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Among all studied genes in humans, the locus coding for ABO blood group alleles is the
single best studied genetic trait. This makes this gene a prime marker to address Native
American population history. Across loci, Native Americans have the lowest genetic diversity of
all continental populations. While some Native American populations exhibit A, B and O alleles,
such as some Eskimo groups, and some North American populations exhibit A and O alleles, all
other Native American populations from North, Central, and South America are nearly fixed for
the O allele.

Contrastingly, most other human populations outside of America seem to always
maintain all three alleles and even orbit around similar allelic frequencies. This has been
attributed to frequency dependent selection, mediated by our immune response to bacteria and
virus, pressure which is consistent across the world. The high variance in ABO allele frequencies
in Native Americans stands as an oddity.

In this study, four hypotheses were tested to explain the low overall Native American
diversity and the high within Native American variance of ABO allele frequencies: a) Founder’s
effect in the original population, b) Post-European contact reduction of diversity, ¢) Post-
European contact natural selection and d) High population structuring following subsequent

migrations into the continent.



To address the possibility of ABO allele frequencies changing after European contact,
ABO allele diversity data was recovered from pre-contact Muwekma-Ohlone samples. This
ancient population, referenced as CA SCL-38, exhibits similar mitochondrial haplogroup and
ABO allelic diversity as contemporary Native American populations from the same geographic
area. Additionally a model was created to simulate loss of allelic diversity under the effect of
genetic drift as a consequence of a reduced effective population size. Modeled data sets a lower
limit to the effective population size a group would require in order to maintain diversity.

Contrasted against ABO diversity data from extant populations, my results are consistent
with ABO diversity being lost as a result of isolation as populations migrated deeper into the

continent and not as a result of a bottleneck in the original founder population.
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Background

Anthropologists have always been interested in recording human variation, as marked by
their early attempts at categorizing humans into hierarchies, to post-20" century efforts to
understand the distribution of genetic variation. In the last century, the single most widely
studied human genetic trait has been ABO blood types (Molnar, 2002). While early interest in
blood typing individuals worldwide aimed to evaluate hierarchical classifications, this marker
has remarkable importance to the medical field. Without a simple system of blood group
identification successful blood transfusions, tissue and organ transplants would be impossible
(Brace, 2005).

Blood transfusions were performed before the 20™ century, but met with limited success
(Molnar, 2002). The existence of a blood trait that varies between humans was first reported by
Landsteiner (1901), who earned a Nobel Prize for his work on the ABO system in 1930. It was
Landsteiner who dubbed the four phenotypes A, B, AB and O (Mourant et al., 1976). ABO blood
phenotypes were so well recorded that this system provided some of the first evidence of
Mendelian transmission in humans (Daniels, 2002; Loring, 2005; Molnar, 2002), a critical piece
of evidence that demonstrated that inheritance among Homo sapiens is no different than that
recorded for the common pea (Pisum sativum) (Mendel, 1866). Over the last century millions of
people around the world have had their blood types recorded (Molnar, 2002).

Yet, in light of the medical importance of this genetic locus for tissue transplant by
medical investigators, it is surprising how very little attention has been focused on the
evolutionary forces that explain the modern distribution of ABO alleles. In the last decade the

ABO system has been discovered to be among the most polymorphic genes in humans with



around 100 (mostly rare) alleles known at the sequence level. More is known about the

distribution of ABO alleles than for practically any other human biological trait (Yip, 2002).

The ABO gene

The ABO gene is located on chromosome 9 and extending approximately 20,000 base
pairs between positions 135,120,384-135,140,451 (Kent et al., 2002). Functionally, the ABO
gene codes for a specific glycosyltransferase enzyme. The A and B allele glycosyltranferases
transform the precursor H antigen (which lacks a terminal sugar) by adding N-acetyl-
galactosamine to produce the A antigen and D-galactose to produce the B antigen. The ABO
phenotype is thus determined codominantly by specific transferases coded by different alleles in
the ABO locus, also with different efficiencies of H antigen transformation. Heterozygotes
exhibit both types of antigens on their red blood cells. An individual homozygote for any O
alleles have only H antigens, as O alleles lack glycosyltransferase activity and thus terminal
sugars are not added to the precursor antigen H (Sharon and Fibach, 1991) (Table 1).

Table 1 Phenotypes, genotypes and ratios of cell membrane antigens for the common ABO
alleles -Al, A2, B, O- (from Sharon and Fibach 1991).

Phenotype \ Genotype \ Cell membrane antigens ‘ A/H antigen ratio  B/H antigen ratio

A A1A1 AA 200
A A1A2 AA 31 0
A A10 AH 3.1 0
A A20 AH 1.1 0
B BB B,B 0 37
B BO B,H 0 1.9
AB A1B AB 159 63
AB A2B AB 39 34
o 00 H,H 0 0

Evolution of the human ABO polymorphism
The ABO allele “A101” is likely the ancestral human allele, probably predating the appearance

of our species (Calafell et al., 2008). Around 2.5 mya, a second allele “O01” evolved from A101



by a deletion in position 261 of Exon 6. This mutation “A261” creates a premature stop codon
resulting in a truncated protein lacking glycosyltransferase function (Gagneux and Varki, 1999).
However, O alleles are not deleterious. A second O allele, “O02” evolved from A101 around 1.5
mya by a second, independent deletion at position 261. Phylogenies based on the sequences of
ABO alleles confirm that the O01 and O02 alleles arose via convergence. Both O alleles were
maintained in the ancestral hominid population for about another million years before the
evolution of “O09”, a third convergent O allele that also carries the A261 mutation.

The first functional variant, allele “A201” evolved approximately 260,000 YBP at about
the same time the first B allele appeared. This ancestral B allele is thought to have recombined
with A201 at some point, giving rise to the oldest recognized B allele known from human
samples, “B101”. Because the original B allele has since been lost from human populations, its
phylogenetic position is not clear (Calafell et al., 2008; Yamamoto et al., 1990; Yip, 2002) (Fig
1). In addition to the two O alleles mentioned above, it is believed that there are at least three
additional O alleles that evolved via convergence. A summary of common alleles can be found in

Table 2 (Yip, 2002).



Table 2 Informative sequence, protein and functional differences of common ABO alleles.

Allele |6l Sequence nvaﬁm_s u>__m_18ﬂqaaa§m ﬂ?:ag

A101  |reference reference A101 ATransferase A (terminal N-acetylgalactosamine) [Anti-B Global

A201  |ntd67 Prol56Leu A201 ATransferase A (terminal N-acetylgalactosamine) [Anti-B Global

B101  |nt297,526, 657,703,796, 803,930 Argl76Gly, Gly235Ser, Leu266Met, Gly268Ala B101 BTransferase B (D-galactose ) Anti-A Global

001 G261- Stop codon at n352-354 001 Truncates Atransferase H (precursor) Anti-A, Anti-B Global

002 (01v)G261-, nt 106, 188, 189, 220, 297, 646, 681, 771,829 |Stop codon at n352-354, Val36Phe, Argb3His, Pro74Ser |002 Truncates Atransferase H (precursor) Anti-A, Anti-B Global

00210 |G261- G542A Stop codon at n352-354 00210 Truncates Atransferase H (precursor) Anti-A, Anti-B Native Americans
00303 [nt53, 220,526,802 Gly268Arg 00303 Inactivates antibody-sugar bindingsite H (precursor) Anti-A, Anti-B Caucasians
00304 |800insG, 1060delC Non-sense frame shift 00304 Inactivates Atransferase H (precursor) Anti-A, Anti-B Rare |
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Figure 1 Maximum-likelihood (ML) tree of the presumably non-recombinant ABO haplotypes
in the Seattle human SNP database. Lineages are indicated by symbols. Figures indicate percent
bootstrap support of the ML tree for main nodes, and, after the slash, the posterior probabilities
obtained with a Bayesian model (Figure 4 from Calafell et al., 2008).



Although the A101 is the oldest allele, currently the O01 and OO02 alleles are the most
common (Table 3 and Fig 2) and are widely distributed. With 40 known O alleles (from at least
five independent evolutionary events) (Cavalli-Sforza et al., 1992; Yip, 2002), the maintenance
of alleles with no glycosyltransferase activity (a potential drawback) over such a long
evolutionary time (especially considering the enormous effect of drift in human prehistory)
suggests that negative frequency dependent selection has favored the observed patterns of high
heterozygosity. In other words the fitness of one individual’s genotype is directly related to the
presence and abundance of the other genotypes. Under this form of selection, the least common
phenotype always has the highest fitness. Moreover, the fact that frequencies of O alleles are
relatively homogeneous among contemporary human populations may also be interpreted as the
result of geographically homogeneous selective pressures, a surprising phenomenon given the
wide geographical and ecological distribution of humans (Gagneux and Varki, 1999; Saitou and
Yamamoto, 1997; Seymour et al., 2004).

Table 3 Frequencies for the human ABO alleles in a global sample (from Cavalli-Sforza et al.,
1992).

Region ‘ A B O ‘
Europe 0.210 0.080 0.710
North Africa 0.220 0.120 0.660
Sub-Saharan Africa 0.160 0.130 0.710
Near East 0.220 0.140 0.640
Central Asia 0.190 0.200 0.610
India 0.190 0.240 0.570
Northern Asia 0.201 0.140 0.659
East Asia 0.270 0.180 0.550
Southeast Asia 0.170 0.190 0.640
Pacific Islands 0.221 0.090 0.689
New Guinea 0.210 0.130 0.660
Australia 0.230 0.020 0.750
North America 0.115 0.030 0.855
South America 0.007 0.004 0.989
Average 0.187 0.121 0.692
S.D. 0.063 0.070 0.114
Variance 0.004 0.005 0.013
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Figure 2 Distribution of A alleles and B alleles frequencies in a sample of 217 of the world’s
populations (Re-drawn from Molnar, 2002, Figure 3-5). Bubble size represents a number of
populations that fall under those frequencies of A and B allele. Notice how the majority of
populations clump around A and B frequencies of 20%.

ABO system and Immune response

Related antigen-antibody systems to ABO, such as the Old World primate-specific anti-a-
galactosyl antibody (anti-Gal), mediate recognition of alien cells and function to detect cross
species viruses (Rother and Squinto, 1996). Similarly, the A and B antigens-antibodies mediate
self-recognition of cells. Antibodies of individuals with blood group A present an immune
reaction to B antigens and vice versa. Individuals of blood group O carry anti-A and anti-B
antibodies, whereas those of blood group AB carry none. This specificity to non-self antigens is
probably mediated by spontaneously forming antibodies (NAbs), although it is contested whether
antibody production responds to external antigens encountered early in development (Preece et

al., 2002). While immune reaction is medically vital for successful blood and organ transfusions,



evolutionarily the likely function of the system is to recognize pathogens that carry non-self
antigens of similar structure to that of the A and/or B antigens, genetically coded or acquired
from previous hosts, allowing for prompt recognition (Preece et al., 2002).

The H antigen appears to have more limited immune function, at least relative to how A
and B antigens work. Evidence indicates O type mothers who secrete antigens into other body
fluids have reduced fertility against A or B bearing fathers, suggesting that maintaining O alleles
comes at a fitness cost to both O type mothers and A and B type fathers (Molnar, 2002).
However the fact that O alleles have evolved multiple times while being enzymatically non-
functional and universally maintained at higher levels than A and B alleles may also indicate that
the O allele’s selective advantage appeared later in evolutionary history than the original
selective advantage of the AB antigen system. The presence of anti-A/B antibodies could be the
leading selective force, since it reacts to both A and B antigens. The presence of carbohydrate
substances on bacteria or other antigenic carriers would then be an important target for such a
sensitive antibody system (Preece et al., 2002).

In this sense, bacterial pathogens such as Vibrio cholerae (cholera) and Helicobacter
pylori -that produce their own membrane antigens- are identified by our immune system as
foreign objects using the different A, B or H antigens in our own cells as indicators of self. ABO
allele frequencies seem to be maintained by the balance between selective pressures driven by
being exposed to several different pathogens. This accounts for global maintenance of A, B and
O polymorphism as well as some deviations from it. For example, in Glass et al’s (1985) case
study in the Ganges delta, the geographic origin of cholera, an individual’s blood group type was
not found to affect risk of having a culture-proven infection with V. cholerae but was directly

related to the severity of disease. Individuals with the most severe diarrhea were more often of



blood group O compared with those with asymptomatic infection (0.68 of blood group O
individuals versus only 0.36 of all others blood groups, p < 0.01) and much less often of AB (0
versus 0.7 of all other groups, p < 0.01). Not incidentally, today populations in the region also
exhibit very low frequencies of O alleles (0.12-0.20 of O genotype), a probable consequence to
historical exposure to V. cholerae (Glass et al., 1985).

Unlike bacteria, in viruses the glycosylation of surface carbohydrates is determined by
the previous host cell, since a virus is unable to provide the complicated enzymatic machinery
needed for glycosylation (Preece et al.,, 2002). In vitro studies using the measles virus
(Morbillivirus spp.) as a model clearly demonstrates that terminal glycosylation of the host cell
determines the terminal glycosylation pattern on measles virus. Viruses from blood group A
hosts are coated in A antigens and H antigens (AA or AO) and viruses from blood group B hosts
are coated in B antigens and H antigens (BB or BO). The same study also demonstrated that
identification and neutralization of invading viruses by host serum is strictly complement-
dependent; A serum neutralizes B (and H) coated viruses and vice versa (Preece et al., 2002).

Additionally, since the first appearance of the A and B antigen/antibody system, selection
has driven some viruses to either acquire the complete cellular coating of its host (the viral
envelope) or incorporate A and B antigens as motifs in their capsid coating (molecular mimicry),
making it impossible for the host immune system to detect based solely on A and B antibodies
(Calafell et al., 2008; Seymour et al., 2004; Swerdlow et al., 1994). For example all poxviruses
retain the viral envelope of their budding host. Counter selection in the human immune system
could then explain the rise of multiple O alleles, as O genotypes are hypersensitive to all other

human antigens by producing both the anti-A and anti-B antibody.



Fluctuation between rising frequencies of types selected against by specific pathogens in
previous generations is thought to keep all alleles present in most populations across the world,
with the exception of most Native American and some Native Australian populations (Seymour

et al., 2004).

Selection at ABO locus and global patterns of polymorphism

In a broad sense, the human population maintains the A, B and O alleles in high
polymorphism with frequencies averaging 0.187 (S.D. 0.063) for A, 0.121 (S.D. 0.070) for B and
0.692 (S.D. 0.114) for O (Table 3). This global polymorphic distribution and frequencies of
ABO alleles cannot be easily explained by any simple scenarios of selection driven by a single
suit of pathogens. In turn, negative frequency dependent selection between alleles that code for
antigens/antibodies, alleles with no enzymatic activity, and all of the above, has been modeled to
account for modern ABO distribution (see section on modeling ABO polymorphism, Seymour et
al., 2004).

Pathogens evolve much faster than long-lived vertebrates. Within a single host an
expanding pathogen may be able to adapt and overcome the host’s immune system over the
multiple pathogen generations it takes to spread the infection within the host. This process
ratchets virulence as pathogens infecting from previous hosts are better adapted to
phenotypically identical immune systems, as they do not illicit an antibody reaction. If this
dynamic holds true for the ABO locus, maintenance of diversity would be selected via constant
higher fitness attributed to those exhibiting the rarest phenotypes (Gagneux and Varki, 1999).

Negative frequency dependent selection has likely maintained ABO polymorphism for at
least 2.5 my, the time of the emergence of the first polymorphic variant, and has functioned as

the great equalizer, maintaining similar diversity levels even in isolated populations, as long as
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they are not too small. However two conditions can be responsible for driving allele frequencies
away from the global tendency: 1) episodes of strong selection against one allele over the others,
for example Cholera in the Ganges delta (Glass et al., 1985) or smallpox in Iceland
(Adalsteinsson, 1985) or 2) genetic drift as variation at any loci is constantly lost by stochastic
forces at a rate inversely proportional to the effective population size. Homo sapiens are well
known as a species for exhibiting a fairly small effective population size (~10 000, Chen and Li,
2001), especially remarkable, given the species tremendous current census size (over 6 billion).
The effective population sizes of archaic populations and especially those that moved into
previously uncolonized areas after the human diaspora from Africa were likely to be even
smaller. However, negative frequency dependent selection may have been responsible for
maintaining polymorphism at the ABO locus in the descendents of these human populations
across the world (Table 3). Even other well known linguistically isolated populations around the
world where drift has presumably shaped their genetic make-up are polymorphic for ABO (Table
4).

While selection against a specific type, such as selection against O alleles by V. cholera
in the Ganges delta, or isolation of populations such as the Basques, Saami or the Ait Haddidu
Berbers can skew frequencies away from the global average, there are very few cases of
monomorphic human populations. Some of those few cases are Native American groups, for

example the Bororo, Guarani and Ona of South America (Molnar, 2002; Swerdlow et al., 1994).
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Table 4 Frequencies for human ABO alleles in well known linguistically isolated populations
across the world (from Molnar, 2002).

Isolates A B O

Iceland 0.20 0.05 0.75
Irish 0.17 0.07 0.76
Saami 0.37 0.09 0.54
Basques 0.24 0.02 0.74
Bearnais 0.24 0.04 0.72
Corsicans 0.22 0.03 0.75
Sardinians 0.20 0.07 0.73
Walsers 0.21 0.05 0.73
Bergamasques 0.24 0.06 0.70
Valle Ladine 0.20 0.03 0.77
Svani 0.23 0.07 0.70
Saudi Arabians 0.16 0.11 0.75
Towara Bedouin 0.16 0.09 0.74
Jebeliya Bedouin 0.12 0.26 0.62
Ait Haddidu Berbers 0.07 0.05 0.89
Average 0.20 0.07 0.73
S.D. 0.07 0.06 0.08
Variance 0.00 0.00 0.01

Native American populations as an exceptions to global patterns

All modern Native American populations exhibit high frequencies of O blood groups
(Table 5, Fig 3) (Llop et al., 2006; Molnar, 2002; Swerdlow et al., 1994; Szathmary, 1979).
While the O allele is not completely fixed, only a few populations exhibit high frequencies of the
other two alleles, but most cases of polymorphism have been attributed to European admixture or
more simply have not been addressed (as in the case of Estrada-Mena et al., 2009).

The observation that Native Americans exhibit almost exclusively blood group O has
traditionally been accepted as the result of founder’s effect at the time when humans first entered
the Americas (Estrada-Mena et al., 2009). More recently, selection driven by viruses, particularly
smallpox, introduced following European contact, has been invoked to explain Native American
lack of diversity. In support of the later hypothesis, smallpox-driven selection has been shown to
drive O alleles to fixation as was the case in West Bengal and Bihar populations of India in an

intense smallpox epidemic in the 1960s (Adalsteinsson, 1985)
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Smallpox was initially introduced to the Americas by Europeans and, in fact, over the
following centuries subsequent waves of the disease were brought in via sailors (Patterson and
Runge, 2002). While smallpox was severe even among Europeans, who had been exposed to it
since medieval times, they may have had coevolved resistance mechanisms (Sabeti et al., 2005).
Smallpox, however, was devastating to the Native Americans, who had never been exposed to
the virus prior to contact. Smallpox ultimately killed more Native Americans in the early
centuries than any other disease, or conflict, post-European contact (Patterson and Runge, 2002).

The effect of population decline due to recent selection aside, the low modern diversity
observed among Native American populations stands as an exception to an otherwise high
pattern of global diversity. Native Americans differ even from Asian populations such as
Siberians, with whom they share relatively recent ancestors (Mourant et al., 1976; Tamm et al.,

2007; Torroni et al., 1993).
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Table 5 Frequencies for human ABO alleles in Native Americans (from Mourant, et al., 1976,
Halverson and Bolnick, 2008, Szathmary, 1979)

0 Ame a A B O
Caddo-Oklahoma 0.162 0 0.838 47
Catawba-SouthCarolina 0.218 0.081 0.701 104
Cherokee-NorthCarolina 0.018 0.009 0.973 166
Choctaw/Chickasaw-Oklahoma 0.044 0 0.956 81
Chippewa-Minnesota 0.064 0 0.936 161
QOjibwa-Manitoulinisland 0.172 0.044 0.784 105
Ojibwa-Pikangikum 0.225 0 0.775 95
Omaha-Nebraska 0.056 0.003 0.941 168
Pawnee-Oklahoma 0.226 0.012 0.762 80
Penobscot-Maine 0.27 0.002 0.728 249
Seminole-Florida 0.019 0.004 0.977 381
Seminole-Oklahoma 0.039 0.039 0.922 224
Sioux-SouthDakota 0.159 0.015 0.826 260
Wichita-Oklahoma 0.243 0.02 0.737 49
Ho-Chunk-Nebraska 0.238 0 0.762 86
Average 0.1435 0.0153 0.8412
s.d. 0.0931 0.0230 0.0994
Variance 0.0087 0.0005 0.0099

0 A B O
Inuit-Nome-Alaska 0.259 0.074 0.667 254
Inupiat-PointBarrow-Alaska 0.291 0.0631 0.6459 329
Unangan-Aleutian-Islands 0.2684 0.0318 0.6998 144
Inuit-LabradorBaffinlslands-Canada 0.2547 0.0034 0.7419 146
Inuit-Angmagssalik-Greenland 0.4069 0.1048 0.4883 569
Inuit-CapeFarewell-Greenland 0.3307 0.0251 0.6442 484
Inuit-CapeYork-Greenland 0.0877 0.0325 0.8798 124
Inuit-Wainwright-Alaska 0.3578 0.09 0.5522 111
Inuit-Copper-Canada 0.2926 0.0333 0.674 320
Inuit-Aivilik-Canada 0.4253 0 0.5747 109
Inuit-Kuujjuag-Canada 0.211 0.0127 0.7763 278
Inuit-Thule-Greenland 0.0895 0 0.9105 152
Inuit-Kodiaklsland-Alaska 0.2767 0.0636 0.6597 306
Inuit-Koniaglsolates-Alaska 0.2115 0.1071 0.6814 257
Inuit-Augpilagtok-Greenland 0.2273 0.1027 0.67 152
Inuit-Ittoggortoormiit-Greenland 0.3558 0.0143 0.6299 246
Inuit-Angmagssalik-Greenland 0.4391 0.103 0.4579 739
Average 0.2815 0.0507 0.6679
s.d 0.1012 0.0401 0.1181
Variance 0.0102 0.0016 0.0140
Athaba a Related A B O
Dene-Canada 0.1117 0.0099 0.8784 204
Kwakwaka'wakw+Nuu-chah-nulth +Haida+Salish 0.0654 0.0033 0.9313 300
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Kwakwaka'wakw+Nuu-chah-nulth

+Haida+Tlingit+Gitishan+Cowichan 0.096 0.0039 0.9001 394
Nuu-chah-nulth 0.0076 0 0.9924 198
Haida 0.1038 0.0092 0.887 437
Tlingit 0.0789 0.0321 0.889 79
NorthernAthapaskan 0.1416 0.0015 0.856 650
Navajo-Arizona 0.1463 0.0022 0.8515 457
Navajo-NewMexico 0.0045 0 0.9955 112
Tinglit-Alaska 0.1292 0 0.8708 120
Average 0.0885 0.0062 0.9052
s.d 0.0504 0.0098 0.0519
Variance 0.0025 0.0001 0.0027

eso 0 AMme a A B O
Natives-Guatemala 0.03 0.01 0.96 237
Maya-Yucatan 0.009 0.0045 0.9865 223
Chaguanco+Chamaco+Chiriguano-Argentina 0 0 1 120
MatoGroso 0 0 1 587
Bororo-MatoGrosso 0 0 1 119
Caiua-MatoGrosso 0 0 1 237
Guarani-MatoGrosso 0 0 1 107
Tariana+Tucano+Macu-Amazonas 0 0 1 237
Pijao-Colombia 0 0 1 281
Cafiari-Andes 0.0176 0.0079 0.9745 1726
Cara-Ecuador 0.0187 0.0068 0.9745 1838
Panzaleo-Ecuador 0.0205 0.008 0.9715 2570
Palta-Ecuador 0.0124 0.0079 0.9797 568
Jibaro-Amazonas 0 0 1 111
Maca-Paraguay 0 0 1 108
Andes-Peru 0 0 1 100
Uros-Peru 0 0 1 27
Ona-TierradeFuego 0 0 1 21
Ona+Yamana+Alakaluf-Argentina 0 0 1 34
Average 0.0057 0.0024 0.9919
s.d. 0.0094 0.0037 0.0131
Variance 0.0001 0.0000 0.0002
All Native Americans A B \ 0]
Average 0.1294 0.0194 0.8512
s.d. 0.1290 0.0310 0.1499
Variance 0.0166 0.0010 0.0225
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Figure 3 ABO allele frequencies in Native Americans (selected groups from Table 5).
Hypothesis and Expectations

Founder’s effect

Proto-Native Americans are thought to have evolved as an ancestral group to all Native
Americans in isolation even before entering the empty American continent, during a time termed
the “Beringian standstill” period between 30,000 YBP and 15,000 YBP (Tamm et al., 2007).
This is one part of a model known as the “Beringian Incubation Model” or “BIM” that has found
ample recent support from a number of whole mitochondrial DNA studies (Achilli et al., 2008;

Tamm et al., 2007).
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Support for this model was also found in the nuclear genome with the discovery of a 275
bp allele at the D9S1120 microsatellite unique to America and observed at high frequencies in all
American populations, yet absent from all other world-wide population except for a few across
the Bering Strait, has solidified the BIM and the migration of a single proto-American population
ancestral to most Native Americans (Schroeder et al., 2009; Schroeder et al., 2007).

To evaluate whether variation at the ABO locus was lost among proto-Native Americans
either during the standstill period, before the actual migration, or crossing into America, it is
crucial to estimate the effective population size (N¢) of the population, as smaller sizes increase
the chances of allele loss. The degree of the bottleneck could range from complete elimination of
polymorphism to a partial reduction of the number of founding alleles in proto-Native
Americans.

Some contemporary Native American groups do exhibit A and B alleles in considerable
frequencies, although the distribution of these alleles is highly structured geographically (Figure
3). This possibly suggests that the bottleneck was not strong enough to completely eliminate
diversity. However European admixture has not been ruled out as a possible cause for this
pattern. Sequence data from O alleles has provided additional resolution into Native American
diversity. Far from being monomorphic, at the sequence levels Native Americans present a
variety of O haplotypes, some isolated geographically (such as O05 and Ov7 in the Cayapa, 032
and O33 in the Aymara), some shared with other human populations (O1 and O1lv), and one
haplotype called “O1v542” which has been found in all Native American populations screened at
this level (Nahua, Mazahua, Maya, Mexican Mestizo, Cayapa, Aymara) and may very well be

unique to the Americas (Estrada-Mena et al., 2009). This pattern of reduced ABO diversity but

17



not complete fixation of one allele is less consistent with one strong bottleneck due to founder’s
effect.

Other DNA markers such as mitochondrial haplogroups have been the source of much
debate as of the degree of the bottleneck effect in proto-American population diversity (Kemp et
al., 2005; Tamm et al., 2007; Torroni et al., 1993). The only uncontested fact is that the
minimum number of females was equal to or higher than the number of founding mitochondrial
haplogroups know thus far (possibly>9), but an upper limit to population size has not been

agreed on (Tamm et al., 2007).

Post-contact reduction of diversity

European contact had a catastrophic effect in Native American populations ranging from
population reduction to complete extinction of some groups and overall diversity loss ranging
from 50-90% (Mulligan et al., 2004). In light of this drastic event it is appropriate to expect an
associated random reduction in genetic diversity in all loci, including ABO, in addition to any
non-random (selection) changes in diversity.

Ancient DNA studies ranging as far as 12 300 BP (Gilbert et al., 2008) and more recently
into populations that lived a few hundreds of years before European contact provide a unique
look into the genetic diversity of ancient Native American populations. Ancient mitochondrial
DNA studies were among the first to consider the possibility of a diversity reduction following
contact, as modern Native American present low mitochondrial diversity but at the same time all
Native American haplotypes are endemic to America. If ancient Native Americans presented
considerably higher mitochondrial diversity, ancient DNA studies would have recorded

mitochondrial haplotypes no longer present in contemporary populations (Stone and Stoneking,
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1998). So far only one study has recovered one mitochondrial haplotype (M) not currently
sampled in extant Native Americans (Malhi et al., 2007).

Two early studies, Parr et al. (1996) and Carlyle et al. (2000) compared the mitochondrial
haplogroup diversity of two ancient Southwest populations, the Freemont and the Anasazi with
contemporary Southwest groups. Their samples proved to not only belong to recognized Native
American founding haplogroups observed in contemporary populations, but to be of statistically
similar frequencies to modern Pueblo groups.

Gonzéles-Oliver (2001) conducted a similar study of ancient Mayan mitochondrial
diversity, again finding the same haplogroups in frequencies similar to modern Mayan groups.
These frequencies were completely congruent with expectations of any given Mesoamerican
group. Two studies, Kemp et al. (2005) and De la Cruz et al (2008) on two ancient Aztec
populations, recovered frequencies that would make this population statistically indistinguishable
from modern Chibcha peoples, ancient Maya from Xcaret, contemporary Maya from the Yucatan
and importantly the Nahua, who are the descendants of the Aztecs.

Although these are isolated studies, ancient mitochondrial haplotype diversity seems to
be comparable to modern diversity. If diversity in this marker is comparable to autosomal loci
diversity, it is likely that the overall pattern of genetic diversity was not significantly altered with
population reduction following European contact, even more as autosomal markers have an
effective population size 2-4 larger than mitochondrial markers. It is possible, however, that the
ABO locus alone could have reduced its diversity by targeted selection, for example after a

severe smallpox epidemic.

Post-contact natural selection of O alleles
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If ABO alleles among contemporary Native American populations were strongly shaped
by intense selection following the smallpox epidemic, it is possible that ABO frequencies
predating European contact would be more consistent with the global average. There is only one
study so far that has addressed diversity at the ABO locus using ancient pre-contact samples.
Halverson and Bolnick (2008) successfully typed 15 ancient Native Americans from three
archaeological sites (Table 6): 1) the Pete Klunk mound group (dated to 1,825-675 YBP) in
Calhoun County lllinois, 2) the Wright mound (dated to 1,950-1,790 YBP) in Montgomery
County Kentucky, and 3) the Hardin Village cemetery (dated to 500-325 YBP) in Greenup
County Kentucky. While not representing a single “population,” these samples yielded
frequencies very similar to contemporary groups of the region: the Caddo, Cherokee, Choctaw,
Chippewa, Ojibwa, Omaha, Pawnee, Seminole, Sioux and Wichita (Table 7), which are all
characterized by reduced diversity and low frequencies of non-O alleles.

Halverson and Bolnick’s (2008) results are consistent with ABO patterns achieving
modern low diversity well before European contact. Further sampling is needed to better test this
hypothesis, however, to generalize to the evolution of all Native American groups. This is jointly
due the low heterozygosity of their results and the fact that their sample is quite scattered
geographically and temporally.

Table 6 ABO allele frequency from a precontact population (N=15) and an average of modern
Native American populations of the same area (Halverson and Bolnick, 2008).

Allele Ancient Modern
A 0.330 0.120
B 0.000 0.014
0O (01+01v) 0.967 0.865
01 0.267 N/A
O1lv 0.700 N/A
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Table 7 Fisher’s Exact test comparison of Halverson and Bolnick (2008) precontact population
with modern Native American tribes of the same region. Low p values indicate populations
significantly distinguishable from the precontact population.

Population p value

Caddo-Oklahoma

0.18283+-0.0019

Catawba-SouthCarolina

0.03682+-0.0013

Cherokee-NorthCarolina

1.00000+-0.0000

Choctaw/Chickasaw-Oklahoma

1.00000+-0.0000

Chippewa-Minnesota

0.48493+-0.0010

Ojibwa-Manitoulinlsland

0.22577+-0.0038

Ojibwa-Pikangikum

0.06743+-0.0020

Omaha-Nebraska

1.00000+-0.0000

Pawnee-Oklahoma

0.10180+-0.0027

Penobscot-Maine

0.01548+-0.0004

Seminole-Florida

1.00000+-0.0000

1.00000+-0.0000
0.30802+-0.0037
0.06929+-0.0024
0.03628+-0.0013

Seminole-Oklahoma
Sioux-SouthDakota
Wichita-Oklahoma
Winnebago-Nebraska

High population structuring after migration

If one strong bottleneck had shaped ABO frequencies before the various founding groups
spread into America, all Native American populations today might be expected to exhibit similar
allele frequencies. By contrast, if drift had reduced diversity in independent groups after they
became isolated from each other, then given the stochastic nature of genetic drift, different
Native American groups would be expected to differ in what alleles became fixed.

While Native Americans as a whole have lower diversity at the ABO locus than other
continental populations, variance within the Native American samples (Table 5) is much higher
compared with global ABO frequencies (Table 3) or even ABO frequencies in linguistically
isolated populations (Table 4) (ANOVA F= 3.088. p=0.030 for A allele, F= 48.16p<0.010 for B

allele, F= 13.58, p<0.001 for O, Fig 4). The high variance within Native American groups is
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evidence of demographic processes occurring independently in isolated groups of Native

Americans after entering America.
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Figure 4 Variance in allele frequencies for a) A allele, b) B allele and c) O allele for 4
population samples: Global (Table 3), Isolates (Table 4) Native Americans (Table 5) and a
“Continental” population equal to the Global population without Native Americans. Boxes
represent the 25" and 75" quartiles. Analysis of variance is significant at 95% confidence for all
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represent the 25" and 75" quartiles. Analysis of variance is significant at 95% confidence for all
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Congruently, Wang et al.’s (2007) analysis of 678 autosomal microsatellite markers
between 24 Native American populations representing North, South and Central America and
other world populations. They found that Native American populations are at the same time the
least heterozygous continental “population” and the most highly structured (Wang et al 2007).

The phylogenetic tree best fitted to the data from the microsatellite panel, has a structure better

conciliated with a scenario of one migration into America followed by swift population isolation
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via migrations deeper into the continent and isolation of groups splitting up along the way taken
subsets of the original gene pool of the founding population. They also concluded that this
scenario would produce a set of low diversity subpopulations with different patterns of variations
that may then drift away from each other (Wang et al., 2007).

Furthermore, modeled evolution of the Native American private allele D9S1120
emphasizes high population structuring and isolated evolution of diversity after migration into
the American continent (Schroeder et al., 2009). Although it has been argued that a similar
pattern of the distribution of D9S1120 could also be achieved through high gene flow between
Native American and Asian populations, this seems unlikely in light of all other evidence (Ray et
al., 2009).

Isolation and drift may have been facilitated by differences between emerging languages.
It should be noted that Native Americans possess the highest linguistic diversity compared with
other continental “populations,” possibly the result of a high degree of isolation promptly

following Native American dispersion (Nettle 1999).

Modeling diversity loss in Native American populations

Gagneux and Varki (1999) claim that ABO diversity is maintained globally by frequency
dependent selection via higher fitness of rarer variants. While negative frequency dependent
selection is a likely explanation for the maintenance of polymorphism globally, a second
evolutionary force is necessary to explain why O alleles have been maintained at higher
frequencies (Seymour et al., 2004). If there is differential fitness based on recognition of terminal
glycosylation from AB transferases, as is the case with viruses that present a viral envelope (or
mimicry), individuals with no glycosylation would be sensitive to both A and B antigens present

in viruses incubated in A, B or AB phenotype hosts. The interaction of both forces on ABO
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frequencies has been modeled by Seymour et al. (2004) over multiple generations (Fig 5). Their
model, at equilibrium, maintains the frequency of the O allele as twice or more those of the A
and B alleles. A notable feature of their models is that there are no oscillations in allele
frequency during the approach to equilibrium. This is likely because their model does not take
into consideration sampling error issues arising from population of limited sizes, as their

population size is infinite.
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Figure 5 ABO evolution as modeled by Seymour et al. (2004). Evolution of O (solid line), A
(up-triangles), B (down-triangles) and AB (dashed line) phenotype frequencies under the
influence of (a) bacteria alone and (b) bacteria and virus.
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Methods
Ancient DNA

The colonization of the Americas by Europeans had an enormous impact on Native
American populations, ranging from extinction of some groups to forced relocation and
subsequent admixture among other groups (some previously not in contact with one another) and
with European settlers themselves. As such, studying Native American evolution using genetic
analysis from contemporary samples can present significant biases. While most research is
conducted keeping these biases in mind, ancient DNA provides the opportunity to sample
directly from prehistoric populations. Ancient DNA studies, however, present their own set of
challenges, making validation of results an extremely slow and laborious process. As few ancient
DNA studies exist, each one represents a point of light in the vast darkness of human origins and

evolution.

Ancestral Muwekma Ohlone

In this study ancient DNA from the Yukisma site (CA SCL-38), an ancestral Muwekma
Ohlone burial site north Santa Clara County, California was analyzed. The site is located
approximately 6 miles from the present Southern end of San Francisco Bay (Morley, 1997).
This site falls under the Tamyen-speaking territory, part of the Ohlone languages in the Utian
family (Bellifemine, 1997). One rib bone from each of the 252 burials was reserved for this
genetic analysis prior to remaining skeletal elements being re-interred. With approval from the
Muwekma Ohlone the samples were transferred to the Kemp Lab of Molecular Anthropology
and Ancient DNA at Washington State University. Radiocarbon dating places deposition from

200 YBP to at least 2200 YBP.

27



The archaeological project was initially conducted by Ohlone Families Consulting
Services (OFCS), cultural resource management arm of the Muwekma Ohlone Tribe. After an
initial testing program, which included eight 1m by 1m excavated units and 16 auger bore holes,
conducted during April 1993, 243 discrete burial features were exposed, documented and their
contents removed from the project area between August and October 1993. It is believed the site
is a large prehistoric earth mound cemetery. From this burial assemblage, 244 individuals
associated with 3200 beads and artifacts were analyzed (Bellifemine, 1997).

The valley floor is mainly composed of sedimentary rocks, including fluvial, aeolian,
weathered and estuarine deposits. The valley climate is described as Mediterranean, with
characteristically wet winters and dry summers (Bellifemine, 1997). With over 250 possible
aDNA samples, CA SCL-38 represents one of the closest examples of a complete precontact
Native American population, comparable only to the 260 preserved skeletons of the Norris Farm

36 cemetery (Stone and Stoneking, 1998).

DNA Extraction

Approximately 0.5 g of material was removed from each rib sample. Each sample was
submerged in 6% sodium hypochlorite (full strength household bleach) for 15 min (Kemp and
Smith, 2005). Each sample was independently rinsed 1-2 times with DNA free water (Gibco) to
remove the bleach. Individual samples were transferred to a 15 mL polypropylene conical tube
and submerged in 3 mL of molecular grade (DNA free) 0.5 M EDTA, pH 8.0 (Gibco) for at least
48 hours. An extraction control, to which no bone is added, accompanied each extraction batch
of seven samples and was subjected to all of the steps that follow.

Three mg of Proteinase K (Invitrogen, Fungal Proteinase K) were added and the samples

were incubated at 60-65 C for approximately 3 hours. A three-step phenol/chloroform extraction
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method was used: two extractions adding an equal volume of phenol:chloroform:isoamyl alcohol
(25:24:1) to the EDTA, followed by one extraction with an equal volume of chloroform:isoamyl
alcohol (24:1).

To aid in the removal of co-extracted polymerase chain reaction (PCR) inhibitors, DNA
was precipitated out of solution with isopropanol (H&nni et al., 1995). This was performed by
adding one half volume of room temperature 5 M ammonium acetate and, to this combined
volume, one volume of room temperature absolute isopropanol, then storing the solution
overnight at room temperature.

Samples were centrifuged for 30 min at 3100 rpm to pellet the DNA. Then the liquid was
discarded and the samples air-dried for 15 minutes. The pellet was washed with 1 mL of 80%
ethanol by vortexing for about 30 seconds (making sure to dislodge the pellet, if visible, from the
side of the tube). Tubes were centrifuged again for 30 min at 3100 to pellet the DNA. The
ethanol was discarded and the samples were allowed to air-dry for 15 min. To further remove
co-extracted PCR inhibitors, DNA was re-suspended in 300 uL of 60-65 C DNA-free ddH,O
and incubated at 60-65 C for 20 minutes and vortexed three times before silica extraction (Glass
et al., 1985; Kemp et al., 2006) using the Wizard PCR Preps DNA Purification System
(Promega), following the manufacturer’s instructions (modified by eluting the DNA in the final
step with two aliquots of 50 uL of 60-65C ddH,O as recommended by Dr. Jodi Barta). DNA

extracts were stored at -20 C.

PCR Amplification

Mitochondrial aDNA haplogrouping
Each sample was first screened for the markers definitive of Native American mtDNA

haplogroups A, B, C, D (Torroni et al., 1993) to help ensure samples were not contaminated by

29


http://www.google.com/url?sa=U&start=2&q=http://www.promega.com/tbs/tb118/tb118.html&e=7421

modern non-Native American DNA. As the ratio of mtDNA to nuclear DNA in ancient samples
IS expected to be approximately 1000:1 (Schwarz et al., 2009), samples that do not amplify for
mitochondrial DNA are unlikely to amplify for nuclear DNA. Screening for mitochondrial
haplogroups also works as the first step for screening samples with sufficient aDNA for ABO
gene amplification.

Fifteen microliter PCR amplification reactions contained: 0.32 mM dNTPs, 1X PCR
Buffer, 1.5 mM MgCl,, 2.4 mM primers, 0.3 U of platinum Taq (Invitrogen), and 1.5 uL
template DNA. Negative controls (PCR reactions to which no DNA template was added)
accompanied every set of PCR reactions to monitor the presence of contaminating DNA.

PCR conditions were as follows: 94°C for 3 min, 60 cycles of 15 second holds at 94°C,
55°C, and 72°C, followed by a final three minute extension period at 72°C. Amplification success
was determined by visualizing ~5-6 pL of the amplicons on a 6% polyacrylamide gel stained
with ethidium bromide under UV light. This was preformed both to confirm successful
amplification and for later restriction enzyme digest. In the case of B haplotypes scoring was
performed from the presence or absence of a 9-bp deletion. Primers are described in Kemp et al.

(2007).

ABO blood group testing

ABO blood grouping was scored using a modified Hummel at al. (2002) PCR-RFLP
method. PCR amplification reactions contained 7.26 puL of DNA-free ddH,O (Gibco), 0.32 mM
dNTPs, 1X PCR Buffer, 1.5 mM MgCl,, 2.4 mM primers, 0.3 U of platinum Taqg (Invitrogen),
and 3 pL template DNA. Negative controls (PCR reactions to which no DNA template was

added) accompanied every set of PCR reactions to monitor the presence of contaminating DNA.
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PCR conditions were as follows: 94°C for 3 min, 60 cycles of 15 second holds at 94°C,
56 C (for Exon 6) and 53°C (for Exon 3), and 72°C, followed by a final three minute extension
period at 74 C. Amplification success was confirmed as just described. Primers are described in
Hummel et al. (2002).

Enzyme digestion for Rsal and HpyCH41V (Exon 6) and Nlalll and Mnll (Exon 7) was
performed at approximately 36 C for over 3 hours. Digestion was visualized by running 4-5 pL
of the amplicons on a 6% polyacrylamide gel stained with ethidium bromide under UV light.

To rule out allelic dropout (see below), positive ABO result were attempted to be replicated three
independent times following Halverson and Bolnick’s (2008) recommendation. To rule out
contamination from the researcher, each sample was replicated one additional time

independently by Dr. Brian M. Kemp.

Data Analysis

Paired Fisher exact tests were performed using the program Arlequin version 3.0
(Excoffier, 2005) to compare the CA SCL-38 mitochondrial haplotype frequencies to modern
California Native America populations as well as other western North American groups
(Eshleman et al., 2004; Kaestle and Smith, 2001; Lorenz and Smith, 1996; Malhi et al., 2003;
Smith et al., 2000). The program was set at 100 000 Markov Chain steps and the alpha value was
set at 0.05. A similar paired Fisher’s exact test was performed to compare the CA-SCL-38 ABO
frequencies to other Native American populations. Fst distances were also calculated in Arlequin
and the Fst distance matrix was processed in a Principal Coordinate Analysis using DistPCoA
(Legendre and Anderson, 1998) to visualize structuring within Native American groups. A
scatter plot was created based on the first two coordinates. As a comparison point, Table 3 non-

Native American populations were also included in the plot.
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ABO diversity evolution model

This study modeled frequency dependent selection at the ABO locus under similar
principles as Seymour et al (2004, Fig 5) and incorporated variable effective population sizes.
Comparisons of the results yielded by the model with known modern ABO diversity in Native
Americans can be used to estimate the effective population size of a group at the moment of
diversity loss.

Natural selection was modeled by assuming that the fitness (wiy) of individuals is
reduced by the frequency of other individuals that carry the same antigens as they are all
potential hosts for pathogens. Pathogens coming from these “same-phenotype” hosts are already
adapted to bypass the ABO identification system:

wimy= 1-freq(ii)-freq(i(n))
where homozygotes ii and heterozygotes i(n) both carry the same antigens (antigen H is present
in low quantities even in AA or BB individuals; see Table 1) (Sharon and Fibach, 1991).

Differential transmission of viruses coated in A and B antigens (molecular mimicry or
viral envelope) lowers the fitness of A and B bearing genotypes (homozygous or heterozygous)
by a number “x and increases the fitness of the genotype that does not carry A or B (OO) by the
sum of all “x’:

wim= 1-freq(ii)-freq(i(n))-x if i= Aor B

wii= 1-freq(ii)-freq(i(n))+x if i= O
For the case of the model presented here, “x” was assigned arbitrarily as 0.025, to match the
ABO frequencies of Seymour et al.’s model (2004). Genotype fitness (w) was then calculated for
each zygote as:

Waa= 1-freqaa-freqao-0.025
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Wao= 1-freqaa-freqao-0.025

wgg= 1-freqgs-freqso-0.025

Wgo= 1-freqge-freqso-0.025

Wag= 1-freqas-0.025-0.025

Woo= 1-freqoo+0.15
The mean fitness of the population can then be estimated as:

Wioan= P*(Waa)+2p0(Wag)+0*(Wes)+2pr (Wao)+20r(Weo)+1* (Woo)

These equations can be used to estimate how negative frequency dependent selection
influences the frequencies of ABO alleles (p, g, r) on each generation based on its fitness relative
to the mean fitness of the population:

P'= pA(Wan)+PA(Wag)+Pr (Wao)_.
Wibar)

q'= g*(Wag)+ar(Weo)+ap(Wag)_,
W (bar)

r'=_rA(Woo)+Hp(Wao)+ra(Weo) .
Wibar)
This system allows polymorphism to be maintained unless sampling error (i.e. genetic drift)

removes all but one allele from the population.

If Native American loss of ABO diversity is the result of drift acting because of their
small effective population size as bands became isolated, this can be modeled by randomly
generating gametes carrying p, g, r alleles. The effective population size is represented as the
number of gametes generated. Genetic drift can then be simulated, scoring the number of
generated gametes that carry p, g, r alleles based on the distribution of po, go, o in the previous

generation. Then new zygote frequencies are generated and fed into the selection component of
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the model. Fluctuations of allele frequencies can be traced through multiple generations by
repeating each step multiple times.

For this model, the interplay between selection and genetic drift as the effective
population size decreases was measured by generating 500, 100, 75, 50, 25, and 10 gametes per
generation and measuring loss of diversity after 35 generation (roughly 1000 years with 30 year
generations) (Tremblay and Vézina, 2000). All equations were run in Microsoft Excel. Resulting

ABO frequencies were recorded after 100 replications of each 35 generation cycle.

Results

CA-SCL-38 DNA extraction and amplification

DNA extraction was attempted for 68 individuals from the CA-CSL-38 archaeological
samples. Out of those 68 samples only 41 samples amplified for mitochondrial DNA
haplogroups, either because there was not sufficient DNA for amplification or because silica
purification was not successful at fully removing PCR inhibitors. Table 8 lists mitochondrial
haplogroup frequencies for all 41 samples.

Table 8 Mitochondrial haplogroup frequencies for the CA SCL-38 population.

Haplogroup Frequency ‘
Haplogroup A 5.3
Haplogroup B 23.7
Haplogroup C 18.4
Haplogroup D 52.6

Other 0

Fisher’s exact test-pairwise comparisons between mitochondrial haplogroups frequencies
of the CA-SCL-38 population and contemporary western Native American groups are found in

Figure 6. CA-SCL-38 is significantly indistinguishable from Cahuilla, Costanoan, Modern Great

34



Basin (multiple groups), Sahaptain, Serano/Vanyume, Sierra Miwok, Tubat and Yokuts

populations as well as Stanford and Cook site ancient populations.
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Figure 6 Pairwise Fisher’s Exact test significance matrix for mitochondrial haplogroups. Red
cells indicate significantly distinguishable populations at the 0.05 level of probability, green cells
indicate significantly indistinguishable populations. CA-SCL-38 is delimited by dark bars.

Out of the 41 samples successfully amplified for Native American mitochondrial
haplogroups, 15 samples (36.6%) successfully amplified for ABO markers. ABO genotypes over
all amplifications, as well as the consensus genotype (assuming allelic drop out is common,
heterozygous were assumed to be the correct genotype in case of discrepancy), are shown in
Table 9. Table 10 lists observed genotypic and allelic frequencies for A, B, O1 and O1v for CA-

SCL-38. Heterozygosity of observed genotype counts is not significantly different from expected

at Hardy-Weinberg equilibrium under a Fisher’s exact test (p=0.329).

35



Table 9 Mitochondrial haplogroups and ABO genotypes for the CA SCL-38 population

ple aplogroup Replica Rep Rep Rep Rep 4 Rep Rep 6 0 e

B0O01

A 1 X
B003 B 1 X
B004 C 5 AO1 0101 AO1 0101 0101 AO1
B005 B 1 X
B006 B 4 0101v X X 0101v 0101v
B008 D 1 X
B009 D 1 X
BO10 D 4 0101y X X 0101v 0101v
B011 D 1 X
B012 B 1 X
B015 D 1 X
B016 A 1 X
B018 D 1 X
B019 B 1 X
B020 C 1 X
B023 B 3 0101 0101v 0101 0101
B024 D 1 X
B025 C 1 X
B026 D 1 X
B027 D 1 X
B038 D 4 0101v 01vOlv | 0101v 0101v 0101v
B043 D 5 X 0101 X 0101 0101 0101
B048 D 6 0101 0101 0101 0101 0101 0101 0101
B0O50 D 1 0101v 0101v
B056 D 6 01vO1v X X X X 01vO1v O1vOlv
B080 D 5 0101 X X AA AA AA
B097 N/A
B110 N/A
B111 N/A
B112 N/A
B113 N/A
B114 B 1 X
B115 N/A
B116 N/A
B117 C 1 X
B118 C 1 X
B119 N/A
B130 N/A
B131 N/A
B134 D 5 0101 X 0101 01vO1v 0101 0101
B136 N/A
B138 N/A
B141 N/A
B143 N/A
B144 N/A
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B145 N/A

B146 N/A

B161 N/A

B162 N/A

B164 N/A

B165 N/A

B168 D 1 X X

B170 D 1 0101 0Ol101
B171 D 7 0101v AO1v 0101v AO1v 0101v AO1v AO1lv
B173 N/A

B174 N/A

B177 D 1 X

B178 N/A

B190 N/A

B191 N/A

B192 C 1 X

B193 D 2 0101 0101 0101
B194 C 1 X

B195 B 1 X

B196 B 1 X

B206 N/A

B217 D 1 X

B233 C 4 0101 0101 0101 0101 0101

Table 10 ABO genotype and allele frequencies for the CA SCL-38 population. Expected
genotype frequencies at Hardy-Weinberg equilibrium are shown next to observed genotypic
frequencies

Genotypes  Observed ‘ Expected HW ‘
0101 0.467 0.401
0O1vO1lv 0.067 0.054
0101v 0.267 0.296
AO1 0.067 0.169
AO1v 0.067 0.062
AA 0.067 0.018
Alleles Frequencies ‘
01 0.633
Olv 0.233
A 0.133
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Cross populations comparisons

Results of the Fisher’s exact test-pairwise comparisons between A, B and O frequencies
of the CA-SCL-38 population and a panel of 61 contemporary Native American populations
grouped as Athabaskan, Aleut-Eskimos, North American and South/Meso-American as well as
Halverson and Bolnick’s (2008) ancient population are shown in Figure 7. CA-SCL-38 is
significantly distinguishable from some Eskimo populations (both Angmagssalik Eskimo
populations, Aivilik Eskimos and Wainwright Eskimos), only Navaho-New Mexico from the
Athabaskan group, and most of the South/Meso-American populations. CA-SCL-38 is
significantly indistinguishable from all North American groups and from Halverson and

Bolnick’s (2008) ancient population.
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Figure 7 Pairwise Fisher’s Exact test significance matrix for ABO frequencies. Red cells indicate significantly distinguishable
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The Athabaskan, Aleut-Eskimos, North American and South American Native American

populations seem to spread apart from global populations in a Principal Coordinate Analysis

based on Fst distances calculated from ABO allele frequencies (Fig 8). CA-SCL-38 falls closer

to other North American groups on the first coordinate, but it is also the most extreme negative

value for the second coordinate.
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Figure 8 Principal Coordinate Analysis based on F¢ distances calculated from ABO allele
frequencies for 61 extant Native American populations as well as Halverson and Bolnick (2008)
and CA-SCL-38 ancient populations. The first component explain 8.3% of the variance, the

second component explains 3.2% of the variance.
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1 Cadde-Cklahema
2 Catawba-SouthCarolina
3 Cherokee-NorthCarolina

4 Choctaw/Chickasaw-Oklahoma

5 Chippewa-Minnesota
6 Ojibwa-Manitoulinisland
7 Ojibwa-Pikangikum
8 Omaha-Nebraska
9 Pawnee-Oklahoma
10 Penchscot-Maine
11 Semincle-Florida
12 Semincle-Oklahoma
13 Sioux-ScuthDakota
14 Wichita-Oklahoma
15 Winnebago-Nebraska
16 Nome-Alaska
17 PointBarrow-Alaska
18 Aleutian-islands
18 LabradorBaffinislands-Canada
20 Angmagssalik-Greenland
21 CapeFarewell-Greenland
22 CapeYork-Greenland
23 Wainwright
24 Copper
25 Aivilik
26 FortChimo
27 Thule
28 Kodiak!sland
25 Koniaglsolates
30 Augpilagiok

31 Scoresbysund
32 Angmagssalik
33 Dene-Canada
34 Kwakiut+Nootka+Haida+Salish

35 Kwakiut+Nootka+Haida+Tlingit+Gitishan+Cowichan

36 Nuu-chah-nulth

37 Haida

38 Tlingit

39 NorthernAthapascan

40 Navaho-Arizona

41 Navaho-NewMexico

42 Tinglit-Alaska

43 Natives-Guatemala

44 Maya-Yucatan

45 Chaguanco+Chamaco+Chiriguano-Argentina
46 MatoGroso

47 Bororo-MatoGrosso

48 Caiua-MatoGrosso

49 Guarani-MatoGrosso

50 Tariana+Tucano+Macu-Amazonas
51 Pijao-Colombia

52 CaZri-Andes

53 Cara-Ecuador

54 Panzaleo-Ecuador

55 Palta-Ecuador

56 Jibaro-Amazonas

57 Maca-Paraguay

58 Andes-Peru

58 Uru-Peru

60 Ona-TierradeFuego

61 Ona+Yamana+Alakaluf-Argentina

Figure 8 Principal Coordinate Analysis based on Fg distances calculated from ABO allele
frequencies for 61 extant Native American populations as well as Halverson and Bolnick (2008)
and CA-SCL-38 ancient populations. The first component explain 8.3% of the variance, the
second component explains 3.2% of the variance.

Modeling ABO diversity loss

Negative frequency dependent selection as modeled in this study is extremely robust in
its ability to maintain variation at the ABO locus. At a population size of Ne>500 an equilibrium
state is met after 10-20 generations (Fig 9). Following expected results, as the effective
population size decreases the chance of allele loss increases. At effective population size 50,
16% of all simulations had led to loss of one allele (A or B in all cases). At effective population

size 25, 82% of all simulations had lost at least one allele (A or B) and 8% resulted in the loss of
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both the A and B alleles. At effective population sizes of 10 (and presumably lower) diversity
was lost by either one (76%) or both alleles (23%) in nearly all replications (Fig 10).
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Figure 9 ABO evolution modeled under negative frequency dependent selection. Evolution of O
allele (green), A allele (blue) and B allele (red) frequencies on a small population Ne= 50 (A)

and a large population Ne= 500 (B). Notice how fluctuation between generations is much larger
than on a small population.
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Figure 10 Loss of ABO alleles as modeled by decreasing the effective population size of a
population under frequency dependent negative selection.

Discussion

Trouble-shooting ancient DNA

Ancient DNA has the potential to answer evolutionary questions by looking directly at
how populations change over time. An abundance of available archaeological samples facilitates
this process, thus highlighting the importance of the CA SCL-38 burial site.

When working with aDNA only a few samples will meet the conditions necessary to
provide high-quality extractions, and even fewer will preserve high-quality nuclear DNA. Using
quantitative PCR, Schwarz et al. (2009) estimated the ratio of mitochondrial to nuclear DNA

preserved in ancient mammoth bone samples to range from 245:1 to 17,369:1 copies, while a
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modern elephant sample would contain a ratio of around 150:1. The precise reasoning of why
mtDNA is preferentially preserved during diagenesis is not known, but it is of enormous
importance to those where research aims to study variation in ancient nuclear genes, such as
ABO. Additional controls and multiple replications of results are then necessary when working

with ancient autosomal markers.

Laboratory controls

In an effort to narrow down the number of CA SCL-38 samples capable of yielding good
quality copies of the ABO gene, samples were first screened for preserved mtDNA. Successful
identification of a sample to a Native American haplogroup was used as an indicator of high
quality DNA present and at the same time as additional control indicating the results originated
from endogenous aDNA as opposed to exogenous modern contamination.

As a good measure of control, all ancient DNA researchers in the Kemp laboratory have
been haplotyped. It should be noted that my mitochondrial DNA belongs to subhaplogroup A2,
part of the A haplogroup. To ensure all data is from an ancient source, negative and positive
controls were added to all PCR reactions. Table 9 lists the frequency of mitochondrial haplotypes
from the CA SCL-38 population, demonstrating a notorious low frequency of haplogroup A
(5.3%). If modern laboratory contamination was the source of these results, many non-Native
American haplogroups as well as higher frequency of A haplotypes would be expected. A low
frequency of haplogroup A is expected, as shown by figure 6: CA-SCL-38 is significantly
indistinguishable from other Californian and Great Basin populations based on mitochondrial
haplogroups frequencies, specifically Cahuilla, Costanoan, Sahaptain, Serano/Vanyume, Sierra

Miwok, Tubat and Yokuts, further confirming the validity of the data.
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Allelic Drop-Out

An additional problem when working with nuclear autosomal loci in ancient or modern
samples is allelic dropout (one allele of a heterozygous individual is not amplified during a
positive polymerase chain reaction). This is a fairly recurrent problem in modern samples with
low DNA vyields as well, such as samples collected from stool or hair (Broquet and Petit, 2004).
Given the nature of aDNA, and in particular the low copy number of nuclear aDNA, allelic
dropout becomes a significant problem. For example the ancient population studied by
Halverson and Bolnick (2008) for variation at the ABO locus was found not to be in Hardy-
Weinberg (HW) equilibrium because of an excess of homozygotes, which might be explained by
allelic dropout. However it should be noted that Halverson and Bolnick (2008) replicated each
result four independent times, as | have done here to help control for allelic dropout. While
demographic phenomena such as inbreeding can reduce heterozygosity, in their case observed
low heterozygosity is probably due to their limited sample size as their “population” is a
construct from three isolated sites as opposed to CA-SCL-38.

For genes behaving neutrally, such as the various O alleles in the ABO locus,
homozygote and heterozygote frequencies are expected to follow a Hardy-Weinberg distribution
(Griffiths et al., 2002). The ABO locus violates Hardy-Weinberg postulates as it is a gene under
selection; however, testing against expected values of Hardy-Weinberg is a simple test that can
signal artificial loss of heterozygotes by allelic dropout. Heterozygosity at the ABO locus in the
CA SCL-38 site is not significantly different from the expected HW distribution using a Fisher’s
exact test of genotypic counts (p=0.329). As heterozygosity is not significantly different than
expected at the CA SCL-38 site, genotypic polymorphism at the ABO locus seems to have

reliable recovered making allelic dropout unlikely.
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Comparison of ancient ABO frequencies with contemporary Native American
frequencies

The observation that most Native Americans exhibit almost exclusively blood group O
and that variation from this pattern is the result of European admixture is not supported by this
study. Based on the results of the pairwise Fisher’s Exact tests (Fig 7), it has been demonstrated
that a) some Eskimo populations are significantly distinguishable from most other Native
American populations for their higher ABO allele diversity b) most South and Mesoamerican
populations are significantly distinguishable to other North Native American populations for
their lower ABO allele diversity, and c) although CA-SCL-38 presents a low frequency of A
alleles, it is still significantly indistinguishable from North American populations (including
Athabaskan groups) populations. This suggests ABO patterns of diversity may have been similar
across America before European contact, at least in North America.

While CA-SCL-38 groups together with other North American populations on the first
coordinate of the PCoA plot, it is also the most extreme value for the second coordinate (Figure
8). However the first and second coordinates only explain 8.3% and 3.2% of the variance
respectively, an overall low value.

CA-SCL-38 remains significantly indistinguishable from all North American groups
based on the Fisher’s exact test. Furthermore the highly structured pattern of ABO
polymorphism seen in figure 8 between Athabaskan, Aleut-Eskimos, North American and
South/Mesoamerican Native American populations suggests isolation by distance as proto-
Native Americans migrated deeper into the American continent. This also accounts for the much
higher variance when referenced against global averaged samples.

These patterns taken together are suggestive of demographic factors playing an important

role as Native Americans expanded into the continent away from the Northern hemisphere
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subsequent to any bottlenecks in the original proto-American population from Beringia. It is
highly likely that drift within colonizing bands would have reduced ABO diversity independently
from each other as groups diverged, but in contrast, ABO diversity was not lost during the initial
incubation period. The same pattern of structuring by isolation is thought to account for the high

linguistic diversity within Native Americans (Nettle, 1999).

Modeling diversity loss in Native American populations

If ABO allele diversity is constantly being maintained by selection, genetic drift can
potentially move a population away from equilibrium frequencies. Because the effect of genetic
drift works at a rate inversely proportional to the effective population size, a measure of genetic
diversity loss from the expected frequencies based on frequency dependent selection can be used
to predict the effective population size when that population experienced diversity loss.

Negative frequency dependent selection as modeled in this study is extremely effective. It
will maintain similar ABO frequencies at a high polymorphic equilibrium in large populations
(Ne>500) and even in somewhat smaller ones (Ne<75) (Fig 11). But as the effective population
size becomes lower (Ne=50), 16% of all replications had lost one allele (A or B in all cases). At
even smaller sizes (Ne=25), 82% of all replications had lost at least one allele (A or B) and 8%
had lost both the A and B alleles. At extremely small sizes (Ne=10 and lower) populations are
expected to lose either one (76%) or both alleles (23%) in nearly all cases.

In previous studies, effective population size has been used as a parameter to estimate
date of entry into the Americas. While various models have used small population sizes
(Ne<1500) for the overall population, this number would likely reflect the effective population at
the Beringian incubation stage (Mulligan et al., 2004). Based on the ABO model, because

Eskimo populations retained the A, B and O alleles and most North American groups retain at
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least A and O alleles, the effective population size of the founder population during the
Beringian incubation stage would have been great enough to maintain A, B and O alleles
(Ne>75).

If allele loss in individual Native American groups resulted from isolation after the initial
entrance of humans into the Americas however, individual founding groups would have lost
diversity independently. Compared to the model, populations of an effective population size of
50 or more would have been able to maintain diversity in 84% of cases. This suggests as
populations moved south into the continent and became more isolated their effective population
sizes dropped below 50.

A similar model of “isolation with migration” (Hey, 2005) indicates similar small
effective population sizes (Ne= 70) for geographically isolated populations, a size congruent
with this model given that a constantly larger than 50 effective population size in isolated
populations, say migrants into South America for example, would be sufficient to maintain ABO
diversity of three (A, B, O) or at least two alleles (A, O).

Finally, the high interpopulation variance among Native American populations at the
ABO locus reflects independent loss-of-diversity events in different founding groups. As such,
the variance in final frequencies of model replications provides a good comparison against the

variance exhibited by modern Native American groups (Fig 10).

48



0.030 -

0.025 -
0.020 -
o
< 0.015 -
>
A
0.010 .
=B
mO0
0.005 - I
0.000 = - T T T L = ————
O O \eJ Q \e) o QO R
BN O A L) % . \<¢° P {\cfa"\ é&
& & <% ¥
S 3 \j &
& e O o\)
b2 O )
&
N
(4?’
Population

Figure 11 Variance of ABO frequencies between 100 replications of the modeled ABO
evolution and within variance in modern Native American groups.

Conclusions: Reconstructing Native American Origins

Negative frequency-dependent selection driven by pathogens of different infection
strategies has homogenized and maintained variation at the ABO locus in most human
populations. Although it is possible to skew this frequency by intense epidemics of a specific
pathogen, allele loss is uncommon. The current highly monomorphic frequencies of some Native
Americans, and therefore the breakdown of the negative frequency dependent selection system,
as well as the higher variance among Native Americans compared to other world populations is
most likely to reflect the small effective population size (Ne= 25-50) of founder groups as they
swiftly expanded through a new and uncolonized continent and the huge role drift played in

shaping their genetic make-up.
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While as a whole, Native Americans exhibit a lower diversity across all loci (Wang et al.,
2007) and at the ABO locus, their within groups variance is tremendous. This is again a result of
evolution in isolation from each other, which may also be reflected in their enriched linguistic
and cultural diversity (Nettle, 1999). Far from a simple evolutionary history, Native Americans
have undergone dynamic diversification in a short time span.

It is interesting that Aleut-Eskimo groups exhibit high polymorphism of A, B and O
alleles, while at the same time exhibiting the same high within group variance characteristic of
the other Native American groups. On the same note, most but not all Athabaskan and related
Northwest Coast groups present high frequencies of the A allele but not B. This overall pattern
fits the hypothesis that loss of diversity occurred at the individual population level as a result of
increased isolation by expanding deeper into the American continent, as Northwest groups
possibly settled shortly after their ancestors left Beringia. Alternatively, it has been suggested
that Eskimos may have entered the Americas after the original Paleo-Indian migration and as so,
both populations may have carried different diversity of ABO alleles. Both scenarios however
are indistinguishable based on the available ABO data for this study.

The introduction of smallpox has been argued to have reduced diversity at the ABO locus
in Native Americans by driving A alleles to be lost. The CA SCL-38 pre-European contact
population demonstrates that ABO diversity was reduced even previous to European contact.
Furthermore, since ABO mediates immune response through high diversity, it appears that it was
only by chance, in the end, that Native American populations lost variation that could have
offered some resistance the introduction of pathogens following European contact.

Negative density dependent selection of the ABO locus failed to maintain polymorphism

in Native Americans. While genetic drift is the most likely cause, other explanations such as the
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absence of pathogens (or the specific pathogens that reduce O allele fitness) in the newly
colonized areas of America or very strong selection against A/B antigens in proto-Americans
while still in Asia may have also disrupted selection to maintain diversity. Testing such

hypotheses is beyond the scope of this study.
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