˚C.
The reaction mixture was pipetted from the PCR strip tube to the MinElute column,
along with 200 μL of PB buffer. The column was then centrifuged for one minute at
20,000 rpm, after which the liquid from the bottom of the column was discarded. 750
μL of PE buffer was then added to the top of the column, then spun through via
centrifugation. The sample was eluted in 20 μL of 0.1 x TE buffer + 0.05% Tween for 1
minute. This was spun through and collected in a 1.5 mL micro-centrifuge tube.

Volumes of 0.5 μL of each A and B adaptors (each with a concentration of 50 μM) were
added to the 20 μL of eluate; these adaptors were ligated to the DNA fragments using 1
μL of 10 mM T4 Ligase, in the presence of 4 μL of 10x T4 Ligase Buffer and 4 μL of 50%
PEG-4000 and made up to a volume of 40 μL using UltraPure water, during an
incubation period of 1 hour at 22˚C. The A adaptor contains a unique barcode sequence
which allows for the identity of the DNA molecules to be known after sequencing,
while the B adaptor has a biotin moiety attached. Following ligation, the DNA was
again purified using a Qiagen MinElute silica spin column according to the
manufacturer’s instructions, but two PE Buffer washing steps were performed, before
elution in 25 μL TE buffer (without Tween). The elution buffer was incubated on the
silica membrane for 5 minutes before spinning it through, to ensure maximum DNA
yield.

The DNA then was immobilised onto streptavidin beads through the biotin moiety
present on the B adaptor. This was achieved by incubating the adaptor ligated eluate
with 25 μL of MyOne C1 streptavidin beads, which had immediately prior to this by
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being washed with 100 μL of 2x BWT buffer twice and then eluted in 25 μL of 2x BWT
buffer. After an incubation period of 15 minutes at room temperature, the beads were
pelleted using a SPRI plate 96R (produced by Agencourt, cat. no. 000219) – a magnet
rack used in the streptavidin bead washing steps. A further wash of the bead-bound
DNA to remove unincorporated A adaptors was carried out – this consisted of 4 washes
with 100 μL of BW buffer, changing wells on the 96-well PCR plate after wash 1 and 3.

After the final wash was removed, the DNA fragments were subjected to a fill-in
reaction using 2 μL of 8 units/μL Bst Polymerase in the presence of 5 μL of 10x
Thermopol Buffer and 5 μL of 10 mM dNTPs, incubated at 37˚C for 20 minutes, to
generate intact DNA sequencing templates flanked by adaptors at both ends. The
beads were then pelleted with the magnet, and the supernatant discarded, and the
beads washed twice with 100 μL of 1x BWT buffer. The supernatant was removed, and
20 μL of 0.1x TE (without Tween) added to the beads, then incubated at 95˚C for 3
minutes. This effectively removed the non-biotinylated strand of DNA off the beads.
This material represents the final sequencing-ready DNA library, enriched in A-B
adapted fragments (the A-A fragments should fail to bind to the streptavidin beads, as
they do not have an attached biotin moiety, so, the earlier washing steps should have
removed these fragments, while the B-B fragments fail to be released from the beads,
so thus should be present in negligible amounts in the final library). Immediately after
incubation, the reaction was purified using a Qiagen MinElute silica spin column.

Quantitative PCR (qPCR) was carried out to determine the number of cycles for library
amplification. The qPCR preparation was carried out in the ancient laboratory, with a
reaction mix of 10 μL of 10x SYBR Master Mix, 0.4 μL of each ‘make454A’ and
‘make454B’ primers (at a concentration of 10 μM) and 1 μL of the final library sample,
made up to a volume of 20 μL with UltraPure water, which was sealed, and transported
to a modern DNA laboratory based in a separate building from the ancient DNA
laboratory, for the PCR reaction to be carried out.

The results of the qPCR informed on the number of cycles required before there was a
plateau in the number of molecules made, so that the remainder of the library
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preparation material could be amplified into an essentially immortal library, which
could be further manipulated in the modern laboratory.

5.1.3 – NUCLEAR CAPTURE
P RIMER D ESIGN

Primer3Plus is an online program which facilitates primer design (Untergasser et al.,
2007). The program tests the binding specificity, by determining properties such as the
melting temperature (Tm), the GC-content and self complementarity.

While initially, it was suggested that a similar method to that being employed for the
whole mitochondrial genome sequencing for other ancient samples also being
processed by the research group, and that the whole genes of interest could be
targeted, given that the genes of interest were considerably larger than a mitochondrial
genome (for instance, SLC2A9 is over 220 kb in length, compared with the human
mitochondrial genome which is around 16 kb), it was decided that shorter fragments
would be more practical to deal with.
Genomic sequences of around 1000 bp in length flanking the SNPs of interest were
obtained from the NCBI GenBank database (Benson et al., 2005). SLC2A9 had been
designated the accession number NG_011540.1, while DQ996467 was allocated to
ABCG2. These 1000 bp sequences were inserted into the primer design software, in
order for primers flanking the SNPs to be designed.

Primers for the target of a region of DNA around the SNPs of interest were constructed
for the four SNPs associated with gout discussed in Chapter 3. These are as follows.

SLC2A9

rs16890979
Forward primer sequence: 5’- GACTATTTCCACTCAAGTTTTCTTGTATTT -3’
Reverse primer sequence: 5’- AAGTTACATGGTTACCTAACAGCATAGAGTTT -3’
Product Size: 966 bp
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rs5028843
Forward primer sequence: 5’- ATCTGTACCTATAAAAGTGCTAATTTTACTCC -3’
Reverse primer sequence: 5’- ATTTTAGGAGATTTCAAGCTTAGAGAAAAC -3’
Product Size: 817 bp

rs11942223
Forward primer sequence: 5’- TTTTATAAATTTGTTTAAGTTCCTTCTAGACTC -3’
Reverse primer sequence: 5’- ATGTATTAATATTATTGTCCTCATTTTACAGAA -3’
Product Size: 840 bp

ABCG2

rs2231142
Forward primer sequence: 5’- ACTCATTATCATTATGTCTCATTAAAATGCTAT -3’
Reverse primer sequence: 5’- CCCACTGATTCTATATTATGATGAGTTGTAT -3’
Product Size: 834 bp

B AIT P RODUCTION

The first step of bait production involves the generation of long range PCR products
containing the SNPs of interest. A 25 μL reaction, containing 0.25 μL of 100 mM dNTPs,
0.5 μL of both forward and reverse primers (as described above) which were in solution
at a concentration of 20 μM, 1.5 μL of 50 mM MgCl2, 2.5 μL of Taq buffer and 0.25 μL of
5 units/μL Taq DNA Polymerase, 1 μL of modern DNA extract (sourced from Lisa
Matisoo-Smith), made up to 25 μL with UltraPure water, was run for 2 hours and
included 40 cycles at 50˚C. The PCR products were purified over a QiaQuick silica
column following the manufacturer’s instructions. The concentration of DNA was then
quantified using a NanoDrop spectrophotometer.

The total volume was made up to 100 μL with 0.1x TE Buffer, and sonicated for five
minutes, to produce DNA fragments of 150 to 850 bp long. Approximately 200 ng of the
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sonicated PCR product was visualised on a 2% agarose gel to ensure that the sonication
had been a success. The bait was then quantified and then pooled in equimolar
amounts. The products were biotinylated by ligating Bio-T/B adapter, then
immobilised on 5 μL of MyOne C1 streptavidin beads, which have been washed with
200μL of 1x BWT buffer and then 200 μL of TET buffer. The samples were incubated at
room temperature for 20 minutes to allow the biotinylated bait to bind to the
streptavidin-coated magnetic beads. The beads were washed a further two times with
200 μL of 50°C 1x BWT buffer after incubation, to remove unbound DNA, after which
the beads were resuspended in 50 μL of TET buffer and transferred to a clean PCR
tube, ready for capture of target DNA.
C APTURE

Prior to capture, amplification of the aDNA libraries is required; 2 μg of DNA is
required for the capture. Thus, qPCR is carried out on the 454 sequencing libraries to
determine how many cycles of PCR are required to optimally re-amplify the library,
then four 100 μL reactions of 1 μL of 5 units/μL Taq Gold, 1 μL of 100 mM dNTPs, 2 μL
of each ‘make454A’ and ‘make454B’ primers, 12 μL of 10x MgCl2 and 1 μL of template,
made up to 100 μL with 71 μL of UltraPure water, undergo PCR to produce the sample
for capture. The product is purified over a Qiagen MinElute silica spin column
according to the manufacturer’s instructions, with two PE washing steps. The sample is
eluted in 20 μL of 0.1x TE buffer (without Tween); the buffer is incubated on the
membrane for 5 minutes before spinning it through.

A volume of 0.5 μL of each forward and reverse blocking oligonucleotides for adaptors
A and B, 5.2 μL of 10x Agilent blocking agent and 26 μL of 2x Agilent hybridisation
buffer were all added to the 2 μg of indexed library DNA, after which the library
sample was denatured by heating for 3 minutes at 95˚C, then incubated for a further 30
minutes at 37˚C. During this time, the blocking oligonucleotides bind to the now
single stranded adapters which flank the ancient DNA fragments. This was to prevent
the adapters from inappropriately binding to other molecules. The sample was then
spun briefly prior to adding 52 μL of this hybridization mixture to the bait-coated
beads, from which the TET buffer had been removed. The mixture was attached to a
rotator and rotated slowly (12 rpm) at 65˚C in a hybridization oven for three days.
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To remove library molecules that did not hybridize to the bait, the magnetic beads
were collected with a magnet, the supernatant discarded and 3 washes with 200 μL of
1x BWT buffer were carried out. 200 μL of HWT buffer heated to 60˚C was then added
to the samples, and incubated at 60˚C for 2 minutes, after which the supernatant was
discarded. This was repeated, before a further wash with 200 μL of 1x BWT buffer, after
which 100 μL of TET buffer was added to the beads, and the resulting suspension was
transferred to a new tube. The wash with TET was repeated, the suspension transferred
to a new tube, and the supernatant discarded. The beads were then resuspended in 15
μL of 0.1x TE (no Tween) buffer, and heated to 95˚C for 3 minutes to shear the DNA
from the beads. The supernatant is the enriched library. This was removed by pelleting
the beads with a magnet and the library was removed to a fresh siliconised tube and
stored at -20˚C.

The enriched library was quantified through qPCR to determine whether the capture
had been successful.

5.1.4 – SEQUENCING

Sequencing was carried out by New Zealand Genomics Limited, based at the University
of Otago, on a 454/Roche Genome Sequencer FLX system. This sequencing platform
was discussed previously, in Chapter 2.

5.2 – SEQUENCE ANALYSIS METHODS

The raw sequences were aligned by Geneious bioinformatics software (Drummond et
al., 2011) against the gene reference sequence. The aligned sequences were then
checked by eye firstly for coverage of the targeted region, and then whether the SNPs
of interest were present.
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5.3 – RESULTS OF GENETIC TESTING
Very little DNA sequence was obtained from the ancient samples. The DNA capture
method was employed for the 4 SNPs on 2 human samples, including one individual
from Wairau Bar and one individual from Atafu. For most of the SNPs, there were no
reads, which suggests that the DNA was too degraded for these sequences of interest to
be retrieved. For the SLC2A9 SNP rs11942223, some reads were obtained (see Appendix
3: ). For the Wairau Bar individual, there were over 30 reads, covering nearly the
entirety of the target region. For the same SNP, for the Atafu individual tested, there
were also two short reads obtained, both in a similar location within the target region.
Comparison of the obtained reads from the ancient samples against the target
sequence (see Appendix 2) show that the reads contained many substitutions. This
might suggest that either the DNA was not of human origin and thus, represent
bacterial or fungal contamination in the ancient samples themselves, or, more likely,
that the sequences that were recovered are very common repetitive elements which are
present throughout the human genome with slight variations in nucleotide sequence.
Disappointingly there was no coverage of any of the SNPs that were being targeted, so
none of the sequence recovered could be considered informative.
When the sequences of individual reads are used as the basis for a BLAST search
against the NCBI human genomic database, it becomes clear that most of the reads
that were obtained are mostly just repetitive sequences of low complexity which are
found at many places throughout the human genome. For instance, the sequence of
read G4A166B01ASKUA (a read obtained from the Wairau Bar 2.1 sample for the
fragment containing the SLC2A9 SNP rs11942223) was BLASTed against the human
genomic database, there were 60492 hits, matching sequences from throughout the
genome, including sequences on chromosomes 1, 2, 3, 4, 5, 6, 7, 8, 9, 11, 12, 14, 15, 16, 18,
20, X, Y and probably others (see Appendix 2). Since it can also be aligned to within
the SLC2A9 gene, it is clearly a very common sequence
As such small quantities of sequence were obtained, it is evident that there was no
modern contamination of the samples. This suggests that the precautions taken,
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including the dedicated ancient lab, and the in-lab procedures which have been
adopted, have been effective in limiting laboratory-introduced contaminants.

Despite the disappointing result, the short fragment nuclear capture method shows
much promise in being able to target specific DNA sequences from ancient DNA 454
sequencing libraries prepared from archaeological bone or tooth samples. This method
allowed some nuclear sequence from the gene SLC2A9 to be obtained, however the
sequence that was obtained was not informative as it did not contain the SNP of
interest. The ABCG2 sequence that was targeted did not yield any results. This could
have been because the nuclear DNA content of the ancient extract was simply too
small in quantity to be detected. Further testing using the same primers would likely
have been undertaken if there had been more time available. That any nuclear DNA
was recovered is a positive indication that with better preserved samples, informative
data might be obtained. Ultimately, while the method looks promising in its ability to
target specific parts of the human genome, further optimisation and development of
the method are necessary. More work and time than was available for this project
would be required develop protocols which would allow for the targeting of specific
polymorphisms within genes.

Given the current limitations of studying gout from an aDNA perspective, other ways
of understanding why the rates of gout are so high in certain Pacific populations need
to be pursued. An obvious solution is to look to modern populations. Data produced
by other branches of archaeological and biological anthropology have a lot to
contribute to our understanding of the disease prevalence and genetics of modern
populations. Understanding past movements of people and the environments which
they inhabited can give insight into what sorts of selection pressures these peoples may
have faced, which in turn, can inform us on why certain diseases might be more of a
problem in modern populations. Formulating questions based our understanding of
past activities in the Pacific, and then testing these on modern populations may have
more to contribute to our understanding of disease prevalence than blindly testing for
variants.
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Chapter 6 :

DISCUSSION

6.1 – THE USE OF GENETICS TO EXPLORE DISEASE IN THE PAST
Gout is an ideal candidate in terms of studying genetic diseases in past Pacific
populations. It can be recognised in the palaeopathology of archaeological human
remains, so individuals who suffered from the disease can be identified for genetic
testing. Given that two candidate genes which contribute to gout risk have been
identified in Pacific Islanders living in New Zealand, such a study could contribute to
our understanding of the distribution and antiquity of these gout markers which may
help us to understand the reasons why gout affects Maori and Pacific Island
populations at such high frequencies.

This is in stark contrast with T2D which, while also rampant in Pacific Island
populations, would be more difficult to test for in the type of study being proposed
here. The lack of skeletal manifestation would provide difficulties in selecting samples
for testing and provide no basis for comparison between the genotypes of individuals
with and without signs of purported pathological disease, thus large sample sizes
would be required. Furthermore, the cost to undertake population level sampling of
aDNA would be prohibitive. Also, there is some uncertainty over whether the disease
existed before the modern era – it has an aetiology which is heavily influenced by
lifestyle factors such as diet and sedentism, both things that have significantly changed
in the Pacific since first European contact. While it is improbable that T2D was a
problem in most prehistoric populations given the fact that their lifestyles were likely
to have involved much more physical labour than those today, and the highly calorific
foods consumed by modern populations just were not available, they could still have
the genetic markers for susceptibility. The genetic contribution to disease has been
studied intensively, however current evidence points to a complex multigenic
aetiology, each gene contributing a small effect. As of 2010, there were at least 38 genes
which had been found to have some association with T2D, and no such studies had
been carried out in Pacific populations. One wouldn’t know where to begin in terms of
selecting polymorphisms to test. It was decided for these reasons, that it was not
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feasible to test for variants contributing to T2D risk, however, gout looked more
promising.

One of the main reasons for exploring whether this sort of study is possible is that
ancient Pacific populations have the capacity give some insight into the distribution of
certain alleles prior to the confounding effects of admixture, modern population
movements and modernisation. Particularly, in relation to the gout risk alleles, this
study could help elucidate questions regarding the difference in the East-West
Polynesia distribution of the ABCG2 SNP rs2231142 and perhaps, explore the antiquity
of this disparity, although this would be limited severely by the sample size availability.
Phipps-Green et al (2010) reported that the risk allele of rs2231142 has a strong effect
only in people of Western Polynesian ancestry – Western Polynesians, in this study,
being defined as Pacific Islanders of Tongan, Samoan, Niuean and Tokelauan ancestry,
living in New Zealand. Studies focussed on the New Zealand Maori and Cook Islander
population so far have not detected a significant association signal. This differs from
SLC2A9, which is a strong risk factor for gout in both Maori and Pacific Island people
(Hollis-Moffatt et al., 2009).

This is interesting given that the current orthodox archaeological view is that the
populations of Eastern Polynesia are descended from subsets of people moving out
from Western Polynesia. One might expect, therefore, that an allele that is found to be
significantly associated with disease in a Western Polynesian population should
similarly be associated with disease in Eastern Polynesian populations. This is clearly
not the case. This could suggest that the association of rs2231142 is an artefact of
population structure and genetic drift; if the populations of Eastern Polynesian Pacific
Islands are derived from migratory events that create bottlenecks, altered genetic
structure can be expected in the founding populations.

This variation in gout risk alleles between East and West Polynesia does highlight that
Polynesians as a whole, are not as genetically homogenous as once thought; there is
genetic variation between populations which could have implications on human health
(Kayser et al., 2006). This indicates that there needs to be some care taken in defining
populations in the Pacific as the picture that the genetics are painting are more
109

complex than expected. There may have been multiple migrations into and out of the
area, which have impacted the modern variation seen in these Oceanic populations.
Differences in the impact of introduced disease and the practice of Blackbirding may
also have contributed to the variation in modern populations (Kirch and Rallu, 2007b;
McArthur, 1968; Maude, 1981).

6.2 – POTENTIAL REASONS FOR THE HEIGHTENED PREVALENCE
OF GOUT IN THE

PACIFIC

6.2.1 – RANDOM GENETIC DRIFT

As discussed in chapter 1, the health of Pacific Island populations is intertwined with
their evolutionary and demographic history, cultural values and contemporary social
roles, and alteration of the traditional subsistence ways of life. There have been a
number of different hypotheses which have been put forth in an attempt to explain the
high rates of T2D and gout seen in parts of the Pacific, notably Polynesia, which relate
to aspects of population history and lifestyle. Unusually, Hawaii does not appear to
have a high prevalence of hyperuricaemia and gout; this is interesting given that the
hyperuricaemic phenotype seems to be ubiquitous throughout the rest of Polynesia
(Prior, 1981). This is particularly interesting given that New Zealand and Hawaii are
both considered to have been colonised by populations from the same Central/East
Polynesian homeland.

The perceived homogeneity throughout Polynesia has been explained by the
colonisation process of the area; a series of bottlenecks, with small numbers of
colonisers with only a subset of the complete genetic variation of the parent
population moving out to new islands, altering the genetic structure in the founding
populations. It stands to reason that populations which originated from a small initial
population will be genetically similar, and it is possible that during this process, by
random genetic drift, led to the rise in frequency of certain otherwise rare genetic
variants, which predispose to disease under certain environmental conditions. Thus,
genetic drift might account for some difference in allele frequency.
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This scenario assumes limited post-colonisation contact, which is could be considered
somewhat naive given evidence for inter-island trade. Subsequent bottlenecks caused
by disease and other such factors may also contribute to genetic drift. Some Pacific
Islands are thought to have faced large-scale demographic change as a result of the
introduction of European diseases and the practice of ‘Blackbirding’, which might also
account for a change in allele frequency in these populations.

As more genetic studies are being carried out on Polynesian populations, such as the
study of gout polymorphisms by Phipps-Green et al (2010), it is becoming clear that the
assumption that there was little genetic variation in Polynesia was somewhat
simplistic, as some distinct East-West Polynesia genetic differences are coming to
light.

A combination of different factors is likely to be contributing to the heightened rates
of metabolic diseases in the region – both environmental and genetic. Natural
selection may also have contributed to the rise in allele frequency of variants which
contribute to risk of hyperuricaemia.

6.2.2 – THRIFTY GENOTYPES AND THRIFTY PHENOTYPES

The ‘thifty genotype hypothesis’, which was first discussed in Chapter 1, is essentially a
theory of natural selection, where the selective force in action is the unreliable source
of food, leading to periodic famine and survival of individuals who are better adapted
to store energy whilst times of relative abundance. It has been suggested that this
hypothesis could appropriately be applied to the Pacific scene (Bindon and Baker, 1997;
Diamond, 2003; Dowse et al., 1991; Houghton, 1996; Zimmet et al., 1977). Given that
those most affected by famine are the old and the very young, the old of which are
somewhat irrelevant for genetic selection, the ‘thrifty’ variants must either manifest
themselves early in life (Speakman, 2007) or affect maternal fitness during pregnancy
(Wells, 2003). Maternal fitness is important because of the continued reliance of the
offspring on its mother during growth and development (Wells, 2007). Given that
offspring remain reliant on their mothers for a number of years, and multiple offspring
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can be produced during this time, the mother’s state of health is an significant factor
to consider in terms of the survival of these offspring, and the continued transmission
of these hypothetical ‘thrifty genes’.

The ‘thrifty genotype’ hypothesis cannot really be considered in isolation. The related,
but distinct, ‘thrifty phenotype’ hypothesis needs to be considered in tandem with the
‘thrifty genotype’ hypothesis: it has been suggested that because the ‘thrifty genotype’
hypothesis proposes selection over many generations of genes which give a survival
advantage in times of poor nutrition, it can help explain why some populations have
intrinsically higher prevalences of diseases like T2D. The ‘thrifty phenotype’ hypothesis
explains adaptation within an individual’s lifespan, from the developmental prenatal
environment onwards, to the external environment (Wells, 2003).

It is undeniable that Pacific Island populations did face periods of limited food, so
‘thrifty’ genotype and phenotype explanations could be used to partially explain
heightened rates of certain metabolic diseases in some of these populations. Houghton
(1996) proposes that selection for a ‘thrifty genotype’ could have occurred during the
oceanic voyaging – with vast distances of open sea, cold nights requiring higher energy
intake to maintain homeostasis, and probably limited food stocks on board (although,
these were obviously rationed enough to get various plant crops and domestic and
companion animals to new island environments, as evidenced by the move of plants
and animals with people across the Pacific). Houghton’s rationale for this is that there
must have been high mortality during this process of migration. There is, however, no
real way to confirm or deny this, but it is not supported by the degree of skill that
these proto-Polynesians must have had to be able to navigate and make return trips
across wide stretches of open ocean. There are also demographic implications
associated with this. How large would the population have to be to sustain regular high
mortality during voyaging?

The fragile island environments occupied by Pacific Islanders also would have made
them vulnerable to food shortages. Most Pacific Islands are prone to tropical storms
and tsunami, which have the capacity to wipe out food crops and to interrupt
ecosystems in a way that could significantly affect subsistence, and result in
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widespread mortality. Evidence for this can be seen in modern world examples, for
instance, the 2009 tsunami in Samoa, which without international aid could have been
more devastating as a result of lost food crops.

The high rates of disease seen in modern populations could be seen to be a result of
the effect of the ‘thrifty phenotype’, which as discussed in Chapter 1, relates to the
effect of the maternal diet on the future susceptibility of the infant to metabolic
diseases such as T2D (Hales and Barker, 2001) – the concept of a ‘foetal origins of adult
diseases’ or ‘foetal programming’ (Gluckman and Hanson, 2006). Since the populations
may already have developed a ‘thrifty genotype’ from generations of living on the
fragile island environments prone to periodic food scarcity, it could be that poor
maternal nutrition during foetal development may be contributing to the high rates of
metabolic diseases in modern Pacific Island populations.

As noted in Chapter 3, influential genes causing metabolic diseases such as T2D have
remained elusive. A ‘thrifty genotype’ likely comprises a complex genetic mechanism
distributed across several loci, regulating energy intake, extraction, expenditure and
storage (Keighley et al., 2007). As such, there is no real way of testing this hypothesis,
however it does warrant consideration as a means of selecting for a genotype that is
more susceptible to particular metabolic diseases.

6.2.3 – A NOVEL HYPOTHESIS : SELECTION FOR A HYPERURICAEMIC
PHENOTYPE THROUGH MALARIA

In the same way that periods of famine could potentially result in natural selection for
individuals who can more efficiently metabolise food and conserve energy, infectious
disease would also provide a selective pressure. Arguably, infectious disease is the
ultimate selective pressure, wherein contact with an infectious agent requires an
appropriate immune response, or else the individual will be overwhelmed and die.

During the Miocene, the uricase gene in early hominids underwent inactivation
through two parallel mutations (Watanabe et al., 2002). Several hypotheses have been
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proposed to explain uricase inactivation, including: 1) the antioxidant activity of uric
acid, compensating for vitamin C deficiency (humans are one of the few mammalian
species who cannot synthesise vitamin C); 2) the ability of uric acid to maintain blood
pressure under low salt dietary conditions; 3) the adjuvant activity of uric acid; 4) or a
combination of these factors (Merriman and Dalbeth, 2011). Given the adjuvant activity
of uric acid which, when in combined with certain immune proteins, activates
inflammasomes which play an important role combating systemic disease and sepsis
(Opitz et al., 2009), the background infectious diseases in prehistoric Oceania could
perhaps have lead to the selection for a genotype which is inherently hyperuricaemic.

When one considers the infectious diseases of the prehistoric Pacific, there is one
which stands out in terms of its potential to cause selection for a hyperuricaemic
phenotype: malaria. Other infectious diseases are known to have existed in prehistoric
Pacific populations. These include yaws (causative organism Treponema pertinue),
congenital syphilis (causative organism Treponema pallidum) and haematogenous
osteomyelitis (due to infection of the bone marrow by non-specific bacteria – usually
originating from the primary infection of the throat, upper respiratory tract or the
gastrointestinal system (Buckley, 2000)). Due to relatively low mortality rates, these
are unlikely to have resulted in the selection for variants which contribute to
hyperuricaemia. Malaria, however, which is possibly the most serious infectious
disease of humans, infecting 5-10% of the world’s populations, with 300-600 million
clinical cases and more than 2 million deaths annually (Schofield and Grau, 2005),
could very well have provided a selective pressure which has culminated in an
inherently hyperuricaemic phenotype.
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Malaria is transmitted to humans by the bite of a female mosquito of the genus
Anopheles, which has been infected with protozoan parasites of the genus Plasmodium.
A human phase of the malarial parasite’s lifecycle and mosquito phase are necessary
for the continued transmission of the parasite (Figure 6.1): integral parts of the
Plasmodium lifecycle occurs in each host (Wirth, 2002). There are four species which
are known to cause pathology in humans: Plasmodium falciparum, Plasmodium vivax,
Plasmodium malariae and Plasmodium ovale. P. falciparum is considered the most
serious as it multiplies in and destroys blood cells of all ages, while the other species

Figure 6.1- The life cycle of Plasmodium sp. malaria parasites in the human host and
mosquito vector: Sporozoites are introduced into the host via the bite of an infected
mosquito (in its saliva). Within minutes, these travel through the blood to the liver where
they invade hepatocytes and undergo asexual (mitotic) replication to give rise to an
exoerythrocytic schizont (a feeding and proliferation stage). Up to this point, the infection is
non-pathogenic and clinically silent. After about seven days, the parasitized liver cells
rupture to release many thousands of merozoites into the blood. Each merozoite invades an
erythrocyte and divides mitotically to form an erythrocytic schizont, containing up to 20
daughter merozoites. These merozoites can reinfect more erythrocytes, giving rise to a
cyclical blood-stage infection with a frequency of 48-72 hours, depending on the Plasmodium
species. As-yet-unknown factors trigger a subset of developing merozoites to differentiate
into male and female gametocytes, which, when taken up by a feeding mosquito, give rise to
extracellular gametes. In the mosquito mid-gut, the gametes fuse to form a motile zygote
(ookinete), which penetrates the mid-gut wall and forms an oocyst within which meiosis
takes place and haploid sporozoites develop. Sporozoites migrate to the salivary glands of
the mosquito, ready for infection of a human host (diagram from Wirth 2002).
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are restricted to either younger or older cells (Wyler, 1982). All four species are known
to be present in parts of the Pacific (Buckley, 2006).

In parts of the Pacific, malaria is considered a serious endemic disease. This endemicity
is highly variable, and is mostly constrained to the Western Pacific Islands, including
Papua New Guinea, the Solomon Islands group and much of the Vanuatu chain (Figure
6.2). In general, as one moves south and east from north coastal Papua New Guinea,
the endemicity of malaria declines until it is absent in New Caledonia and Fiji, places,
which like Polynesia to the east, have always been malaria-free (Flint et al., 1986).
Endemicity has traditionally been defined in terms of parasite rates in the peripheral
blood of children aged between two and nine years. Stable transmission of malaria
occurs in populations which are deemed hyperendemic (a parasite rate of 51-75%) and
holoendemic, (parasite rate of over 75%) (White, 1996). In these populations, the
penetrance of the parasite is so high that most individuals encounter it and will either
develop some adaptive immunity or die. In contrast, other populations are considered
to have unstable malaria transmission. Hypoendemic, (parasite rate of 0-10%) and
mesoendemic (a parasite rate of 11-50%) populations, with their lower rates of infection,
are prone to periodic outbreaks of epidemic disease.
The northern coast of Papua New Guinea is reported to have holoendemic malaria
(Flint et al., 1986) and lower levels of disease are observed on the southern coasts (Flint
et al., 1986). Malaria is the main cause of morbidity in many health facilities in the

Figure 6.2 - The southwest Pacific, showing the variable malaria endemicity (after
Buckley, 2006)
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lowland areas (Müller et al., 2003), however in highland New Guinea, malaria is absent;
the Anopheline mosquito vectors are unable to survive the colder temperatures of the
higher altitudes (Spencer et al., 1974). The main climatic determinant of malaria
endemicity in Papua New Guinea is temperature and, because the country is close to
the equator, temperatures do not show much seasonal variation – for this reason, in
lowland areas, there is perennial malaria transmission, although in southern coastal
areas, there is a limited degree of seasonality (Müller et al., 2003).

Variation in endemicity is also seen in the Solomon Islands, where prior to the
mosquito eradication programmes in the 1960s, malaria was largely mesoendemic
(Buckley, 2006). Some of the outer islands in the central and eastern districts, such as
northern Gaudalcanal, northern San Cristobel and Negella, were hyperendemic (Avery,
1974). Some other islands, such as Tikopia, Anuta, Santa Ana and Santa Catalina, only
experienced hypoendemicity, meaning that they were more prone to outbreaks of
malaria epidemics. Low frequencies of vector were reported at Rennell Island and most
of the Reef Islands, with parasite rates being assessed to fall in the range of
mesoendemicity (Avery, 1974; Buckley, 2006).

In Vanuatu, malaria is mainly hypoendemic to mesoendemic, with some inter-island
variation. Malaria transmission in this area is thought to have a seasonal fluctuation in
endemicity, with occasional hyperendemic periods on some islands (Flint et al., 1986;
Kaneko et al., 2000). However, in the northern islands, malaria transmission may be
constant throughout the year (Ganczakowski et al., 1995; Maitland et al., 1996). Further
south, malarial disease is less intense (Kaneko et al., 1998). Futuna in the south is
completely absent of malarial disease (Flint et al., 1986).

As mentioned above, malaria is not present and probably never has been in New
Caledonia, Fiji or any of the Polynesian islands. This is undoubtedly due to climatic
reasons or the relative geographic isolation of these islands which could contribute to
the absence of the malarial Anopheline mosquito vectors.

Because of the high mortality and morbidity it causes, it has been claimed that malaria
is among the strongest known selective pressures the human genome has faced in
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recent history (Kwiatkowski, 2005). It is the evolutionary driving force behind various
haemoglobinopathies including sickle cell anaemia, α- and β- thalassaemias, glucose6-phosphate dehydrogenase (G6PD) deficiency, and other erythrocyte disorders, that
together comprise the most common Mendelian diseases (Higgs and Weatherall, 2009;
Kwiatkowski, 2005).
In the Pacific, there are multiple thalassaemia mutations, including -α³·⁷III and -α⁴·²
variants, which both contribute to α-thalassaemia, as well as a number of single
nucleotide mutation resulting in β-thalassaemia. There are also haemoglobin variants,
such as HbJ Tongariki and HbG Philadelphia, multiple genetic variants leading to
G6PD deficiency, tumour necrosis factor alpha (TNF-α) variants (Ubalee et al., 2005)
and Southeast Asian Ovalocystosis (Sallares, 2010). Given that the distribution of these
variants in the Pacific are relatively localised, it is thought that they have evolved in
situ, rather be brought into the region by long-distance migrations (Sallares, 2010).
Since it is thought that malarial parasites have been in the region since humans first
arrived, around 40 – 60 kya (Buckley, 2006; Groube, 1993) (although there is some
debate as to when the more highly pathologic P. falciparum strain reached the region),
and the strong selective pressure which malaria has been shown to have had on the
human genome, there has been ample time for a number of different resistance
mechanisms to have evolved independently. It is probable that other, non-erythocytic
genetic adaptations were also driven by malaria; given the adjuvant activity of urate,
increased serum uric acid concentrations could be one such adaptation.

It is also interesting to note that thalassaemia mutations (especially the -α³·⁷III variant)
have been observed to occur at unusually high frequencies in Polynesians (Hill et al.,
1985): frequencies as high as 12% were observed in East Polynesians (of a group of 102
unrelated individuals on the island of Tahiti, but who represented all five island groups
in French Polynesia) which is surprisingly high for a population living in a nonmalarial area (Hill et al., 1987). It could be that other malarial resistance adaptations
were similarly transported out of malarial zones and have been remained at similarly
high levels in modern Polynesian populations.

The purported presence of the P. vivax malarial pathogen in the region from the times
of earliest human settlement in the region could explain the preferential settlement of
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the highland regions of Papua New Guinea (Groube, 1993). It has been argued that the
more fatal P. falciparum parasite was not introduced until the time of Lapita
expansion, when maritime technology had improved, minimising voyage times (Clark
and Kelly, 1993; Kirch, 2000); unlike P. vivax, P. falciparum cannot remain dormant
(Buckley, 2006), making it more necessary for rapid transport for the transmission of
the parasite. There is no direct evidence for the time of arrival of malaria into the
Pacific; being an intercellular parasite which largely dwells in the liver and red blood
cells, it does not readily survive in archaeological deposits. Phylogenetic studies of
Plasmodium species in the area might shed some light on this matter.

Immunologically, there is some support for this supposition of a genotype contributing
to heightened SUA levels and malaria resistance. Uric acid appears to play a key role in
the host’s defence against the malarial parasite (Figure 6.3); uric acid production
induces host inflammatory reponses to malaria (Orengo et al., 2009). The antigen
haemozoin, released on rupture of parasitized host erythrocytes, has been found to
stimulate the release of uric acid in a murine model (Griffith et al., 2009). Uric acid
precursors hypoxanthine and xanthine, which are sequestered in erythrocytes by the
malarial parasites for nucleic acid synthesis, are also released after erythrocyte lysis,
and are rapidly converted to uric acid by the host (Erdman et al., 2008), leading to
heightened serum uric acid levels.

Crystallised uric acid can directly interact with the NALP3 inflammasome via the nodlike receptor family member, NLRP3. The inflammasome leads to the release of proinflammatory cytokines such as IL-1β and IL-18, and the recruitment of neutrophils
which play an important role in parasite clearance. Monosodium urate crystals may
also amplify inflammation by serving as a platform for

cleavage of complement

component C5 into C5a (Erdman et al., 2008). The complement system is an integral
component of innate immune responses against a number of infectious agents.
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Figure 6. 3 – The role of uric acid in the host defences against Malaria

An early and robust inflammatory response is critical for controlling acute blood-stage
infection, however excessive poorly regulated inflammation does contribute to the
pathogenesis of certain severe malaria syndromes (Erdman et al., 2008). These lifethreatening syndromes include metabolic acidosis (leading to respiratory distress),
cerebral malaria and severe malarial anaemia (Stevenson and Riley, 2004).
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In light of the trend of heightened serum uric acid concentrations in many Pacific
populations, particularly many Polynesian populations (with the notable exception of
Hawaii) (Prior, 1981), and the presence of malaria in much of Near Oceania, it could be
that there is some connection between these two phenomena. Selection for a
hyperuricaemic phenotype in Near Oceania, and the subsequent movements of people
throughout the Pacific, could ultimately have resulted in spread of this genotype into
Remote Oceania, which may contribute to the epidemiological picture seen in
contemporary times.

A possible scenario, which might help account for the low rates of gout and
hyperuricaemia seen in the ancestral populations of Polynesia, is that the endemic
malaria seen in places such as Papua New Guinea and the Solomon Islands, is
protective against the development of gout. Under this scenario, it is the release from
malarial pressure that contributes to the increased frequency of gout – the malaria
keeping the gout down to non-acute levels by diverting the innate response from gout.
Gout does occur in these malarial localities (Tu et al., 2010b), but unlike other Pacific
populations, including many Polynesian groups, the rates of disease seen in these
communities is at much lower level and the underlying inherent hyperuricaemic
phenotype is not present.

This could work under a similar mechanism to that suggested in the “hygiene
hypothesis”, which argues that the increase in prevalence of allergies and autoimmune
diseases in developed countries is a result of a relatively understimulated immune
system (Strachan, 1989; Sironi and Clerici, 2010). The immune response to malaria,
with the NALP3 inflammasome being stimulated by increased levels of serum uric acid,
is a response which has developed over many millennia; it has likely evolved alongside
both the host and the parasite since this parasitic relationship began. Just because
some human groups are no longer living in environments where they encounter the
malarial pathogen does not mean that this particular type of immune response has
been done away with. It is simply waiting for the right stimulus to become active. As
evidenced

by

auto-inflammatory

diseases,

the

immune

response,

when

understimulated, can get ‘confused’ and respond to inappropriate stimuli, which could
be the case in gout. The auto-inflammatory response which develops in response to the
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deposition of MSU crystals resulting in onset of gouty symptoms may be tempered by
the presence of malarial agents in these Near Oceanic regions. Since most individuals
within these populations will encounter malarial pathogens during their lifetime, their
inflammatory immune response might be less likely to react inappropriately and as a
result, gout levels are low.

This is a novel idea in terms of explaining the high rates of gout seen in Polynesian
populations and it warrants further investigation. Since ancient DNA testing
techniques for targeting short DNA sequences are clearly not fully developed and there
are only limited numbers of polymorphisms currently known to contribute to risk of
gout in Pacific Island populations at present, modern population studies need to be
carried out before further testing on ancient samples. Ideally, multiple populations
would be targeted for the testing of this hypothesis. The populations would need to be
Lapita descendents, located in various locations throughout the Pacific – ideally, in
Near Oceania, in an area of high malaria endemicity (holoendemicity or
hyperendemicity), in Near Oceania, in an area of low malaria endemicity
(mesoendemicity or hypoendemicity), and in East and West Polynesia, where there is
no malaria. Population studies would need to be carried out, with an assessment of
gout in the population, and DNA samples obtained for population testing for
polymorphisms which might contribute to gout risk and malaria resistance.

Once such a study was carried out, one would be better equipped for going back to
ancient samples, as one would hopefully have got a better idea of what was going on in
these populations genetically. This proposed study of a link between malaria
distribution and the prevalence of gout in Polynesia, has the potential to contribute
much to our understanding of gout in the Pacific, and represents a facet of Pacific
health which has not been studied to date.

6.2.4 – THE POSSIBLE IMPACT OF MALARIA ON THE DISTRIBUTION OF T2D IN THE
PACIFIC

Expanding on the idea discussed in the previous section is the possibility that the high
prevalence of T2D in Pacific Island populations may also be associated with malaria122

driven genetic selection. Glucose-6-phosphate dehydrogenase (G6PD) is an enzyme
that catalyses the first reaction in the pentose-phosphate pathway (Cappellini and
Fiorelli, 2008). The enzyme is particularly important in erythrocytes, as it is the sole
source of enzyme activity that protects from the build up of radical oxygen species,
which can cause oxidative stress and cell death. There have been many variants of the
G6PD gene observed (Beutler et al., 1989; Calabrò et al., 1993), some of which have
been found to be protective against malaria (Cappellini et al., 2008). The breakdown
of haemoglobin molecules during the feeding and proliferation phase of the malarial
parasite inside the human host produces toxic metabolites which cannot be regulated
by the host erythrocyte without an active form of the G6PD enzyme. Deficiency or
reduced activity of this enzyme results in the accumulation of radical oxygen species,
which are toxic to the parasite, thus not allowing it to proliferate effectively.
In light of the high prevalence of certain metabolic diseases in the Pacific, it is
interesting to note that G6PD deficiency has been found to contribute to an increased
risk of developing metabolic diseases, specifically T2D (Wan et al., 2002). Because of its
major role in glycolysis, G6PD is expressed throughout the different tissues of an
organism, thus impairment of the activity of the enzyme can have implications for the
organism as a whole. Build up of radical oxygen species can have severe consequences
for cell lines which are more vulnerable to oxidative damage. Insulin-producing
pancreatic β-cells have been found to be particularly susceptible to radical oxygen
species (Zhang et al., 2010).

6.3 – CONCLUSION
This research aimed to test the utility of aDNA for detection of disease-associated
polymorphisms in past populations. Unfortunately, the genetic testing portion of this
project did not work as well as hoped. However, this can be largely attributed to the
fickle nature of ancient DNA research and the low levels of DNA left in the samples
used. While there has been some success in retrieving mitochondrial DNA from these
ancient samples, the reality is that this type of DNA is present in the sample in
relatively high quantities compared to the nuclear DNA that we were hoping to target
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in this study. Nuclear DNA is present in one copy per cell, compared to the hundreds
of copies of mtDNA, so it is not entirely surprising that the recovery of the nuclear
DNA was not all that good. There possibly was simply not enough nuclear DNA
template in the 454-sequencing libraries that were produced from the archaeological
tooth samples, which were used in the DNA capture.
The fact that some DNA sequence was obtained from the capture indicates that the
capture did work, but there was just not enough target DNA present in the amplified
DNA library. Using more of the sample in the initial library preparation stages, in hope
that there might be more unique nuclear sequences, might get around this problem of
low nuclear DNA presence.

While the result is disappointing, the possibility still exists for taking an aDNA
approach. Further optimisation and development of the methods will no doubt make
this sort of study possible in the time, but these involve investment of considerable
time, resources and technical expertise, all of which were limiting factors given the
time constraints of this Masters project. Given the progress which has been made with
the sequencing of whole mitochondrial genomes from ancient human remains from
the Pacific, it is likely that it will soon be possible to target nuclear regions for
genotyping also.

Despite this lack of success on the genetic front, a new and exciting hypothesis has
been developed as a result of this research. The potential link between the distribution
of malaria and the prevalence of gout is something that warrants further research, and
could provide some valuable insights into the apparently high rates of hyperuricaemia
and gout in many of the Polynesian populations.
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APPENDIX 1:

HISTORIC NEWSPAPER ARTICLES

A1.1 – EXTRACT FROM THE ASHBURTON GUARDIAN, VOLUME XXXI, ISSUE
8487, 2 OCTOBER 1911, PAGE 2

A1.2 – EXTRACTION FROM THE ELLESMERE GUARDIAN, VOLUME XLI, ISSUE
5167, 27 APRIL 1921, PAGE 3
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A1.3 – EXTRACT FROM THE EVENING POST, VOLUME XXXII, ISSUE 172, 6
DECEMBER 1886, PAGE 3
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A1.4 – EXTRACT FROM THE TARANAKI HERALD, VOLUME XXXV, ISSUE 7242, 8
DECEMBER 1886, PAGE 2

127

A1.5- EXTRACT FROM THE WANGANUI HERALD, VOLUME XIX, ISSUE 5373, 24
JULY 1884, PAGE 2
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A1.6 – EXTRACT FROM THE WELLINGTON INDEPENDENT, VOLUME XXVII,
ISSUE 35543, 1 JULY 1872, PAGE 3
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APPENDIX 2:

MATERIALS USED IN GENETIC ANALYSIS

-

ABCG2_rs2231143 forward primer (Integrated DNA Technologies)

-

ABCG2_rs2231143 reverse primer (Integrated DNA Technologies)

-

Absolute Ethanol (Merck, cat. no. S3014-500G)

-

Adapter A (truncated A-adapter with barcode, sequence as follows - small
letters are barcode: T*G*C*G*TGTCTCCGACTCAGacac*a*c*a*c )

-

Adapter A reverse (complement of barcoded A-adapter, sequence as follows –
small letters are barcode: g*t*g*t*gtgt*C*T*G*A)

-

Adapter B (truncated, biotinylated B-adapter with barcode, sequence as
follows

–

small

letters

are

barcode:

[Btn]T*G*C*C*TTGGCAGTCTCAGgtgt*g*t*g*t)
-

Adapter B reverse (complement of biotinylated B-adapter with barcode,
sequence as follows – small letters are barcode: a*c*a*c*acac*C*T*G*A)

-

Agilent Oligo aCGH Hybridisation Kit 25rxn (Pacific Laboratory Products, cat.
no. 5188-5220), including blocking agent, hybridisation buffer and blocking
oligos

-

AmpliTaq Gold DNA polymerase (Applied Biosystems, cat. no. N8080249)
with 10x PCR buffer II and 25 mM MgCl2

-

Applichem Tris Ultrapure (Global Science, cat. no. APLA10861000)

-

ATP (Fermentas, cat. no. R0441), 100mM stock solution

-

Binding buffer for aDNA extraction (self made, 5 M GuSCN. Fill 29.5 g GuSCN
into a falcon tube, add 5 mL 3 M sodium acetate, pH 5.2 and 23 mL ultrapure
water. To decontaminate, incubate with 1 mL silica overnight, centrifuge at
4000 rpm for 2 minutes, keep supernatant and discard silica pellet.)

-

Bst DNA polymerase, large fragment (NEB, cat. no. M0275S), including 10x
ThermoPol buffer

-

10x Buffer Tango (Fermentas, cat. no. BY5)

-

1x BindWash buffer (1x BWT) (self made, 1 M NaCl, 10 mM Tris-Cl, 1 mM
EDTA, 0.05% Tween-20, pH 8.0. Fill 10 mL of 5 M NaCl into a falcon tube and
add 40 mL of 1x TE buffer. Add 25 μL Tween-20).
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-

2x BindWash buffer (2x BWT) (self made, 2 M NaCL, 10 mM Tris-Cl, 1 mM
EDTA, 0.05% Tween-20, pH 8.0. Fill 20 mL of 5 M NaCL into a falcon tube
and add 30 mL of 1x TE buffer. Add 25 μL Tween-20).

-

dNTPs (GE Healthcare, cat. no. R0441), 25 mM each

-

DNA digestion buffer (self made, 0.45 M EDTA, pH 8.0, 0.25 mg/mL
Proteinase K. For 50 mL, fill 45 mL 0.5M EDTA, pH 8.0 into a falcon tube, add
1.25 mL 10 mg/mL Proteinase K and 3.75 mL ultrapure water. Always make
fresh).

-

Dynabeads MyOne Streptavidin C1 (Invitrogen, cat. no. 650-01), 2mL

-

EDTA disodium salt dihydrate (Merck, cat. no. 108418.100)

-

Guanidine thiocyanate (GuSCN) (Sigma-Aldrich, cat. no. G6639-1KG)

-

Make 454 A - tailed A primer to extend truncated A-adapter to full length (tail
in italics): CCATCTCATCCCTGCGTGTCTCCGACTCAG

-

Make 454 B - tailed B primer to extend truncated B-adaptor to full length (tail
in italics): CCTATCCCCTGTGTGCCTTGGCAGTCTCAG

-

HWT Buffer (self made, 2.5 mM MgCl, 50 mM KCl, 15 mM Tris-HCl, pH 8.0,
0.1% Tween-20)

-

MinElute PCR Purification Kit (Qiagen, cat. no. 28006), including PB buffer,
PE buffer, EB buffer, and silica spin columns

-

Proteinase K (lyophilizate), recombinant PCR grade (Roche Prime Supply, cat.
no. 03115879001; to prepare 10 mg/mL Proteinase K stock solution, fill 100 mg
Proteinase K into falcon tube, add 10 mL ultrapure water. Aliquot and store at
-20°C)

-

QiaQuick PCR Purification Kit (Qiagen, cat. no. 28106), including PB buffer,
PE buffer, EB buffer, and silica spin columns

-

Silica (0.5-10 μm) (Sigma-Aldrich, cat. no. S5621-500G; to produce silica
suspension, add 4.8 g silica to falcon tube with 40 mL UltraPure water, vortex
and let sit for 1 hour. Take off 39 ml in a new tube and discard sediment, then
let sit for another 4 hours. Take off 35 ml and discard supernatant, then add
48 μL 30% HCl. Vortex, aliquot and store in the dark. Usable for 3 months
after suspension prepared)

-

SLC2A9_rs6890979 forward primer (Integrated DNA Technologies)

-

SLC2A9_rs6890979 reverse primer (Integrated DNA Technologies)
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-

SLC2A9_rs5028843 forward primer (Integrated DNA Technologies)

-

SLC2A9_rs5028843 reverse primer (Integrated DNA Technologies)

-

SLC2A9_rs11942223 forward primer (Integrated DNA Technologies)

-

SLC2A9_rs11942223 reverse primer (Integrated DNA Technologies)

-

Sodium acetate buffer solution (pH 5.2) (Sigma-Aldrich, cat. no. S7899500ML)

-

Sodium chloride (NaCl) (Sigma-Alrich, S3014-500G)

-

T4 DNA polymerase (Fermentas, cat. no. EP0062)

-

T4 ligase (Fermentas, cat. no. EL0331), including 50% PEG-4000 and 10x
ligation buffer

-

T4 polynucleotide kinase (Fermentas, cat. no. EK0032)

-

1x TE Buffer (self made, 10 mM Tris-HCl, 1 mM EDTA, pH 8.0. To prepare 50
mL of 1x TE, add 100 μL 0.5 M EDTA, pH 8.0 and 500 μL 1 M Tris, pH 8.0 to a
50 mL falcon tube and add UltraPure water to 50 mL)

-

TET Buffer (self made, 10 mM Tris-Cl, pH 8.0, 1 mM EDTA, pH 8.0, 0.05%
Tween-20)

-

UltraPure DNase/RNase-free distilled water (Invitrogen, cat. no. 10977-023)

-

Wash buffer for silica-bound DNA during aDNA extraction (self made, 51.1%
ethanol, 125 mM NaCl, 10 M Tris, 1 mM EDTA. Add 25.65 mL Absolute
Ethanol, 1.25 mL 5 M NaCl, 0.5 mL 1 M Tris, pH 8.0 and 100 μL 0.5 M EDTA,
pH 8.0 to a falcon tube. Add UltraPure water to make up to 50 mL. Store at
room temperature)
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APPENDIX 3: GENETIC DATA
A3.1 – ALIGNED SEQUENCE
See attached CD.
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A3.2 – RESULTS OF BLAST SEARCHES AGAINST THE NCBI HUMAN
GENOMIC DATABASE
The individual reads of sequence that was obtained from the ancient samples were
inserted into the BLAST algorithm for comparison against human genomic data held
by NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The algorithm parameters had to be
modified to include regions of low complexity and Homo sapiens species specific
repeats, or else no results were obtained.
The results for each read are as follows:
SLC2A9 rs16890979
Atafu
-

Read G4A166B01AGC3T

Sequence:GATGTGTGGTATTATTTCTGAGGCTCTGTTCTGTTCCATTGGTCTATATCT
CTGTTTGGTACCAGTACCATGTGTATACTGAGACTGCCAAGGCACACAGGGGATAG
G

Figure A3.1 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.2 - Screen shot of the first page of BLAST results for Read G4A166B01AGC3T

Wairau Bar
-

Read G4A166B01AUUUK

Sequence:ATTTATGCTGCAGTCACAATCTGCAGTGATTTTGGAGCCCAGAAAATAAA
GTCTGACACTATTTCCACTGTTTC

Figure A3.3 - Screen shot of the BLAST results summary,
showing alignment scores
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Figure A3. 4 - Screen shot of the first page of BLAST results for Read G4A166B01AUUUK

SLC2A9 rs1194223
Wairau Bar
-

Read G4A166B01BFDVR (reversed)

Sequence:CTACTCCCTGTGTCGTCCGTTGGCAGTCTCGAGGTGTCTTCTTTTTTTGTA
AATTTGTTTTAGTTCTTTGTAGATTCTGGATATTAATTAGCCCTTTGTCAGATGAGTA
GGTTGCGAAAATTTTTCCATTTGTAGGTTG

Figure A3.5 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.6 - Screen shot of the first page of BLAST results for Read G4A166B01BFDVR (reversed)

- Read G4A166B01A0Y3P (reversed)
Sequence:GCCCTTTGTCAGATGAGTAGATTGCAAAAATTTTCTCCCATTCTGTAGGTT
GCCTGTTCACTCTGATGATAGTTCC

Figure A3.7 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3. 8 - Screen shot of the first page of BLAST results for Read G4A166B01A0Y3P (reversed)

-

Read G4A166B01ASKUA

Sequence:TCCTTTGTCAGATGAGGAGATTGCAAAAATTTCTCCCATTCTGTAGGTTGT
CTGTTCACTCTGATGGTAGTTTCTTTGTCTGTGCAGAAGCTCTTTAG

Figure A3.9 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.10 - Screen shot of the first page of BLAST results for Read G4A166B01ASKUA

-

Read G4A166B01BWI4N (reversed)

Sequence:TTCCTTGTAGATTCTGGACTTTACGCCCTTTGTCAAATGGATAGATCACAA
AATTTTCTCCATTCTGTAGGTTGCCTGTTCACTCTG

Figure A3.11 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.12 - Screen shot of the first page of BLAST results for Read G4A166B01BWI4N
(reversed)

-

Read G4A166B01BUX43 (reversed)

Sequence:CCTACTCCCCTGTGTGCCTTGGCAGTCTCGAGGTGTCTCTCGTCCCTTTGT
CAGATGAGTAGTATTGACTAAAATTTCTCCCATTCTGTAGGTTGCCTGTTCACTCTG
ATGATAGTTCC

Figure A3.13 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.14 - Screen shot of the first page of BLAST results for Read G4A166B01BUX43 (reversed)

-

Read G4A166B01AMOY2 (reversed)

Sequence:GCCTTTGCAGATGAGTAGATTGACTAAAATTTCTCCCATTCTGTAGGTTGC
CTGTTCACTCTGATGATAGTCC

Figure A3.15 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.16 - Screen shot of the first page of BLAST results for Read G4A166B01AMOY2
(reversed)

-

Read G4A166B01AKA8P (reversed)

Sequence:CCCTATCCCCTGGTGTTGGCCTTGGGCTAGTCCTCGAGGTGTACTTACTAA
AACTTTCTCCATTCTGTAGGTTGCCTGTTCACTCTGATGGTAGTTCTTTGCTGTGCAG
AAGCTCTT

Figure A3.17 - Screen shot of the BLAST results summary,
showing alignment scores
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Figure A3.18 - Screen shot of the first page of BLAST results for Read G4A166B01AKA8P
(reversed)

-

Read G4A166B01BN91N (reversed)

Sequence:CAGAAGCTCTTTAGTTTAGTTAGATCCATTTGCCAATTTTGGCTTTGTTGC
CATTG

Figure A3.19 - Screen shot of the BLAST results summary,
showing alignment scores
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Figure A3.20 - Screen shot of the first page of BLAST results for Read G4A166B01BN91N
(reversed)

-

Read G4A166B01BULJY
Sequence:TTGCTTTTGGCATCTTTGTCATGAAATCTTTGCTCGTGCTTATGT
CCTGAATGGTATTGCC

Figure A3.21 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.22 - Screen shot of the first page of BLAST results for Read G4A166B01BULJY

-

G4A166B01BU1DM (reversed)

Sequence:CTGTGTTTTAGTCATGAAGTCTTTGCCATGCCTATGTCCTGAATGGTATTG
CCTAG

Figure A3.23 - Screen shot of the BLAST results summary,
showing alignment scores
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Figure A3.24 - Screen shot of the first page of BLAST results for Read G4A166B01BU1DM
(reversed)

-

Read G4A166B01ASN0E (reversed)

Sequence:AGGCCTTTAATTAGATCCCATTTGTCAATTTTGGCTTTGTTGCCATTGCTT
TGGTGTTTAATCATAAAGTCTTTGCCATGACTATGTCCTGAAT

Figure A3.25 - Screen shot of the BLAST results summary,
showing alignment scores
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Figure A3.26 - Screen shot of the first page of BLAST results for Read G4A166B01ASNoE
(reversed)

-

Read G4A166B01ASJPM (reversed)

Sequence:AAGTCCTTGCCCATGCCTATGTCCTGAATGGTATTGCCTAGGTTTTCTTCT
AGGGTTTTATGGTTTTAGGTCTAACATGTAAATCT

Figure A3.27 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.28 - Screen shot of the first page of BLAST results for Read G4A166B01ASJPM
(reversed)

-

Read G4A166B01AWFVC

Sequence:TCTTTAATTCATCTTAAGTTAATTTTGTATAAGGTGTAAGGAAGGGTCCGA
GTTTCAGTTTTCTGCATATGGCTACCAGTTTTCCCAACACCATATA

Figure A3.29 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.30 - Screen shot of the first page of BLAST results for Read G4A166B01AWFVC

-

Read G4A166B01ARRKU

Sequence:TTAATCCATGTTGAATTAGTTTTGTATAAGGTGTAAGGAAGGATCCAGTTT
CAGCTTT

Figure A3.31 - Screen shot of the BLAST results summary,
showing alignment scores
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Figure A3.32 - Screen shot of the first page of BLAST results for Read G4A166B01ARRKU

-

Read G4A166B01A6LIG

Sequence:TGTATAAGGTGTAAGGAAGGATCCAGTTTCAGCTTTCTACATATGGCTAG
CCAGTTTTTCCAGCACCATTTATTAAATAGGGAATCCTTTCCCCATTGCTTGTTTTCT
TCAGGTTTGTTCAAAGATCAGATAGTTGTAGATATGCGGCATTATTTCTGAGGGCTC
TGTTCTGTTCCATTGATCTATATCTCTGTTTTGGTACCAGTACCATGCTGTTTGGTTA
CT

Figure A3.33 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.34 - Screen shot of the first page of BLAST results for Read

- Read G4A166B01BS5RL
G4A166B01A6LIG
Sequence:AGGTGTAAGAAGGGTCCAGTTTCAATCTCCTACATATAGCTAGCCAGTTC
TCCCAGCACCATTTATTAAATAAGGAATCCATTCCCTG

Figure A3.35 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.36 - Screen shot of the first page of BLAST results for Read G4A166B01BS5RL

-

Read G4A166B01AVF6G (reversed)

Sequence:CNCCTACTCCCCTGTGGTCTCCGTTGGCAGTCCTCGAGGTGTCTCTTGTTT
GTATAGGTGTAAGGAGGGGTCCAGTTTCTGTTTTCTGTATATGACTAGCTAGTTTTC
CCAGCACCACTTAT

Figure A3.37 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.38 - Screen shot of the first page of BLAST results for Read G4A166B01AVF6G
(reversed)

-

Read G4A166B01A1PEZ (reversed)

Sequence:ATAGGGAATCCTTTCCCATTGCTTGTTTTCTCAGGTTTGTCAAAGATCAGA
TAGTTGTAGATATGCAG

Figure A3.39 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.40 - Screen shot of the first page of BLAST results for Read G4A166B01A1PEZ
(reversed)

-

Read G4A166B01A851B (reversed)

Sequence:CCTTTCCCATTGCTTTTTGTCAGGTTTATCAAAGATCAAATGGTTGTAGAT
GTGTGGTATTATTTCTG

Figure A3.41 - Screen shot of the BLAST results summary,
showing alignment scores
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Figure A3.42 - Screen shot of the first page of BLAST results for Read G4A166B01A851B
(reversed)

-

Read G4A166B01A5T6K (reversed)

Sequence:CTCCTATCCCGTGTGTGCCTTGGCAGTCGTCAGTNTACTCTACTCTTCCTT
NTTNTTGTTTGCGTAGGTTTNAACAAAATCAGATGGTTGTAGATGTGTGGTGTTATT
TCTGAGACTCTGTTCT

Figure A3.43 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.44 - Screen shot of the first page of BLAST results for Read G4A166B01A5T6K
(reversed)

-

ReadG4A166B01BMRSH (reversed)

Sequence:CCTATCCCTGTGTGCCTTGGCAGTCTCGAGGTGTCTCTCTATTATAATAGA
GACTCCTTCCTATTCCGTGTTGTTTTTGCCTAGGGTTTGCAAAGATCATATGGTTGTA
GATGTCGTGAGTGTTAT

Figure A3.45 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.46 - Screen shot of the first page of BLAST results for Read G4A166B01BMRSH
(reversed)

-

Read G4A166B01A11SY (reversed)

Sequence:ATGGTTGTAGGTGTGCAGCCTTATTTCTGGGCTCTCTATTCTGTTTCATTG
GTCTATGTGTCTGTTTTGTACCAGTACCATGCTTGTTTTGGCTACTGTAGCCTGTAGT
ACAGTTGAAGTC

Figure A3.47 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.48 - Screen shot of the first page of BLAST results for Read G4A166B01A11SY
(reversed)

-

Read G4A166B01AB4P9

Sequence:TAGTTGTAGATGTGCGGCGTTATTTCTGAGGACTCTGTTCTGTTCCATTGA
TCTATATCTCTGTTTTGGTACCAGTACCGTGCTGTTTGGTTACTGTAGCCTTGTAGTA
TAGTTTAGAGACACCTGAGACTGCCAAGGCACACAGGGAGTAGNG

Figure A3.49 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.50 - Screen shot of the first page of BLAST results for Read G4A166B01AB4P9

-

Read G4A166B01B256G

Sequence:TGGTTGTAGATGTGTGGCATTATTTCTGAGGCCTCTGTTCTGTTCTACTGG
TCTATATATTTGTTTTGGTATCAGTATCATGCTGTTTTGGTTATTATAGCCTTGTAGT
ATAGTTTGAAGTCAGGTAGCATCATTCCTCCAGCTTTGCCCTTTTTGCTTAGAATTGT
CTTGG

Figure A3.51 - Screen shot of the BLAST results summary,
showing alignment scores
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Figure A3.52 -Screen shot of the first page of BLAST results for Read G4A166B01B256G

-

Read G4A166B01A7EJN

Sequence:TGTAGGTTATTTCTGAGGTCTTTCTTCTGCTCCATTGGTCTATATGTCTGT
TTTGGCAGCAGTAGCATGCT-GTTTTGGTTACTGTAGCCTTCTAGTATGGTTT

Figure A3.53 - Screen shot of the BLAST results summary,
showing alignment scores
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Figure A3.54 - Screen shot of the first page of BLAST results for Read G4A166B01A7EJN

-

Read G4A166B01AMSF7 (reversed)

Sequence:TTATTTCTGAGGTCTCTGTTCTGCTCTATTGGTCTATATGTCTACTTTGGT
ACCAGTACAGTGCTGTTTGGTTACTATAGCCTTGTAGTATAGTTTGAAGTCAGTTAG
CATGATGCATCCATATTTGTTCTTTTGCTTAGGATCGTCTTGGCT

Figure A3.55 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.56 - Screen shot of the first page of BLAST results for Read G4A166B01AMSF7
(reversed)

-

Read G4A166B01AMK7C (reversed)

Sequence:CTACTCCCTGTGTGCCTTGGCAGTTTCAGGTGTCTCTTGAGGCCACTGTTC
TGTTCTATTGGTCTATATATCTGTTTGGTACCAGTACCATGCTGTTTTGTTGCTGTAA
CCTT

Figure A3.57 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.58 - Screen shot of the first page of BLAST results for Read G4A166B01AMK7C
(reversed)

-

Read G4A166B01BF65W (reversed)

Sequence:CACTACTCCCTGTGTGCCTTGGCAGTCTCAGGTGTCTCTTCTGTTTCATTT
GTCTATGTGGCTTTGTTACCAGTACCATGCTGCTTGGTTACTGTAGCCT

Figure A3.59 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.60- Screen shot of the first page of BLAST results for Read G4A166B01BF65W
(reversed)

-

G4A166B01AYGML (reversed)

Sequence:TGTTCCATTGGTCTATATCTCTGTTTTGGTACCAGTACCATGCTGTTTGGT
TACTGTAGTTTTGTATTATAGTTTGAAGTTAGGTAGCATGATG

Figure A3.61 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.62 - Screen shot of the first page of BLAST results for Read G4A166B01AYGML
(reversed)

-

Read G4A166B01AYI5P (reversed)

Sequence:CNCTACTCCCTGTGTGCCTTGGCAGTCTCAGGTGTCTCTTGTTTGGTACCA
GTACCATGTTGTTTGGTCACTGTAGCCTTGTAGTATAAT

Figure A3.63 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.64 - Screen shot of the first page of BLAST results for Read G4A166B01AYI5P
(reversed)

-

Read G4A166B01A7TLJ

Sequence:TATTTGTTTTGGTACCAGTACCATGCTGTTTTGGTTACTGTAGCCTCATAG
TATAGTTTGAAGTCAGGTAGCATAATGCCTCCAGCTTTA

Figure A3.65 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.66 - Screen shot of the first page of BLAST results for Read G4A166B01A7TLJ

-

Read G4A166B01BOVLE (reversed)

Sequence:CTGTTTGGTACCAGTACCATGCTGTTTGGTTATTGTAGTCTTGTAGTATAG
TTAGAAATCAGGTAGCATGATGCCTCCAGCTTTGTTCTTTTGCTTAGAATTAACTTG
A

Figure A3.67 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.68 - Screen shot of the first page of BLAST results for Read G4A166B01BOVLE
(reversed)

-

Read G4A166B01A759L (reversed)

Sequence:CTCCTACTCCCTGTGTGCCTTGGCAGTCTCAGGTGTCTCTTATTGTAGCTT
GTAGTATAGGTTGAAGTCAGGTAGCATGATGTCTCCAGCTTGTTCTTTGCTTAGGAT
TGTCTT

Figure A3.69 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.70- Screen shot of the first page of BLAST results for Read G4A166B01A759L
(reversed)

-

Read G4A166B01BMKK6 (reversed)

Sequence:CNCTACTCCCTGTGTGCCTTGGCAGTCTCAGGTGTCTCTTATTGTAGCTTT
GTAGTATAGGTTGAAGTCAGGTAGCATGATGTCTCCAGCTTTGTTCTTTTGCTTAGG
ATTGTCTT

Figure A3.71 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.72- Screen shot of the first page of BLAST results for Read 4A166B01BMKK6
(reversed)

- Read G4A166B01B23IR
Sequence:GTATAGTTTGAAGTTCGGAAATGTGATGCCTTCAGCTTTGTTCTTTGTTGT
CGTAGTNTCTGTCGACTTGTCGCCTTTCGTTTCTGTTATGATTTAATAAGTTTTCTTA
AGTAGTTAGAGACCACGAGACCTGCAACGGCGACCAAGACGGGATAGGAGG

Figure A3.73 - Screen shot of the BLAST
results summary, showing alignment scores
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Figure A3.74 - Screen shot of the first page of BLAST results for Read G4A166B01B23IR

-

Read G4A166B01AUUHJ

Sequence:TGTAGTTAATGCATTATTAATGCTTAAGCCATCTTTCACGCCACAATTGAC
TATGATATTCCTGTCTTTAGTAAAAAGAAGAGACACCTGAGACTGCCAAGGCACACA
GGGAGTAGG

Figure A3.75 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.76 - Screen shot of the first page of BLAST results for Read G4A166B01AUUHJ

-

Read G4A166B01AFQTZ

Sequence:GTTACGATGCAACGATTACGACATTATATGTTATGAAGATAATGGTTGAG
ATATATTGTATTTATTTNTTGTACACAGAGACCACCTGAGACTCGACCGAAGCACAC
GGAGGTAGGAG

Figure A3.77 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.78 - Screen shot of the first page of BLAST results for Read G4A166B01AFQTZ

-

Read G4A166B01A9LY3 (reversed)

Sequence:CTACTCCCTGTGTGCCTTGGCAGTCTCAGGTGTCTCTAATGAAGGAATGC
AATGATTTGGCATGGAATGGAATCGAATGGCATCGAATGGAATGGAATGGAATGCA
ATGGAATGGAATGTATTAGAATGTAATGAACTTTAATGGAATGTACTCGAATGGA

Figure A3.79 - Screen shot of the BLAST
results summary, showing alignment scores
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Figure A3.80 - Screen shot of the first page of BLAST results for Read G4A166B01A9LY3
(reversed)

-

Read G4A166B01BITXT

Sequence:ATGCATTGATTACGTGGCTGATCATGCACTAATCACGTGACTGGTCATGC
ACTGATCACGTGGCTGATCATGCACAGAGACACCTGAGACTGCCAAGGCACACAGG
GAGTAGNG

Figure A3.81 - Screen shot of the BLAST results
summary, showing alignment scores
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Figure A3.82 Screen shot of the first page of BLAST results for Read G4A166B01BITXT
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