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ABSTRACT 

The Havasupai Indians are a small (~600 members), Yuman-speaking population 

that resides on a reservation in the Grand Canyon region of northern Arizona. Due to 

their location and cultural practices, they are subjected to extreme geographic and 

reproductive isolation. Additionally, an influenza epidemic at the turn of the century 

decreased the reproducing population to 43 females and 42 males. These observations 

suggest that the Havasupai should contain less genetic diversity than other Native 

American populations. They are also disproportionately affected by disease, having the 

third largest incidence of Non Insulin-Dependent Diabetes Mellitus (NIDDM) In the 

world. 

An extensive analysis of maternal and paternal variation of the Havasupai was 

undertaken. Maternal variation was assayed by sequencing the non-coding control region 

(CR) of mitochondrial DNA (mtDNA), whereas paternal variation was examined using 

single nucleotide polymorphisms (SNPs) and short tandem repeats (STRs) located on the 

non-recombining portion of the Y-chromosome (NRY). Due to the availability of 

familial pedigrees dating back to the mid-1800s and spanning eight generations, precise 

mutation rates were determined for maternal and paternal lineages. The Havasupai thus 

offer a unique opportunity to explore genetic variation in a small, homogenous Native 

American population for which extensive genealogical Information Is readily available. 

Examination of mtDNA sequences from the complete 1127 bp CR of 43 

Havasupai individuals along with SNP and STR data from the Y-chromosome of 48 male 
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Havasupai revealed that contrary to our initial prediction, the Havasupai, historically a 

small population (as evidenced by the limited number of founder haplotypes and low 

estimates of n), probably maintained a relatively high level of diversity (as evidenced by 

the number of rare haplotypes, high haplotype diversity, and high estimate of E(v)), 

probably a remnant of their association with the larger Pai population from which they 

are derived. As the level of diversity displayed by the Havasupai seems to have been 

maintained since the recent population bottleneck, it must have been too small and/or too 

short to have any detectable effect on the overall diversity of the tribe. Lastly, there 

appears to be some association between mtDNA mutations and NIDDM in the Havasupai 

population. 
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INTRODUCTION 

The Havasupai 

The Havasupai are a small Yuman-speaking tribe of Native Americans that 

cunentiy reside in a reservation within the Grand Canyon of northern Arizona. They are 

part of a larger group of Native Americans called the Pai, or "people", that inhabited an 

expanse of land bounded by the lower Colorado river, the Grand Canyon, the Little 

Colorado River, and the Moencopi Wash on the west, north, east, and south, respectively 

(Martin, 1986). The Pai had a population of roughly 1200-1500 members, in the early 

1860's, that consisted of numerous small, regional bands. Tribal custom usually dictated 

that unions occur between these local groups to prevent the impropriety of marrying a 

relative and, generally spealdng, the wife would go off and live with the family of the 

husband (i.e. patrilocality). 

Of the many bands of Pai, only two have names have endured; the Hualapai, or 

Pine Tree People, in the west, and the Havasupai, or People of the Turquoise Waters, to 

the east (Martin, 1986). Although they spoke a common language, the traditional enemy 

of both groups, the Yavapai, to the south, was not part of the main group of Pai. Contact 

with Europeans and subsequent epidemics slowly decimated the Pai population. War 

between Europeans and the Hualapai (1866-1869) lead to the establishment of Hualapai 

reservation in 1883. The Havasupai, however, avoided the Hualapai war and retreated to 

a small range of land centered on Havasu canyon. This land was declared Havasupai 

reservation in 1880 (Martin, 1986). 
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Why study the Havasuoai? 

The Hayasupai ofTer a unique opportunity to examine genetic variation in a 

Native American population for several reasons. First, as mentioned previously, the 

already small Pai population from which the Havasupai derive, was diminished by 

European contact and epidemics resulting in an extremely small initial population 

(Martin, 1986). Second, the geographic isolation offered by the seclusion of the canyon, 

alongside culturally mediated reproductive isolation, has resulted in an extremely 

homogenous population (Markow et al., 1993). Third, the Havasupai display the third 

largest incidence of Non Insulin-Dependant Diabetes Mellitus (NIDDM) in the world 

(Zuerlein et al., 1991). Fourth, the Havasupai underwent a population bottleneck at the 

turn of the century, the evidence of which might appear under the scrutiny of genetic 

analysis. Lastly, and [}erhaps most importantly, pedigrees inclusive of eight generations 

and dating back to the middle 1800s are available for the Havasupai. Thus, the 

Havasupai provide a unique opportunity to examine genetic variation in a small, 

homogenous Native American population for which extensive genealogical information 

is readily available. 

The genetics of small populations 

In small, reproductively and geographically isolated populations, like the 

Havasupai, special circumstances exist that can produce rapid changes in gene 

frequencies that are totally independent of mutation, recombination, and natural selection. 
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These circumstances, collectively known as genetic drift, are due entirely to chance 

factors, and the smaller the population, the more susceptible it is to such random changes. 

The net effect of genetic drift on a small population's gene pool can be rapid evolution, 

which can have a significant effect on the gene/allele frequencies of subsequent 

generations. 

Another important genetic condition affecting small populations is called founder 

effect. Founder effect occurs when a small group of individuals has many descendants 

that have a high survival rate and disproportionately populate future generations. The 

result for small populations is often high frequencies of specific genetic traits inherited 

fi'om the few common ancestors who first displayed them and a subsequent loss of 

genetic diversity. 

In addition to genetic drift and founder efTect, consanguineous mating, or 

inbreeding, also has an incommensurate effect on small populations. It is an extreme 

form of positive assortative mating (i.e. preference for mating between similar 

individuals) since close relatives usually are genetically more similar than are unrelated 

people. Thus, when consanguineous mating occurs, the result is significantly less genetic 

diversity among the descendants than if the parents had mated with someone who was not 

closely related. 

Thus, it can be seen that small populations like the Havasupai, which aheady 

display limited genetic diversity as a result of their size, are disproportionately affected 

by several genetic phenomena, including genetic drift, founder effect, and 
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consanguineous mating, all of which serve to potentially exacerbate the loss of genetic 

diversity within the population. 

What is known about genetic diversitv in the Havasupai? 

The unique features of the Havasupai described above have prompted a series of 

investigations on the Havasupai. Markow and Martin (1993) looked at the level of 

developmental instability, defined as an increase in morphological variance that has been 

observed in inbred populations, in the Havasupai. In this inquiry, fluctuating asymmetry, 

the difference between right and left measurements of paired structures, as measured by 

dermatoglyphic traits like flngertip pattern and ridge counts, was used as an indicator of 

developmental stability. This study yielded an estimated average inbreeding coefHcient 

of 1-2% and revealed that the level of fluctuating symmetry, by both measurements, was 

higher in the Havasupai than in a control group of Caucasians as well as a group of 

Havasupai of mixed descent (Markow and Martin, 1993). These results suggest that 

inbreeding has decreased the developmental stability of the Havasupai. 

The only analysis of genetic variation in the Havasupai was undertaken in 1993 

by Markow et al., who inquired about the level of HLA diversity within the group. They 

found 20 of a possible 32 HLA-A/B haplotypes, 9 of which showed positive linkage 

disequilibrium. In addition to the high level of linkage disequilibrium observed in the 

Havasupai, they also found an excess of heterozygosity. After experimentally 

eliminating biases that might be due to nonselective causes like non-consanguineous 

mating and different allele frequencies in males and females, the authors concluded that 
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balancing selection was responsible for maintaining the level of genetic variation 

observed at the HLA-A and HLA-B alleles (Markow et al., 1993). 

Observations and objectives for present work 

The existence of comprehensive pedigree information corresponding to the recent 

demographic fluctuations undergone by the Havasupai, lead to the initial observation that 

perhaps the effect(s) of the recent population bottleneck might be observable under the 

scrutiny of a genetic analysis of Havasupai maternal and paternal lineages. Inspired by 

the initial observations and the overall dearth of research on this unique and important 

population, an extensive examination of the genetic variation within the Havasupai was 

undertaken. Our first objective was to examine maternal lineages by performing a 

mitochondrial DNA-based population genetic analysis of the Havasupai that would reveal 

the level of maternal variation, as well as the average mitochondrial DNA mutation rate, 

for the tribe. Our second objective was to examine paternal lineages by performing a Y 

chromosome-based population genetic analysis of the Havasupai that would reveal the 

level of paternal variation, as well as the avenge Y-chromosome mutation rate, for the 

tribe. Our third objective was to attempt to gain some insight into the genetic 

consequences of the recent population bottleneck and the evolutionary processes involved 

in the loss, or maintenance, of genetic diversity in small, isolated populations. 

Maternal genetic variation was ascertained through a DNA sequence analysis of 

the control region of mitochondrial DNA (mtDNA). Paternal genetic variation was 

assayed via an analysis of short tandem repeats and single nucleotide polymorphisms 
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contained within the non-recombining region of the Y-chromosome. The available 

pedigrees augmented these investigations by permitting the estimation of mutation rates 

for both of these uniparental genetic markers. Additionally, the pedigrees have clearly 

demonstrated a bias towards maternal transmission of NIDDM within the Havasupai 

(Fenger, 1992), suggesting a potential role for mtDNA in the etiology of NIDDM in this 

population. Thus, a fourth objective was to determine whether or not mitochondrial 

DNA mutations were associated with the incidence of NIDDM within the Havasupai 

population. To this end, an analysis of mtDNA mutations associated with the occurrence 

of NIDDM was undertaken. These analyses were endeavored upon in order to provide 

much needed insight into the genetics of this small population and its evolutionary 

relationships to other Native American populations. 

What is mitochondrial DNA and whv study it? 

Mitochondrial DNA (mtDNA) is a circular, double-stranded, extrachromosomal 

DNA molecule that is 16,569 bp in size. It encodes 2 ribosomal RNAs (rRNAs), 22 

transfer RNAs (tRNAs), and 13 polypeptides, which are crucial to the respiratory chain 

complexes that support oxidative phosphorylation and the generation of ATP. There are 

several factors that make mtDNA an ideal candidate for use in population genetic studies. 

First, it is exclusively maternally inherited and does not recombine allowing a precise 

measure of maternal relatedness (Olivo et al., 1983; Sutovsky et al., 2000). Second, its 

haploid mode of inheritance makes it more sensitive than nuclear DNA to demographic 

changes within a population, bottlenecks for example (Wilson et al., 1985; Moore, 1995). 
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Third, it has a high mutation rate, which results in a magnified view of diversity and 

evolutionary history (Brown et al., 1979; Wilson et al., 1985). Thus, mtDNA is a 

valuable tool for the investigation of population demography and genetic variation. 

Maternal inheritance of mtPNA 

Investigation into the potential role that mtDNA mutations might play in the 

development of NIDDM obviates the need for a basic understanding of the mode of 

mtDNA transmission. Although there is still a fair amount of mystery surrounding the 

inheritance of mtDNA from mother to offspring, several observations appear to gamer 

the general support of the scientific community. First, mtDNA is strictly maternally 

inherited. Although limited paternal contribution of mtDNA has been argued by some 

based on the presence of the sperm midpiece mitochondria in human embryos after 

fertilization (Sathananthan et al., 1996; Ankel-Simons and Cummins, 1996), the dilution 

hypothesis (Smith and Alcivar, 1993; Ankel-Simons and Cummins, 1996), and a lack of 

sensitivity of conventional methods of detection (Gyllensten et al., 1991), these proposals 

have been largely overturned by more recent research. 

The dilution hypothesis (Smith and Alcivar, 1993) merely states that the 

predominance of maternal mtDNA observed in offspring can be explained by the fact that 

sperm contain -100 mtDNA (DeMartino et al., 1979; Hecht et al., 1984) and the oocyte 

contains ~100,000 mtDNA (Micheals et al., 1982; Gyllensten et al. 1985). In other 

words, paternal contribution of mtDNA is simply diluted beyond the point of detection 

using conventional analyses. This view was further strengthened by Gyllensten et al. 
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(1991) who, employing a more sensitive PCR-based detection method, showed that 

paternally inherited mtDNA molecules could be detected in mice from //i/erspecific 

crosses at a fi^quency of IC^ relative to the maternal contributions. This ratio is very 

close to that which would be expected by simple dilution. 

As previously mentioned, however, these proposals have been largely overturned 

by more recent research. The dilution hypothesis has been disproved by new, more 

sensitive, PCR-based detection methods that can identify mtDNA in amounts as small as 

0.01 fg, which corresponds to as few as two mtDNA molecules (Shitara et al., 1998). 

Additionally, it has been shown that although paternal mtDNA can be detected in 

experimentally-derived m/erspecific crosses (Gyllensten et al., 1991; Kaneda et al., 

1995), it cannot be detected in naturally occurring /n/raspeciflc offspring (Kaneda et al., 

1995; Shitara et al., 1998). Indeed, Kaneda et al. (1995) showed that although paternal 

mtDNA from the sperm midpiece did exist in the cytoplasm of the oocyte, it was 

eliminated by the early pronucleus stage. Further studies revealed that even in 

m/erspecific crosses where paternal mtDNA was identified, it was not distributed to all 

tissues in the F/ hybrids, was not transmitted to future generations through the female 

germ line, and was limited to the first generation of m/erspecific crosses (Shitara et al., 

1998). It has also been suggested that the paternal mtDNA found in in/erspecific crosses 

only eludes elimination from the oocyte because the exclusion mechanism is species-

specific (Kaneda et al., 1995; Shitara et al., 1998). 

Several mechanisms for the elimination of sperm mitochondria have been 

proposed. One hypothesis suggests that sperm mitochondria are recognized by oocyte 
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cytoplasm because of the oxidative damage suffered while traversing the female genital 

tract (Allen, 1996). This hypothesis, however, does not explain the observation that 

paternal mtDNA is also eliminated from the oocyte following in vitro fertilization, which 

results in minimal levels of oxidative damage. Sutovsky et al. (1999) proposed a more 

convincing mechanism for the elimination of sperm mitochondria from the developing 

embryo. They suggest that sperm mitochondria are eliminated through ubiquitin-

mediated proteolysis that occurs within the lysosome or proteosome of the fertilized 

oocyte (Sutovsky et al., 1999; Sutovsky et al., 2000). The ubiquitin tag is purportedly 

added to sperm mitochondrial proteins during spermatogenesis, concealed by disulfide 

bond cross-linking of mitochondrial membranes that occurs during transit through the 

male reproductive tract, and revealed again in the glutathione-mediated reducing 

envirotunent of the oocyte cytoplasm (Sutovksy et al., 2000). Species-specificity of this 

mechanism is probably maintained by the incompatibility across species of ubiquitin-

activating and -conjugating enzymes (Sutovsky et al., 2000). It should be noted that the 

mtDNA, itself, is not targeted for elimination, but rather, some proteinaceous component 

of the sperm mitochondrial membrane (Kaneda et al., 199S; Shitara et al., 1998; Sutovsky 

et al., 2000). A 30 kDa integral mitochondrial membrane protein, prohibitin, has been 

implicated as a potential target for this ubiquitination (Sutovsky et al., 2000), but more 

research needs to be done to confirm this hypothesis. 

mtDNA recombination 
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Although it contains the enzymes necessary for homologous recombination 

(Thyagarajan et al., 1996; Tang et al., 2000), it is also commonly agreed that mtDNA 

does not undergo recombination. There have been several reports of mitochondrial 

recombination based largely on the presence of linkage disequilibrium (Eyre-Walker et 

al., 1999; Awadalla et al., 1999) and/or the detection of a rare point mutation that was 

shared among several mtONA lineages in a single isolated locale (Hagelberg et al., 

1999). However, these reports have been highly contested on the basis of inaccurate 

sequence data and inappropriate methodology for identification of linkage disequilibrium 

(Kivisild and Villems, 2000; Jorde and Bamshad, 2000; Kumar et al, 2000; Parsons and 

Irwin, 2000) and have eventually been largely dismissed, even by their initial proponents 

(Eyre-Walker and Awadalla, 2001). 

Heteroplasmv and mitochondrial disease 

As mentioned previously, mtDNA has a high mutation rate, estimated to be 10-

100 times that of the nuclear genome. One of the causes of mutation induction in 

mtDNA is thought to be replication slippage (Howell and Smejkal, 2000). This slippage 

is probably the result of the low fidelity of mtDNA's gamma DNA polymerase (Kunkel 

and Loeb, 1981). Other factors that likely contribute to the high rate of mutation include 

the lack of efdcient DNA repair mechanisms, the lack of protective DNA coating 

proteins such as histones, and a chemical environment that is rich in free radicals (Brown 

and Wallace, 1994). This high mutation rate is not readily expressed as a biological 

change due to the high number of mtDNA copies, as a typical somatic cell carries 
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hundreds of mitochondria, each of which contains anywhere from ten to several thousand 

copies of mtDNA (Shuster et al., 1988). 

Multiple copies of mtDNA per cell permit the existence of a genetic phenomenon 

known as heteroplasmy, whereby multiple mtDNA genotypes can exist in the same 

individual, tissue, cell, or organelle. Most etiological mtDNA mutations are 

heteroplasmic, thus, mtDNA heteroplasmy is often associated with mitochondrial disease 

(DiMauro et al., 1998; Chiimery and Tumbull, 1999). The accumulation of'deleterious' 

mutations in mtDNA is tolerated, often without obvious injurious effects, due to 

intracytoplasmic complementation among individual mitochondria (i.e. heteroplasmy), 

which enables defective mitochondria to ftmction by scavenging enzymes and 

metabolites from wild-type mitochondria co-resident in the cell cytoplasm (Wallace, 

1986). These circumstances result in mutational effects that will not be expressed until a 

certain mutation threshold is crossed. In other words, a certain amount of mutated 

mtDNA molecules must accumulate before a mutant phenotype can be expressed over the 

wild-type. 

Heteroplasmy for genetically defective mtDNA has been demonstrated in 

individuals with several different mtDNA-linked diseases including Leber's hereditary 

optic neuropathy or LHON (Jacobi et al., 2001), chronic progressive external 

ophthahnoplegia or CPEO (Sudoyo et al., 1993), myoclonus epilepsy with ragged red 

fibers or MERRF (Szuhai et al., 2001), mitochondrial encephalopathy, lactic acidosis, 

and stroke-like episodes or MELAS (Cardaioli et al., 2000), a multifactorial version of 

CPEO called Keam's-Sayre syndrome or KSS (Byrne, 1991), and most recently 



24 

mitochondrial diabetes mellitus or MDM (Zeviani et al., 1991; Reardon et al., 1992; 

Morten et al., 1993; Moraes et al., 1993; Hao et al., 1995; Suzuki et al., 1996; Suzuki et 

al., 1997; Kameoka et al., 1998). In the case of LHON, KSS, and some instances of 

MDM, it has been shown that the severity of disease and age at disease onset are both 

influenced by the proportion of wild-type relative to mutant mtDNA molecules in the 

affected tissue of individuals expressing clinical symptoms of the disease (Holt et al., 

1990; Moraes et al., 1989; Zeviani et al,. 1991; Reardon et al., 1992; Moraes et al., 1993). 

Inheritance of mitochondrial mutation 

It should be noted that not all mitochondrial disease-related mutations are 

heteroplasmic. Most polymorphisms within mtDNA are homoplasmic and are thus 

considered to have occurred long ago (Wallace, 1994). On the contrary, disease-related 

mutations, in general, are evolutionarily new heteroplasmic germline mutations (Gerbitz 

et al., 1996). Varying levels of heteroplasmy have been detected in the offspring of 

heteroplasmic females in both human (Chiimery et al., 2000) and animal (Hauswirth and 

Laipis, 1985; Koehler et al., 1991) pedigrees. However, heteroplasmy is known to be 

unstable (Hayashi et al., 1983) and it has been demonstrated that cells containing a 

mixture of wild-type and mutant mtDNAs are found to undergo a rapid shift of their 

genotype toward homoplasmy (Hauswirth and Laipis, 1982; Yoneda et al., 1992). In 

some cases, mtDNA drifts towards the pure mutant type, suggesting some replicative 

advantage held by mutated mtDNA (Yoneda et al., 1992). However, this result almost 

certainly depends on the type/location of the mutation, as some mutations are sure to be 
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within a cell is the result of simple random drift or some type of selection acting on the 

mutant mtDNAs (Yoneda et al., 1992; Hao et al., 1995). 

Although very little is known about the mechanism of transmission of 

heteroplasmic mutations in humans, an mtDNA "bottleneck", whereby only a small 

number of mtDNA genomes is transmitted to the progeny with subsequent amplification 

of those few genomes repopulating the cells of the offspring, has been proposed to 

explain these rapid changes in genotype (Marchington et al., 1998). This bottleneck 

occurs between the primordial germ cell and primary oocyte stage (Poulton and 

Marchington, 2002). There are several factors implicated in the initiation of this 

bottleneck. First, the mitochondrial organelle copy number is amplified nearly 1000-fold 

during oogenesis, while mtDNA copy number is only amplified 100-fold, resulting in a 

dilution condition, where each organelle contains very few, perhaps only one, mtDNA 

molecule (Hauswirth and Laipis, 1985; Smith and Alcivar, 1993; Poulton et al., 1998). 

Second, these individual groups of mitochondria and their respective mtDNAs delineate 

the mitochondrial genotype of each fetal tissue due to the segregation of oocyte 

cytoplasm (i.e. cytoplasmic partitioning) in early embryogenesis (Chinnery et al., 2000; 

Poulton and Marchington, 2002). Lastly, embryonic partitioning into the primary germ 

layers (endo-, meso-, and ectoderm) results in potential, additional segregating events 

(Hauswirth and Laipis, 1985; Poulton et al., 1998; Poulton and Marchington, 2002). 

Thus, dilution of mitochondria during oogenesis, unequal partitioning of mtDNA 

genomes during cytokinesis, and variable segregation of mutant mtDNA among various 
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tissues throughout embryonic development, leads to the observed differences between 

mutation load in daughter cells. It is extremely interesting to note that although the 

progeny of a single heteroplasmic female can have dramatically different levels of 

heteroplasmy, the mean level of heteroplasmy among all offspring is approximately equal 

to the proportion of mutated mtDNA in the mother (Jenuth et al., 1996). The unequal 

partitioning of mtDNA during cytokinesis is thought to be predominantly a result of 

random genetic drift (Jenuth et al., 1996; Chinnery et al., 2000; Brown et al., 2001), 

however, selection caimot be entirely ruled out in certain instances (Yoneda et al., 1992; 

't Hart et al., 1996). Additionally, as no animal model yet exists for pathogenic mtDNA 

mutations, it is possible that pathogenic mutations are inherited differently than the 

neutral mutations that have been most rigorously investigated. 

So, how did this mechanism for mitochondrial inheritance evolve? Over thirty 

years ago, it was proposed that asexual organisms with high mutation rates will 

accumulate mildly deleterious mutations over generations that will compromise cellular, 

and eventually organismal, fimction (Muller, 1964). Mitochondrial DNA fits Muller's 

criteria, and it is possible that the mtDNA bottleneck evolved to remedy this course. As 

previously mentioned, the mtDNA bottleneck leads to rapid genetic drift (Jenuth et al., 

1996; Chinnery et al., 2000; Brown et al., 2001), which results in either the loss of the 

mutation, through drift, or to mutational homoplasmy among offspring (Bergstrom and 

Pritchard, 1998). Progeny homoplasmic for the mutation are soon exposed to natural 

selection, such that any severely detrimental phenotypes will be eliminated. Although 

this causes extreme problems at the individual level, the bottleneck results in the loss of 
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mildly deleterious mutations before they can accumulate within a population. In 

conclusion, it can be seen that, despite an abundance of research focusing on the 

inheritance of mitochondria and mtDNA, we still have only a rudimentary knowledge of 

the precise mechanisms involved in the transmission of mtDNA and mtDNA mutations. 

What is the Y-chromosome and whv study it? 

The human Y-chromosome is the component of the nuclear DNA package that 

determines maleness. It is an unusual segment of the nuclear genome since, apart from 

two small regions in which pairing and exchange take place with the X chromosome, it is 

male-specific, haploid, and not subject to recombination (Jobling and Tyler-Smith, 1996). 

These unique properties of the non-recombining part of the Y-chromosome (NRY) have 

important consequences. Y-chromosomes pass down from father to son largely 

unchanged, except by the gradual accumulation of mutations, thereby retaining a record 

of the mutational events that have occurred along particular male lineages throughout 

evolution (Mitchell and Hammer, 1996). By examining the differences in the patterns of 

polymorphism between modem Y-chromosomes, a history of human paternal lineages 

can be reconstructed. In this way, the NRY is the male counterpart to mtDNA and 

complements maternal lineage investigations as well as studies using biparentally 

inherited markers in the rest of the genome. Thus, investigation of the Y-chromosome is 

carried out for essentially the same reasons as for mtDNA. 

Population bottlenecks 
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When a population undergoes a sudden and dramatic decrease in size, a 

population bottleneck can occur. The forces giving rise to the population decrease can be 

anything including, but not limited to, natural catastrophe, epidemic disease, and war. 

Such a bottleneck, while likely eliminating alleles from the population, also has the effect 

of preserving a random sample of the original population's alleles in the surviving 

members. Thus, some alleles may increase in frequency, others may decrease, and some 

rare alleles may be lost altogether. The effects of a population bottleneck can vary 

depending on both the size to which the population is reduced and the duration of the 

bottleneck (i.e. the number of generations). The consequence of a bottleneck on any 

population, particularly one with a small initial size, is usually the loss of genetic 

variation. Loss of genetic variation is of singular concern in small populations, as it 

seriously threatens their evolutionary potential. 

There are several ways to measure the loss of genetic variation within a 

population. Two measures of genetic variation that were examined in the Havasupai 

were haplotype diversity and nucleotide diversity. Haplotype or genetic diversity (/>) is 

the probability that two randomly chosen haplotypes from the sample are different (Nei, 

1987). Nucleotide diversity was estimated by two different statistics, n, the mean number 

of differences between all pairs of haplotypes in the sample (Nei, 1987), and [E(v)] or 6, 

an estimate of the level of nucleotide polymorphism (based on the number of segregating 

sites) representing the proportion of nucleotide sites that are expected to be polymorphic 

in any sample (Watterson, 1975). Using these estimates, among others, the loss, or 

maintenance, of genetic variation within the Havasupai, was ascertained. 
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Summary 

In sum, an extensive investigation of Havasupai maternal and paternal lineages 

was undertaken in order to: 1) gain insight into the level of genetic variation displayed 

by the Havasupai; 2) determine whether or not evidence of a recent population bottleneck 

can be identified in the genetic history of this population; and 3) see if there is any 

association between mtDNA mutations and the occunence of NIDDM within the 

Havasupai. This work represents a valuable addition to the field of population genetics 

and provides the only record of maternal and patemal genetic variation within this 

intriguing, but diminishing, population of Native Americans. In addition, it seeks to 

further understand the etiology of the diabetes epidemic that plagues this, and many 

other. Native American populations. 
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Chapter 1 

MITOCHONDRIAL DNA VARIATION 

IN THE HAVASUPAI 
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INTRODUCTION 

Migratory expansions into the New World appear to have been accompanied by 

significant reductions in genetic diversity (Wainscoat et al., 1986; Jones and Rouhani, 

1986) due to one or more population bottlenecks. These bottlenecks purportedly resulted 

in reduced numbers of mitochondrial lineages being brought to the Americas. Four major 

Native American mtDNA founder haplotypes, or haplogroups, designated A, B, C, and D 

(Schurr et al., 1990; Horai et al., 1993; Torroni et al., 1993) vary in frequency among 

different New World populations (Lorenz and Smith, 1996). More recent reports propose 

that additional related (Bailliet et al., 1994) and/or unrelated lineages may also exist 

(Bailliet et al., 1994; Merriwether, 1994; Merriwether et al., 1995; Merriwether and 

Ferrell, 1996; Easton et al., 1996). 

Superimposed upon the small number of founder haplogroups is the potential loss 

of diversity in small populations of Native Americans through genetic drift, founder 

effect (at the population level), and consanguineous mating. For most Native American 

groups, information on historic population sizes is unavailable, making predictions about 

relative genetic diversities for specific groups difHcult. For one tribe, however, the 

Havasupai of northern Arizona (figure 1.1), evidence exists to suggest that this 

population should exhibit less mtDNA variation than other New World groups. First, this 

tribe, whose present population is approximately 600, suffered a population reduction in 

the early 1900's due to an influenza epidemic (Markow and Martin, 1993). The band, 

which numbered approximately 300 people prior to the epidemic, declined over the 
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course of eight to nine years from 1897 to 1905. Of the 166 surviving the disease, 43 

females and 42 males reproduced. Complete genealogies, dating back to the middle-late 

1800's and inclusive of eight generations, allowed an average inbreeding coefficient of 

over 1% for the present population to be calculated (Markow and Martin, 1993). A 

subsequent study of class I MHC variation revealed that the Havasupai have the lowest 

HLA variability of any human population examined (Markow et al., 1993). 

No studies of mtDNA sequence variation specifically among the Havasupai have 

been undertaken. Mitochondrial haplogroup frequencies have, however, been surveyed 

among a number of North American populations (Lorenz and Smith, 1996), including 

Hokan speakers of the southwestern United States, the language group to which the 

Havasupai language belongs (Greenberg et al., 1986). Haplogroup B, followed by C, 

were the most fi-equent in the southwestern tribes surveyed (Lorenz and Smith, 1996). 

Haplogroup A was detected in low frequency in the Hokan speaking group that 

reportedly included several Havasupai samples. 

It is predicted that due to the small size of the population and the effect of the 

recent bottleneck, as well as the geographic and reproductive isolation of this population, 

that the mtDNA diversity of the Havasupai will be significantly reduced compared to 

other Native American populations. It is also hoped that some insight into the immediate 

consequences of a population bottleneck and the evolutionary processes involved in the 

loss, or maintenance, of genetic diversity in small, isolated populations will be obtained. 

Finally, we would like to examine potential evolutionary relationships between the 

Havasupai and other Native American populations for which data are available. In order 
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to test these hypotheses, we performed DNA sequence analysis of the entire mtDNA 

control region (CR) for 43 Havasupai samples. The resulting data were compared to other 

Native American mtDNA data available for hypervariable segment I (HVS-I), 

hypervariable segment II (HVS-II), as well as a region designated HVS-I+II consisting of 

the two regions combined. 

MATERIALS AND METHODS 

Population samples 

Following informed consent, blood samples were obtained on Havasupai 

reservation between 1993 and 1995. Samples were collected in 15ml Vacutainer tubes 

and transported by helicopter to Arizona State University where they were either used 

immediately to extract DNA or to create immortalized cell lines by Epstein-Barr virus 

transformation (Markow et al., 1993). Available genealogies (Markow and Martin, 1993) 

were utilized to eliminate any individuals for whom admixture was known to be present. 

Isolation, amplification, and sequencing of DNA 

Total genomic DNA was amplified by PCR (Saiki et al., 1988) using two sets of 

mtDNA-specific PCR primers that were designed to amplify the complete mtDNA CR in 

two separate segments. A 725 bp fragment of the CR containing HVS-I was amplified 

using primers mtL15975 (5' CTCCACCATTAGCACCCAAAG 3') and mtH130 (5' 

CAGATACTGCGACATAGG 3') and a 619 bp fi^gment of the CR containing HVS-II 
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was amplified using primers mtL21 (5' ATTAACCACTCACGGGAGCTC 3') and 

mtH639 (5' GGGTGATGTGAGCCCGTCTA 3'). PGR products were visualized by 

agarose gel electrophoresis. 

Amplified PGR templates were purified with MicroconlOO filtration columns 

(Amicon, Inc., Beverly, MA 01915, serial # 42413) according to the manufacturer's 

specifications and resuspended in IS ^L Iris low EDTA (10 mM Tris and 0.1 mM 

EDTA). The purified samples were analyzed by agarose gel electrophoresis and 

compared to a known standard to determine the optimum concentration (approximately 

0.1 ^ig of DNA template) for DNA sequence analysis. 

Each strand of the purified PGR fragment was sequenced, with the same primers 

used for PGR, using the PRISM Ready Reaction Dideoxy Terminator Cycle Sequencing 

Kit (Applied Biosystems Inc.) according to manufacturer's specifications. The 

sequencing reaction products were analyzed on an automated DNA sequencer (Model 

377, Applied Biosystems Inc.). DNA sequences were checked for accuracy by 

sequencing both strands in both directions and comparing the sequence of each strand to 

each other in the Sequence Navigator program (Applied Biosystems Inc.). Ambiguities 

were resolved by visual observation of peak heights on each strand. Once resolved, 

individual sequences were aligned using the published Cambridge sequence (Anderson et 

al., 1981) and compiled according to sequence similarity to each other by the GCG pileup 

program (SeqLab, 2000). 

Diversitv. phvloyenetic. and statistical analyses 



35 

The number of segregating sites, haplotype diversity, h (Nei, 1987 equation 8.4), 

two estimates of nucleotide diversity, n (Nei, 1987 equation 10.5), and E(v) (Watterson, 

1975 equation 1.4a), Tajima's D (Tajima, 1989), and raggedness statistics for the 

mismatch analysis were all calculated using DnaSP v. 3.51 (Rozas and Rozas, 1999). 

AMOVA and interpopulation variance analyses were performed using Arlequin v. 2.0 

(Schneider et al., 2000) using 1000 permutations to test significance. Fifty-five Native 

American HVS-I+II haplotypes (from six populations) were used to construct neighbor-

joining trees (5000 bootstrap replicates), with an Afncan sequence (accession: 

AF347015) as an outgroup, in PAUP v. 4.0 (Swofford, 2000), employing the Tamura-Nei 

model with and without and a gamma correction (a = . 17 for HVS-I+II (Yang, 1996)). 

Data analyzed 

In our analysis of the Havasupai, the entire 1122 bp control region (bp 16024-

576) was examined for all 43 individuals in the study. However, the presence of five 

insertions, two within HVS-I (at bp 16193.1 and 16193.2) and three within HVS-II (at bp 

309.1,309.2, and 315.1), resulted in a total of 1127 sites, rather than the 1122 that were 

expected. To facilitate comparison with other studies, separate analyses were performed 

on a region of HVS-I (bp 16050-16383), HVS-II (bp 70-370), and a region, designated 

HVS-I+II, combining the two (bp 16050-16383 + bp 70-370), that was conmion in other 

studies. All sites that created an alignment gap (i.e. insertions and/or deletions designated 

'indels') in any of the groups being compared were excluded from the analysis to ensure 

conformity of examined loci. Hence, a total of 327 bp were analyzed for HVS-I, a total 
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of 292 bp were analyzed for HVS-Il, and a total of 619 bp were analyzed for HVS-I+II. 

All nucleotide positions are according to Anderson et al. (1981). These same bases were 

used in all subsequent analyses except for estimation of haplotype frequencies (table 1.3). 

In our analyses across cultural groups, haplogroup frequencies were compiled 

manually, from data extracted from the respective publications, for all Native American 

populations for which mtDNA CR sequence was available (table 1.3). In order to 

promote consistent comparisons, only samples whose haplogroup profile was determined 

using mtDNA CR sequencing, as opposed to RFLP data, were considered in our 

comparison. On the contrary, all diversity data (table 1.4) was completely re-analyzed 

from raw sequences obtained from either the MOUSE (Bella Coola, Cayapa, Haida, 

Huetar, Kuna, Ngdbe, Nuu-Chah-Nulth) or GenBank (Embera and Wounan) sequence 

databases. Five populations that have been surveyed for at least part of the CR, the 

Gavi3o, Mapuche, Xavante, Yanomami, and the Zoro were omitted from the primary 

analyses due to missing data points. All available sequences from each respective study 

were used in the analysis except sequence 35 from the Haida population, which was 

discarded due to suspected non-Native American origin (Ward et al., 1993). AMOVA 

analysis, Fst scores, and mismatch distributions were only generated for the HVS-I 

region since it is the data set that contains the most populations. Phylogenetic analysis 

was only performed on the HVS-I+II region, as that is how the Havasupai haplotypes are 

defined. Thus, populations from the Pacific Northwest (Bella Coola, Haida, and Nuu-

Chah-Nulth), that lack HVS-Il sequence data, were excluded from this analysis. 
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RESULTS 

Analysis of mtPNA sequence 

Automated DNA sequencing of the entire 1127 bp of the mtDNA CR in 43 

Havasupai Indians revealed 10 mtDNA haplotypes representing two of the four founding 

haplogroups initially described in 1990 by Schurr et al. (figure 1.2). Of the 43 

individuals in the study, 14 (32.6%) had the most common haplotype (Hav 1), 8 (18.6%) 

had Hav 2, 10 (23.3%) had Hav 3, while the remaining haplotypes were present in 

frequencies of less than 10%. Nineteen percent of the sample displayed rare haplotypes 

(i.e. those that consist of only 1 or 2 individuals). 

Forty-two polymorphic sites were found within the region; 11 length 

polymorphisms (6 deletions and 5 insertions) and 31 substitutions (30 transitions and 1 

transversion). The deletion of a dinucleotide CA repeat at bp 522-523 was U'eated as a 

single mutational event. The nucleotide composition of the region was A: 29.8%, C: 

33.5%, G: 13.7%, and T: 23.0%. All Havasupai individuals carried an A->G transition 

at two nucleotide positions, 73 and 263. The A->G transition at bp 263, present in all 

Native American populations, could represent an Amerind-specific substitution (Kolman 

et al., 1995). The bp 73 polymorphism is common among Native American populations 

as well. In addition, there were two unique substitutions, an A->T transversion at bp 

16146 and a T->C transition at bp 485, (MITOMAP, 

http://www.gen.emory.edu/mitomap.html, 2002). Comparison of the Havasupai CR 

http://www.gen.emory.edu/mitomap.html
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haplotypes (Hav 1-10 from figure 1.2) to those of other Native American populations 

revealed that all 10 detected CR haplotypes are unique to the Havasupai. 

Haployroup frequencies 

Although there is evidence that other founding lineages may exist (Bailliet et al., 

1994; Merriwether, 1994; Merriwether et al., 1995; Merriwether and Ferrell, 1996; 

Easton et al., 1996), the majority of Native American mtDNAs can be placed within four 

major founding haplogroups A, B, C, and D (Bailliet et al., 1994). The polymorphisms 

that characterize these haplogroups are summarized in table 1.2. The frequencies of the 

four founding haplogroups were determined for all Native American populations for 

which mtDNA CR sequencing data were available (table 1.3). All sequences that did not 

display a pattern of polymorphism characteristic of one of the four major haplogroups 

were grouped into the "other" category. The Havasupai display only two of the four 

founding haplogroups, with haplogroup C far more conunon (n = 39 or 90.7%) than 

haplogroup B (n = 4 or 9.3%). There is wide variation in haplogroup frequency among 

the Cenu^South American groups and, as has been previously reported, only a very 

small percentage of Native Americans fall into the "other" category. 

Estimations and comparisons of diversity 

There were a total of ten mtDNA haplotypes for the Havasupai CR (1127 bp). 

When CR segments were examined individually, we found nine haplotypes for the 327 

bp HVS-I (bp 16050-16383) and six haplotypes for the 292 bp HVS-II (bp 70-370) 
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regions (table 1.1). There were 29 substitutions in the CR, whereas HVS-I contained 15 

substitutions and HVS-II only six. There were 7 substitutions in the non-hypervariable 

regions of the CR. One substitution present in the complete CR was lost from HVS-I due 

to the elimination of gap sites. Tajima's D was found to be negative for HVS-I and for 

the entire CR, while the D value for HVS-II is slightly positive. None of these values 

was statistically significant. 

In addition to the Havasupai data on the complete CR, haplotype and nucleotide 

diversities for the HVS-I region were determined for the Havasupai as well as eight 

Amerind (Bella Coola, Cayapa, Embera, Huetar, Kuna, Ngfibe, Nuu-Chah-Nulth, and 

Wounan) and one Na-Dene (Haida) group. Table 1.4 shows haplotype and nucleotide 

diversity values derived from a 327 bp region of HVS-I, a 292 bp region of HVS-II, and a 

619 bp region combining the two (HVS-I+II) for which sequence data were available 

(table 1.4). 

Comparisons of HVS-I haplotype and nucleotide diversities across cultural groups 

reveal that the Havasupai haplotype diversity lies in the middle of the range seen for New 

World populations of similar size (e.g. Bella Coola and Huetar) as well as when all ten 

populations are considered. Havasupai haplotype diversity values are most similar to the 

Cayapa and the Bella Coola. Nucleotide diversity, n, on the other hand, is, along with 

that of the Haida, among the lowest observed for any Native American population. 

Long-term nucleotide diversity, E(v), like haplotype diversity, lies in the middle of the 

range of diversity when comparing to populations of similar size and in overall 

comparisons and is most similar to the Haida and the Huetar. For the HVS-II region. 
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comparisons across cultural groups reveal that only the Ng5be have lower haplotype 

diversity. Both measures of HVS-II nucleotide diversity in the Havasupai were the 

lowest among the Native American groups for which data were available. The HVS-I+II 

region is similar to that of HVS-I with haplotype diversity in the middle, n among the 

lowest observed, and a relatively high E(v). 

Mismatch distribution analvsis 

In order to address the question of whether the Havasupai have a pattem of 

population expansion/reduction consistent with those of other Native American 

populations, a pairwise genetic difference, or mismatch distribution, analysis was 

performed for each population (Harpending et al., 1993). A population's mismatch 

distribution is proposed to contain an evolutionary "signature" of that population within 

histograms reflecting the number of pairwise nucleotide differences between individuals 

within that population (Slatkin and Hudson, 1991; Rogers and Harpending, 1992; 

Harpending et al., 1993). A unimodal distribution is characteristic of a population 

growing exponentially, whereas a ragged distribution is indicative of populations that 

have undergone bottlenecks in the past. A raggedness statistic, r, was designed to 

quantify the smoothness of observed mismatch distributions and is an ad hoc measure of 

high frequency variation in a number series (Harpending, 1994). Thus, raggedness is low 

from expanded populations and high in stationary populations (Harpending, 1994). 

Figure 1.3 shows HVS-1 region mismatch distributions and their associated r^gedness 

statistics for ten Native American populations. It can be seen that the Nuu-Chah-Nulth 



41 

have the lowest raggedness followed (in ascending order) by the Bella Coola, Ember^ 

Haida, Havasupai, and Wounan. The highest raggedness score was seen in the Huetar 

followed (in descending order) by the Kuna, Ngdb^, and Cayapa. 

AMOVA and interpopulation variance 

Several hierarchies of population substructure tested demonstrated significant 

levels of interpopulation variance in the AMOVA analysis of the HVS-I region (table 

1.5). Five separate clusters of population substructure were tested: one cluster with one 

group containing all ten populations, one cluster with three groups separated according to 

geographic location (Pacific Northwest, Southwest US, and Central/South America), one 

cluster with six groups separated according to spoken language (Wakashan, Salishan, Na-

Dene, Hokan, Chibcha, and Choco), one cluster separated according to language phylum 

(Na-Dene and Amerind), and one cluster with the Havasupai grouped separately from all 

other populations. Approximately 75% of variation was found within populations in the 

cluster consisting of one group containing all populations {p < 0.0001). When the 

populations were grouped according to geographic criteria, -16% of the variation was 

found among groups (p = 0.03). Significant results were also obtained using looser 

linguistic groupings with ~17% of variation found among groups (p = 0.04). When 

populations were grouped according to language phylum (Na-Dene for the Haida and 

Amerind for all other populations) no significant interpopulation variation was detected, 

as variation among groups in this cluster was 4.7% (p = 0.10). Additionally, no 

statistically significant interpopulation variation was seen when the Havasupai were 
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grouped separately from the other Native American populations (p = 0.09), where 31.9% 

variation was found among groups. 

Genetic divergence between populations can be estimated by pairwise 

interpopulation variances. Significant levels of divergence were revealed in all possible 

pairwise groupings (table 1.6). All population comparisons except the Bella 

Coola/Ngflb^ (p = 0.045), Bella Coola/Nuu-Chah-Nulth (p = 0.009), Cayapa/Nuu-Chah-

Nulth (p = 0.009), Embera/Wounan (p = 0.027), Huetar/Kuna (p = 0.009), Huetar/Ng6be 

(p = 0.018), and Ngobe/Nuu-Chah-Nulth (p = 0.009) comparisons were signifrcant to the 

p < 0.0001 level. Interpopulation variances ranged from 6% between the Embera and 

Wounan to 70% between the Haida and Havasupai. It is interesting to note that largest 

variances found between any population pairs were generally found in Havasupai 

comparisons. The Havasupai show an average 50% variance from all other populations. 

They are most closely related to the Wounan (23%) and most distantly related to the 

Haida (70%). 

Phvlogenetic analvsis 

Figure 1.4 represents the bootstrap consensus neighbor-joining tree found by 

PAUP V. 4.0 (Swofford, 2000) using the Tamura-Nei model. Bootstrap values from 5000 

bootstrap replicates are indicated at the nodes of the tree. Fifty-five Native American 

HVS-I+II haplotypes as well as an Afncan (Yoruban) outgroup sequence were included. 

This tree implies that haplogroup D, represented by Huetar haplotype ht09, and the 

"other" haplogroup, represented by the Cayapa haplotype cy 10, appear to be ancestral to 
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the other haplogroups A, B, and C. It further suggests that haplogroup A is ancestral to B 

and C and that haplogroup C is the most recently diverged of the major founding 

haplogroups. All haplotypes appear to assemble correctly into haplogroups (i.e. B 

haplotypes cluster together, C haplotypes cluster together, etc.) and haplogroups A and C 

are supported by relatively high bootstrap values (63 and 82 respectively). Haplogroup B 

appears to be the most diverse haplogroup and demonstrates a low bootstrap value of 39. 

All Havasupai haplotypes aggregate correctly within their respective groups (hvOl-07 

cluster in haplogroup C and hv08-I0 cluster in haplogroup B). Additionally, many of the 

Havasupai haplotypes group with each other, where haplotypes differ by only a few 

substitutions (see the hv04/ hv05/ hv06 cluster and the hv03/hv07 cluster within 

haplogroup C), demonstrating high bootstrap values. The Havasupai haplogroup B 

haplotypes don't appear to cluster as tightly. 

DISCUSSION 

Analysis of mtPNA sequence 

Analysis of mtONA sequences from the complete 1127 bp CR of 43 Havasupai 

revealed the presence of ten haplotypes representing only two (B and C) of the four (A, 

B, C, and D) major Native American founder haplogroups (figure 1.2). The existence of 

only the B and C haplogroups has been observed in restriction site data among 

Quechan/Cocopa tribes, local to Yuma, Arizona and Baja, California respectively 

(Lorenz and Smith, 1996). None of the ten Havasupai CR haplotypes (Hav 1 - Hav 10) 
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have been detected in any of the other Native American populations surveyed. It is 

possible, however, that these lineages do exist at low frequencies in other populations 

that have not been adequately sampled or are potentially frequent in other Native 

American populations of the southwest United States that have not been characterized 

using CR sequencing and, hence, not included in this study. 

Rare haolotvpes 

The majority of Havasupai (~74%) belong to either haplotype Hav 1 (32,6%), 

Hav 2 (18.6%), or Hav 3 (23.3%), however, 19% of Havasupai belong to rare haplotypes. 

The number of rare haplotypes suggests that the level of diversity in the Havasupai prior 

to the bottleneck might have been substantial despite their small population size, 

probably a remnant of a greater genetic landscape associated with the larger Pai 

population from which the Havasupai are derived (Martin, 1986). Although the one 

mutation that was found in the Havasupai mtDNA pedigrees (see figure 4.8 in chapter 4) 

does potentially create a rare haplotype (Hav 5), there is no way to determine 

where/when in the pedigree the mutation occurred (i.e. whether or not the mutation 

occurred before or after the bottleneck). Regardless, either all, or all but one, of the rare 

haplotypes observed in the Havasupai were present before the population bottleneck. 

The presence (i.e. maintenance) of rare haplotypes after a population bottleneck is 

unusual, as bottlenecks are known to reduce sequence diversity. Stone and Stoneking 

(1998) have reported that the average percentage of rare haplotypes in Native American 

populations is 45.7%. Surprisingly, 60% of Havasupai haplotypes are rare. In 
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comparison, two otiier populations purported to have undergone recent population 

bottlenecks, the Kuna and the Ngdbe of Panama (Batista et al., 1995), contain 43% and 

60% rare haplotypes, respectively. However, it should be noted that the Kuna population 

is over 100 times larger, and the Ngobe population is over 200 times larger than the 

Havasupai and, thus, both were expected to display significantly higher levels of diversity 

than the Havasupai. 

As mentioned previously, the loss of diversity seen after a population bottleneck 

is dependent on the size and duration of that bottleneck. Although the size and duration, 

and indeed the existence, of the Kuna and Ngdbe population bottlenecks are unknown, 

this is not the case for the Havasupai. The Havasupai bottleneck lasted approximately ten 

years and reduced the population by less than half (from -300 to 166 individuals). 

Perhaps a bottleneck of this size and duration is not sufficient to cause a substantial 

reduction in genetic diversity. If so, the number of rare haplotypes contained within the 

population before the bottleneck, would be largely maintained during and aAer the 

bottleneck, and this appears to be the case with the Havasupai. 

Haplogroup frequencies 

Our analysis of haplogroup frequencies (table 1.3) revealed that in the Havasupai, 

neither haplogroup A nor D were present, and that haplogroup C (90.7%) was far more 

prevalent that haplogroup B (9.3%). This contrasts earlier studies in which haplogroup B 

was found to be predominant over haplogroup C in a mixed sample of 18 Hokan speakers 

(the linguistic group to which the Havasupai belong), including several Havasupai of 



46 

unverified descent (Lorenz and Smith, 1996). This same investigation also detected a 

small percentage (11%) of haplogroup A in their sample (Lorenz and Smith, 1996). 

Given the absence of haplogroup A in the present study on a much greater number of 

Icnown Havasupai, it is likely that a few individuals from one or more of the other tribes 

in the mixed sample accounted for the haplogroup A lineages detected in the earlier 

survey. This discrepancy also emphasizes the necessity for comprehensive sampling 

when attempting to characterize human populations. 

The fmding that only two of the four major founding lineages are represented in 

the Havasupai is consistent with the small initial population size and isolated geography 

of the Havasupai. The existence of a limited number of founder haplotypes has been 

previously observed in another population that has been subjected to severe isolation, the 

Xavante of Brazil (Ward et al., 1996). A limited number of founder haplotypes has also 

been observed in populations speculated to have undergone population bottlenecks, like 

the K.una and NgObe of Panama (Batista et al, 1995; Kolman et al. 1995). However, due 

to the maintenance of rare haplotypes since the bottleneck, it appears more likely that the 

limited number of founding haplotypes observed in the Havasupai is a reflection of the 

small initial population size rather than the effect of the recent bottleneck. 

Estimations and comparisons of diversitv 

The level of genetic variation in the Havasupai was estimated using two standard 

measures of diversity: haplotype diversity and nucleotide diversity. Haplotype or 

genetic diversity (h) estimates the probability that two randomly chosen haplotypes from 
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the sample are different (Nei, 1987). Nucleotide diversity was estimated by two different 

statistics, ti, the mean number of differences between all pairs of haplotypes in the sample 

(Nei, 1987), and E(v), an estimate of the level of nucleotide polymorphism (based on the 

number of segregating sites) representing the proportion of nucleotide sites that are 

expected to be polymorphic in any sample (Watterson, 1975). Using these indices, a 

quantitative measure of the loss, or maintenance, of genetic variation within the 

Havasupai, was ascertained. 

Comparisons of genetic diversity across CR segments revealed several interesting 

trends. First, haplotype diversity in the Havasupai for all three regions analyzed (HVS-I, 

HVS-II, and HVS-I+1) was considerably higher than was initially expected (table 1.4). 

This was likely due to the high incidence of rare haplotypes observed. Another 

interesting observation was the dichotomy seen in the two estimates of nucleotide 

diversity (ji and E(v)). Estimates of E(v) were higher than expected in the HVS-I and 

HVS-I+II regions, whereas estimates of n were predictably low in all regions analyzed. 

As 71 is not affected by rare polymorphisms, it serves principally as an indicator of 

population size. Hence, the low estimates of n observed in the Havasupai probably 

represent the low long-term effective population size as opposed to the loss of diversity. 

This, of course, is supported by historical evidence, which purports that the entire Pai 

population numbered less than 1500 in the 1850's and the Havasupai, once separated 

from the rest of the Pai, had an initial population of only 250-300 members (Martin, 

1986). In contrast, E(v), while affected by rare polymorphisms, is independent of 

haplotype frequency and measures a long-term average diversity rather than that of a 
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current generation (Watterson, 1975). It is, thus, more reflective of changes in 

demography (e.g. expansion, reduction, and/or selection) and likely represents the higher 

levels of diversity that were present in the Havasupai in the past. It can be seen trom 

table 1.4 that diversity indices for HVS-I+II are more similar to HVS-I than HVS-II, 

suggesting that HVS-I might be a better indicator of overall mtDNA CR diversity than 

HVS-II in this population. Hence, subsequent analyses, excluding phylogenetic analysis, 

have focused solely on the HVS-I region of the mtDNA CR. 

Mismatch distribution analysis 

It has been suggested that a smooth, unimodal distribution of pairwise genetic 

differences (i.e. mismatch distribution) is characteristic of a population growing 

exponentially, whereas a ragged mismatch distribution can be indicative of stationary 

populations that have potentially undergone bottlenecks in the past (Harpending, 1994). 

The raggedness statistic, r, designed by Harpending (1994), represents a way to quantify 

the raggedness of observed mismatch distributions. HVS-I region pairwise genetic 

difference distributions and their associated raggedness statistics for ten Native American 

populations are displayed in figure 1.3. The Nuu-Chah-Nulth distribution reveals the 

lowest raggedness followed (in ascending order) by the Bella Coola, Embera, Haida, 

Havasupai, and Wounan, whereas the highest raggedness was seen in the Huetar followed 

(in descending order) by the Kuna, Ngdbe, and Cayapa. Three of the four populations 

(Huetar, Kuna, and Ngdbe) showing high r scores have proposed some population 

bottleneck in their past and all four belong to the same linguistic family (i.e. Chibcha) 
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and probably share some common ancestry. The relatively smooth mismatch distribution 

and corresponding low raggedness index observed for the Havasupai, appears to further 

support the observation that the recent population bottleneck had little or no detectable 

effect on the genetic diversity of the tribe. 

AMOVA and interoopulation variance 

The results of the AMOVA test revealed several significant levels of population 

hierarchy existing among the ten populations examined for the HVS-I region (table 1.5). 

The one group with all populations cluster revealed the genetic distinctiveness of all 

populations in the study. Clustering the populations by geographic criteria also revealed 

the genetic distinctiveness of each geographic region (Pacific Northwest, Southwest US, 

and Central/South America) at a significance level of 97%. Previous reports that have 

shown a pattern of linguistic clustering that is consistent with those made by genetic 

clustering, at least in Europe, has led to the hypothesis that human linguistic evolution 

has paralleled genetic differentiation (Cavalli-Sforza et al., 1988; Barbujani and Sokal, 

1990; Cavalli-Sforza et al., 1992). This phenomena has not been routinely observed in 

the Americas, however, where only Central American tribes show good correlation 

between the linguistic classifications of Greenberg (1987) and genetic affiliation 

(Barrantes et al., 1989). Somewhat surprisingly, linguistic clustering by spoken language 

also showed significant interpopulation variance {p = 0.04). In contrast, linguistic 

clustering by language phylum (Amerind vs. Na-Dene) did not yield significant results. 

This was not unexpected, however, and has been previously documented with a smaller 
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number of populations (Chakraborty, 1976; Spuhler, 1979; Black et al., 1983; Batista et 

al., 1995). Clustering the Havasupai as one group, compared with another group 

containing all other populations, did not reveal significant interpopulation variance (p = 

0.09). 

Another test of genetic divergence, based on pairwise interpopulation variance, 

supported the AMOVA finding of significant genetic distinctiveness between each 

population in this analysis (table 1.6). interpopulation variances ranged from 6% 

(Embera/Wounan) to 70% (Haida/Havasupai) with an average 50% variance between the 

Havasupai and all other populations. The Havasupai are most closely related to the 

Wounan (23%) and most distantly related to the Haida (70%). Geographic distance 

appeared to have little relationship to genetic variance in individual populations. The 

Bella Coola (Pacific Northwest) and Ng5be (Panama), though geographically very 

distant, show a variance of only 5% (the lowest observed), whereas the Embera (Panama) 

and Huetar (Costa Rica) are geographically quite close, even speaking the same language 

(Chibcha), yet reveal a genetic variance of 29%. It is interesting that the Ng5be 

population shows extremely low levels of interpopulation variation with both the Bella 

Coola (5%) and Nuu-Chah-Nulth (8%) of the Pacific Northwest, which suggests a 

relatively significant amount of gene flow between these populations. This level of gene 

flow is not mirrored in the other Chibcha populations, although the levels of variation 

between Amerind Pacific Northwest populations and Central/South American Chibcha 

populations generally show some moderate level of gene flow. 
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Wright (1978) has proposed that 5-15% variance indicates moderate genetic 

differentiation, while 15-25% variance indicates great genetic differentiation, and above 

25% variance indicates very great genetic differentiation. It can be seen that, by far, the 

highest levels of interpopulation variance are found in the Havasupai, which is to be 

expected considering that no other populations from the same geographic region were 

analyzed. Under Wright's assumptions, the Wounan are the only population that do not 

demonstrate very great genetic differentiation from the Havasupai and even they are on 

the upper bounds of great amounts of interpopulation variance. With such high levels of 

genetic differentiation between the Havasupai and all other populations, it is somewhat 

surprising that the AMOVA did not yield significant results when the Havasupai are 

grouped against all other populations. All results from these analyses have to be 

interpreted carefully though, as there are no geographically, linguistically, or culturally 

related groups to compare to the Havasupai. It would be interesting to look at the 

Havasupai in comparison with other Native American populations from the southwest 

United States to determine the level of interpopulation variance between more closely 

related populations. 

Phvlo^enetic analvsis 

The phylogenetic tree in figure 1.4 suggests that haplogroup D, represented by 

Huetar haplotype ht09, and the "other" haplogroup, represented by the Cayapa haplotype 

cylO, appear to be ancestral to the other haplogroups A, B, and C. However, the lack of 

multiple constituents for each of these potentially ancestral haplogroups renders any 
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potential assumptions unreliable until further substantiated with more data. The tree 

further indicates that haplogroup A is ancestral to B and C and that haplogroup C is the 

most recently diverged of the major founding haplogroups. Many of the Havasupai 

haplotypes group closely within their respective haplogroups (see the hv04/ hvOS/ hv06 

cluster and the hv03/hv07 cluster within haplogroup C) with high bootstrap values as is 

expected among haplotypes that differ by only a few substitutions. This observation is 

more pronounced among the haplogroup C haplotypes than those of haplogroup B. 

Additionally, it appears that all ten unique Havasupai haplotypes are derived from ten 

discrete maternal lineages that predate the population bottleneck at the turn of the 

century. Reconstruction of the tree in figure 1.4 employing a gamma correction (a = . 17 

for HVS-I+II (Yang, 1996)) did not significantly alter the topology of the u-ee or the 

observed bootstrap values (data not shown). 

Summarv 

In conclusion, the Havasupai Indians of northern Arizona are an interesting and 

unique population. The low levels of HLA variability reported previously (Markow et 

al., 1993) were not mirrored, as was predicted, by the mitochondrial DNA data discussed 

herein. Indeed, despite high levels of inbreeding (Markow and Martin, 1993) and a 

population bottleneck at the turn of the century that reduced the number of reproducing 

females and males to 43 and 42, respectively, the Uibe maintains a relatively high level of 

genetic variation. Thus, our original hypothesis, that the Havasupai would exhibit less 

mtDNA variation than other New World groups, must be rejected. Examination of 
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mitochondrial diversity in the Havasupai seems to suggest a picture whereby the 

Havasupai, initially a small population (as evidenced by the limited representation of 

founder haplogroups and the low estimate of n), underwent a population expansion at 

some point that generated a relatively large amount of diversity (as evidenced by the 

number of rare haplotypes, the high haplotype diversity, and the high estimates of [E(v)]). 

This relatively high level of diversity appears to have been unaffected by the recent 

population bottleneck that occurred at the turn of the century. 

Under this supposition, it would appear that the Havasupai, in a historical 

perspective, probably maintained relatively high levels of genetic diversity, with periods 

of expansion that could have resulted in an increased number of rare haplotypes. This 

increased diversity was probably a result of their association with a larger group of Pai 

Indians consisting of twelve regional bands, including the Hualapai and the Yavapai, 

which was disbanded after losing a war to Europeans in 1866 (Martin, 1986). This 

assumption is supported by the negative values of Tajima's D, though not statistically 

significant, in the CR. As the level of diversity displayed by the Havasupai seems to 

have been maintained within the population since the bottleneck at the turn of the 

century, it must have been too small and/or short to have any detectable effect on the 

genetic variability of the population. 

Investigation into evolutionary relationships between the Havasupai and other 

Native American populations for which data are available reveals that the Havasupai are 

quite distinct from the other populations in the sample, showing high levels of 

interpopulation variance. However, this is to be expected due to the lack of 



geographically and/or culturally related populations that have been surveyed for mtDNA 

sequence variation. Hence, it becomes especially important to investigate more closely 

related populations, such as the Hualapai and Yavapai, that were part of the larger Pai 

population to see if they carry any of the ten unique Havasupai haplotypes and at what 

frequency these haplotypes might exist in other closely related populations. 
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Figure 1.1: Map of Havasupai Reservation 
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Figure 1.2: Polymorphic Nucleotide Position* 
Polymorphic nucleotide positions within the miDNA control region of Havasupai Indians 



Tabic I.I: Sammary of CR Polynorplibm la the Havasapal 

Sumnuiy of nucleotide polymotphism in the Havasupai: A comparison of the Ihiee different noncoding regions of the control region (CR) as well as the entire CR 

HVS-I HVS-II non-HVS CR 

bp 16050-16383 bp 70-370 lemaining bp bp 16024-576 

Total Number of Sites Expected 334 301 487 1122 

Total Number of Insertions 2 3 0 5 

Total Number of Sites 336 304 487 1127 

Sites with Alignment Gaps (excluded from analysis) 9 12 2 II 

Total Number of Sites Aialyzed 327 292 485 1116 

Total Number of Polynioq>hic (segiegating) Sites 15 6 7 29 

Number of Haplotypes 9 6 6 10 

Haplotype Diversity ('A )(Nei, 1987) 0.81 ±0.03 0.75 ±0.03 0.61 ±0.05 0.81 ±0.04 

Nucleotide Diversity ('n) (Nei, 1987) 0.0071:0.002 0.005 ±0.000 0.003 ±0.000 0.005 ±0.000 

Nucleotide Diversity {}^v) ] (Watterson, I97S) 3.5 ±1.3 1.4 ±0.7 1.6 ±0.7 6.7 ±0.7 

Tajima's Neutrality Test (Tajima, 1989) D =-1.07610 0.12962 D =-0.71856 I>» -0.87482 

Significance p>0.10 P>0.I0 p>O.IO p>O.IO 

vyi 
-J 
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Table 1.2: Founding Native American Haplogroups 

A summary of the nucleotide polymorphisms that classify the four founding Native 
American haplogroups, as characterized by control region sequencing. 

The designations used herein are shown in bold. 

Characteristic 
Haplogroup Polymorphism Position 

Haplotype 
Equivaience(s) Reference 

C->T  
G->  A  

bp 16290 
bp 16319 

Cluster II 
Haplogroup A 

Cluster HI 
Cluster IV 
Clus t e r  I I I  

Wardetal. 1991 
Torroni et al. 1993 
Horai etal. 1993 
Gintheretal. 1993 
Bailliet et al. 1994 

B T->C 
T->C  

bp 16189 
bp 16217 

Cluster IV 
Haplogroup B 

Cluster I 
Cluster I 
Cluster I 

Wardetal. 1991 
Torroni et aL 1993 
Horai etal. 1993 
Gintheretal. 1993 
Bailliet etal. 1994 

T ->C  
C- >T  

bp 16298 
bp 16327 

Haplogroup C 
Cluster IV 
Cluster II 
Cluster IV 

Torroni et al. 1993 
Horai et al. 1993 
Gintheretal. 1993 
Bailliet et al. 1994 

C->T  
T . >C  

bp 16187 
bp 1632S 

Cluster III 
Haplotype D 

Cluster II 
Cluster III 
Cluster II 

Wardetal. 1991 
Torroni et al. 1993 
Horai et al. 1993 
Gintheretal. 1993 
Bailliet et al. 1994 



Tabic U: Haplogroup Frequencies 

Frequencies of the four founding Native American haplogroups among the Havasupai and fourteen other Native American populations 

Population N A 
Haplogroups 

B C D  Other 
Region Analyzed for 
Haplotypc Analysis Referenceis) 

Havasupu 43 O.OVo 9.3% 90.7% 0.0% 0.0% complete CR piesent study 
Bella Coola 40 62.5% 5.0% 7.5% 25.0% 0.0% HVS-1 Ward etal. (1993) 
Cayapa 30 29.0% 40.0% 9.0% 0.0% 22.0% HVS-I and HVS-II Rickards et al. (1999) 
Embera 44 23.0% 52.3% 25.0% 0.0% 0.0% HVS-1 Kolman and Benningham (1997) 
Gaviao 27 14.8% 14.8% 0.0% 70.4% 0.0% HVS-I Ward etal. (1996) 
Haida 40 87.5% 0.0% 7.5% 5.0% 0.0% HVS-1 Ward etal. (1993) 
Huetar 27 70.4% 3.7% 0.0% 25.9% 0.0% HVS-I and HVS-Il Santos etal. (1994) 
Kuna 63 71.4% 28.6% 0.0% 0.0% 0.0% HVS-1 Batista et al. (1995) 
Mapuche 39 15.4% 38.5% 20.5% 25.6% 0.0% HVS-I and HVS-II Gintheretal. (1993) 
Ngobc 46 67.0% 33.0% 0.0% 0.0% 0.0% HVS-I and HVS-II Kolman et al. (1995) 
Nuu-Chah-Nulth 63 44.4% 3.2% 19.0% 22.2% 11.1% HVS-I Waid etal. (1991) 
Wounan 31 29.0% 19.4% 48.4% 3.3% 0.0% HVS-I Kolman and Bermingham (1997) 
Xavante 25 16.0% 84.0% 0.0% 0.0% 0.0% HVS-I Ward etal. (1996) 
Yanomami 50 0.0% 4.0% 62,0% 14.0% 20.0% HVS-I and HVS-II Eastonetal. (1996) 
Zoro 30 20.0% 6.6% 13.3% 63.3% 0.0% HVS-1 Ward etal. (1996) 

Ul 
vo 



Tabkl.4: MvcnHy ladkt* 
An arimite of nitDNA sequence divenily for the HVS-I, HVS-II, end HVS-I+II regioni of the CR in the Ibvasupei and other Narivc Americin pofwluioai 

HVS-I Divenily Indlcci (bp IMSa-IUU) 

Number of 
Hiplotype 
Divetsitv 

Nuckotide 
Divenily 

Gfouo 
Geofia|ilHc 

Rcaioit 
Population 

Size Individuals 
Mitodwodrial 
Huriotvpa 

Nucleotides 
Surveved 

Polymoiphic 
Sites 

(Nei, 1987) 
h 

(Net, 1917) 
M 

(Wanenon, 1975) 
av> 

(T^ima, 1989) 
O 

Havauipai SoudiweitUS ~<00 4} 9 327 IS 081 ±0.03 0.007 * 0.002 3.5*1.3 -1.076 p>O.IO 
BdliQwIa Pacific Mofthwesl -600 40 n 327 19 0.9010.02 0.014*0.001 4.5*1.6 0.074 p>O.IO 
Cayapa Ecuidor -MOO 30 8 327 18 0.8410.04 0.019*0.001 4.5*1.7 1.155 p>O.IO 
Embera Pinimi -30000 44 20 327 23 0.94*0.02 0.018*0.001 5.3 * 1.8 0.364 p>O.IO 
Haidi Pacific Notthwest -1200 40 9 327 15 0.69*0.06 0.007 * 0.002 3.5*1.3 -1.118 p>O.IO 
Huetar Com Rica -650 27 7 327 11 0.71 ±0.07 0.010*0.001 2.9* 1.2 0.507 p>O.IO 
Kuna Panama -«SOOO 63 7 327 10 059*0.06 0.010*0.001 2.1 *0.9 1.519 p>O.IO 
Nuu-Chab-Nuhh Pacific Nofthwesl -Z400 63 27 327 2$ 0.95*0.01 0.016*0.001 5.3*1.7 1.492 p>O.IO 
Nfobe Panama -125000 46 6 327 II 0.62*0.06 0.012*0.001 2.5*1.0 -0.029 p>0.10 
Wounan Panama -5000 31 14 327 27 0.91 *0.03 0.020*0.001 6.8 * 2.4 -0.103 D>0.I0 

HVS-II MvcnMy Indtcci (kp 7»-37«) 

Number of 
H^ilotype 
Divenily 

Nucleotide 
Divenily 

Geofraphic Population Mitochondrial Nucleotides Poiymoiphic (Nei. 1987) (Nei, 1987) (Wanenon, 1975) (T^ima, I9C9) 
Gioud Recioa Size Individuals HlDkXVTKI Surveyed Siles * M ) D 

Havasupai Southwest US -600 43 6 292 6 0.75*0.03 0.005 * 0.000 1.4*0.7 0.130 p>O.IO 
Ecutdw -MOO K) 6 292 8 0.77 *0.04 0.007*0.001 2.0*0.9 0.216 p>0.)0 

Embera Panama -30000 15 8 292 10 0.90*0.05 0.008 * 0.002 3.1 * 1.4 -0.742 p>O.IO 
Huetar CosuRica -650 27 7 292 9 0.83*0.04 0.011 *0.008 2.3* 1.0 1.183 p>OIO 
Ngobe Panama -125000 46 6 292 7 0.60*0.06 0.006 * 0.001 1.6*0.7 0.166 p>O.IO 
Wounan Panama -5000 10 6 292 6 0.84*0.10 0.008 * 0.001 2.1*1.2 0.544 p > 0.10 

HVS-I+II DivenMy ladiee* (bp IM5»-I*3«3 + 7*-37*) 

Grouo 
Geographic 

Resion 
Population 

Size 

Number of 
Haplolype 
Diversity 

Nucleotide 
Diversity 

Grouo 
Geographic 

Resion 
Population 

Size Individuals 
Mitochondrial 

Haptotvpes 
Nucleotides 
Surveyed 

pDlymofphic 
Sites 

(Nei. 1987) 
k 

(Nei. 1987) 
a 

(Wanenon. 1975) 
E<v ) 

(Tajima. 1989) 
D 

Hivasupai Southwest US -600 43 10 619 21 0.81 *0.04 0.006 * 0.001 4.9*1.7 -0.756 p>O.IO 
Cayapa Ectiador -3600 30 10 619 26 0.86*0.04 0.013*0.001 6.6*2.3 0.907 p>0.10 
Ember* Panama -30000 15 10 619 27 0.94*0.04 0.014*0.001 8.3*3.3 0.260 p>O.IO 
Huetar Costa Rica -650 27 9 619 20 0.86*0.04 0.010*0.001 5.2 * 2.0 0.8% p>0.10 
Ngobe Panama -125000 46 9 619 18 0.66 * 0.07 0.009 * 0.001 4.1 * 1.5 1.060 p>O.IO 
Wounan Panama -5000 10 7 619 23 0.91 *0.08 0.014*0.002 8.1 *3.6 0.044 p>aio 
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Figure 1.3: Mismatch Distributions 
Mismatch distributions for the HVS-1 Region of the mtDNA control region in the 
Havasapai and other Native American Populations (under the infinite sites model) 



Table 1.5: AMOVA 
Analysis of MOlecular VAriance (AMOVA) of Native American population substnictuie 

Among Populations 
Within Populations Within Groups Antong Groups 

Variance Variance Variance 
Group % P % P % p 
One group with all populations 74.1 <0.0001 
Geographic clustering 69.6 <0.0001 14.3 <0.0001 16.0 0.03 
Linguistic clustering 72.3 <0.0001 10.5 <0.0001 17.3 0.04 
Language phylum clustering 71.5 <0.0001 23.9 <0.0001 4.7 0.10 
Havasupai clustering 55.4 <0.0001 12.7 <0.0001 31.9 0.09 

Clusters 
One group cluster 

Bella Coola, Cayapa, Embera, Haida, Havasupai, Huetar, Kuna, 
Ngobe, Nuu-Chah-Nuhh, and Wounan 

Geographic clusters 
Pacific Northwest: Bella Coola, Haida, and Nuu-Chah-Nulth 
Southwest United States; Havasupai 
South/Central America; Cayapa, Embera, Huetar, iCuna, Ngobe, and Wounan 

Linguistic clusters 
Wakashan: Nuu-Chah-Nulth 
Salishan; Bella Coola 
Na-Dene; Haida 
Hokan: Havasupai 
Chibcha: Cayapa, Huetar, Kuna, and Ngobe 
Choco; Embeta and Wounan 

Language Phylum clusters 
Na-Dene; Haida 
Amerind; Bella Coola, Cayapa, Embera. Havasupai, Huetar, Kuna, Ngobe, 

Nuu-Chah-Nulth, and Wounan 
Havasupai clusters 

Group #1: Havasupai 
Group #2: Bella Coola, Cayapa, Embera, Haida, Huetar, Kuna, Ngobe, 

Nuu-Chah-Nulth, and Wounan 



TaMt lA: Gcadk Divcfftac* 
Genelic diveigence between ten Native American pofNilaoons as meawicd by the peiceni of inteipopulation variance between ifaeir HVS-I contfol icgion mtONA iequenoe* 

Bella CooU Cayapa Embcn Haida Havasunai Huetar Kuna Naobe 

BelUCooh OK 
Cayapa 13% 0% 
Embcn 22S 11% 0% 
Haida 9% 27% 40% 0% 
Havasupai S4K 44% 36% 70% 0% 
Huetar 8K 18% 29% 17% 65% 0% 
Kuna 21% 20% 24% 32% 62% I3%<p =0.009) 0% 
Ngobe S%0> =-0.046) 12% 17% 16% 57% 9%0> ^0.018) 14% 0% 
Nuu-Chab-Nullfa 7%(/> -0.009) 7%(/> = 0.009) 15% 18% 38% 13% 19% 8%(f) =0.009) 
Wounan 20% 11% 6%(/> =0.027) 37% 23% 27% 29% 21% 

Nuu-Chah-Nullfa Wounan 

OH 
lOK 0% 

Note: All values aie statistically significant to ihe/> < 0.0001 level encept wheie noted above. 
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Figure 1.4: Phylogenetic Tree 
Consensus neighbor-joining tree of all 55 Native American control region hapiotypes 
obtained using the Tamura-Nei correction and 5000 bootstrap replicates. 
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Chapter 2 

MITOCHONDRIAL DNA MUTATIONS ASSOCIATED WITH THE 

OCCURRENCE OF NIDDM 
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INTRODUCTION 

Background 

The heterogeneity of non-insulin-dependent diabetes meilitus (NIDDM) and 

NIDDM-related complications is so vast that studies have increasingly focused on patient 

populations manifesting a specific sub-type of NIDDM that may be more homogenous 

than unselected clinical populations. For example, the elucidation of a defective 

glucoldnase gene in maturity-onset diabetes of the young (MODY) has dramatically 

emphasized the importance of striving for homogeneity in future genetic studies (Froguel 

et al., 1992; Vionnet et al., 1992; Permutt et al., 1992; Froguel and Velho, 1993; Saker et 

al., 1996). 

Mutations in mitochondrial DNA (mtDNA) have been associated with NIDDM 

and NIDDM-related retinopathies in some affected populations (Reardon et al., 1992; 

Morten et al., 1993; Massin et al., 1995; Suzuki et al., 1997; Vialettes et al., 1997). A 

subtype of NIDDM that is characterized by maternal transmission and a progressive 

impairment of insulin secretion is associated with mtDNA mutations and has, thus, been 

collectively termed mitochondrial diabetes meilitus, or MDM (Gerbitz et al. 199S). 

Several loci in mtDNA have been associated with MDM and some of these loci 

are associated with other diseases as well. Most of these diseases are associated with 

point mutations, however, there are some disease-related deletions and/or duplications as 

well. It has been suggested that point mutations in mitochondrial tRNA genes are 

especially frequent in neuromuscular disorders because of their generalized effect on 



mitochondrial protein synthesis and consequent impairment of multiple OXPHOS 

enzyme complexes (Moraes et al., 1993b). The mitochondrial tRNA Leu(UUR) gene 

appears to be an etiological hot spot for mtDNA mutations. It contains the primary 

mitochondrial mutation associated with MDM located at bp 3243 (Reardon et al., 1992; 

van den Ouweland et al., 1992; Alcolado et al., 1994; Kadowaki et al., 1994; 't Hart et al., 

1996; Shigemoto et al., 1998), as well as five other sites (all bp locations based on 

Anderson et al., 1981): bp 3252 (Morten et al., 1993), bp 3256 (Moraes et al., 1993), bp 

3260 (Zeviani et al., 1991), bp 3264 (Suzuki et al., 1997), and bp 3271 (Suzuki et al., 

1996), which have been associated with MDM in different populations. Two other tRNA 

point mutations associated with MDM in selected populations include bp 8296 (Kameoka 

et al., 1998) and bp 8344 (Suzuki et al., 1994) within the tRNA Lys gene. Mutations in 

non-coding regions of mtDNA, including a 9 bp direct triplicate repeat at bp 8277 in the 

intergenic region between cytochrome c oxidase II (COII) and tRNA Lys (Thomas et al., 

1996) and a T->C transition at bp 16189 of the control region (Poulton et al., 1998), have 

also been implicated in MDM in different populations. 

tRNA mutations associated with MDM 

Results of numerous studies on the 3243 tRNA Leu(UUR) has led to a proposed 

pathogenic mechanism for this mutation. This mutation occurs within the binding site of 

mitochondrial termination factor (mTERF) (Kruse et al., 1989). mTERF, when bound, 

results in the termination of mitochondrial transcription at the 16S rRNA-tRNA 

Leu(UUR) gene boundary (Christianson and Clayton, 1986), which leads to transcription 
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of rRNAs that is 50-100 times as frequent as that of more distal genes (Gelfand and 

Attardi, 1981). The 3243 mutation strongly decreases the affinity of mTERF for its target 

sequence leading to severe protein synthesis and OXPHOS defects including myopathy, 

ataxia, and hyperalaninaemia (Shoffher, 1996) which are symptomatic of mitochondrial 

encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) (King et al., 

1992). Although reduced transcription termination resulting from defective mTERP 

binding could theoretically lead to a lack of 12S and 16S rRNAs, no change in steady 

state levels of transcripts has been detected either in vitro (Montoya et al., 1983; King et 

al., 1992; Chomyn et al., 1992) or in vivo (Moraes et al., 1992a; Hammans et al., 1992; 

Moraes etal., 1992b). 

The exact mechanism whereby the tRNA Leu(UUR) mutations cause protein 

synthesis defects such as those mentioned previously remains obscure, but it has been 

hypothesized that they affect tRNA Leu(UUR) synthetase charging specificity resulting 

in the insertion of the incorrect amino acid (i.e. missense substitutions) and subsequent 

instability of the irregular polypeptides (Normanly et al., 1989). Another potential 

mechanism of pathogenesis might involve the formation of 19S RNA, a RNA species 

consisting of 16S rRNA, tRNA Leu(UUR), and NDl transcripts, which has elevated 

levels of expression in another mitochondrial disease, MELAS, resulting from tRNA 

Leu(UUR) mutations (King et al., 1992). 

The tRNA Lys A->G mutation at bp 8296 is located at the start point of the 

aminoacyl acceptor stem of the tRNA and replaces a highly evolutionarily conserved 

nucleotide (Kameoka et al., 1998), whereas the A->G bp 8344 mutation occurs at an 
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unpaired position within the T-Ioop of the tRNA (Suzuki et al., 1994). It should be noted, 

however, that the bp 8344 mutation has been widely implicated in the etiology of a 

mitochondrial myopathy known as myoclonic epilepsy with ragged red flbers, or MERRF 

(Shofifher et al., 1990; Noer et al., 1991; Lauber et al., 1991; Lertrit et al., 1992; 

Hammans et al., 1993; Graf et al., 1993; de Vries et al, 1993; Calabresi et al., 1994; 

Chomynetal., 1994). 

In summary, there is an elevated incidence of mtDNA mutations in MDM. The 

lack of complete association between these mutants and the manifestation of disease may 

reflect genetic heterogeneity in the population studied. Studying a homogenous 

population with a sufficiently high incidence of the disease can reduce genetic 

heterogeneity. In order to minimize genetic heterogeneity, this study will focus on a 

small population of Native Americans, the Havasupai, among which the incidence of 

NIDDM is disproportionately high. 

Study pQpulatf PP 

The Havasupai are a small, Hokan-speaking tribe of approximately 600 members 

that live on a secluded reservation within the Grand Canyon of northern Arizona (Martin, 

1986). Geographical and reproductive isolation (80% of Havasupai marriages are 

endogamous) have resulted in an extremely genetically homogeneous population 

(Markow et al., 1993). The tribe has the third largest incidence of NIDDM in the world 

with 55% of women and 38% of men over the age of 35 diagnosed with the disease 

(Zuerlein et al., 1991) and a clear maternal bias in disease transmission (Fenger, 1992). 
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The Havasupai, by virtue of their small numbers and genetic homogeneity, 

provide an ideal study population in which to overcome the problems of genetic 

heterogeneity encountered in previous studies. A clear set of affected and unaffected 

familial lineages has already been identified using detailed genealogies dating back to the 

mid-1800's. Furthermore, certain Havasupai families show clear evidence of NIDDM-

related retinopathy, a condition that has been associated with defined mtDNA mutations 

in other ethnic groups (Suzuki, 1997). 

The maternal transmission of NIDDM in the Havasupai (Fenger, 1992) and the 

existence of NIDDM-related retinopathies in some pedigrees lead to the hypothesis that 

members of these affected lineages should exhibit mtDNA mutations associated with 

NIDDM and NIDDM-related retinopathy in other studies. In order to test this 

hypothesis, several potentially etiological loci including the tRNA Leu(UUR) gene, the 

tRNA Lys gene, and the intergenic region between COll and tRNA Lys were examined 

in 52 Havasupai individuals using automated DNA sequencing. In addition, 43 

Havasupai control region (CR) sequences from a previous investigation (Coon and 

Markow, in preparation) were assayed for potential MDM-associated mutations as well. 

MATERIALS AND METHODS 

Population samples 

Following informed consent, blood samples were obtained on Havasupai 

reservation between 1993 and 199S. Samples were collected in 15ml Vacutainer tubes 
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and transported by helicopter to Arizona State University where they were either used 

immediately to extract DNA or to create immortalized cell lines by Epstein-Barr virus 

transformation (Markow et al., 1993). 

Isolation, amplification and sequencing of DNA 

mtONA-specific PCR primers were designed to amplify candidate regions of the 

mitochondrial genome including the tRNA Leu (UUR) gene, the tRNA Lys gene, and the 

intergenic region located between the cytochrome oxidase II gene (COXII) and tRNA 

Lys. A 288 bp fragment containing the 75 bp tRNA Leu (UUR) gene was amplified 

using primers mtL3162 (5' CGCCTTCCCCCGTAAATG 3') and mtH3449 (5' 

GGTTGTAGTAGCCCGTAG 3'). A 258 bp fragment containing the 70 bp tRNA Lys 

gene and the 28 bp intergenic region was amplified using primers mtL8176 (5' 

TGAAATCTGTGGAGCAAACC 3') and mtH8433 (5' 

ATGAGGAATAGTGTAAGGAG 3'). All PCR products were visualized by agarose gel 

electrophoresis. Subsequent sequence analysis was performed according to Coon and 

Markow (in preparation). 

Statistical analysis 

Chi-square tests were performed in order to test the statistical significance 

of several variables (gender, Native American founder haplogroup, CR haplotype, and 

specific CR substitutions) associated with the occurrence of NIDDM in the Havasupai 

population. Although the G-statistic is thought to be better than the chi-square in many 
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instances where experimental design is more complex (e.g. where frequencies are divided 

into more than two classes), the chi-square test is generally numerically similar to that 

obtained with the G-statistic (Sokal and Rohlf, 1981). Thus, in single classification tests 

such as those performed herein, chi-square is the preferred method of testing statistical 

significance. 

RESULTS 

Automated DNA sequencing of the tRNA Leu(UUR) and tRNA Lys genes, as 

well as the COII-tRNA Lys intergenic region, from 52 Havasupai individuals revealed 

none of the MDM-related polymorphisms that had been identified in other populations. 

There was no variation whatsoever in either of the tRNA genes and the only 

polymorphism in the COII-tRNA Lys intergenic region, a 9 bp deletion, has not been 

associated with disease in any known populations. 

Fourteen of the 52 individuals surveyed (26.9%) contained the 9 bp deletion. 

This 9 bp deletion is characteristic of individuals belonging to the founder Native 

American haplogroup B (Toroni et al., 1993). Pooling the tRNA gene and intergenic 

region sequence data from this investigation with our CR sequence data from a previous 

investigation (Coon and Markow, in preparation), we end up with a total of 55 

individuals (28 males and 27 females) that have been characterized for inclusion into 

haplogroups. Fourteen of the 27 (51.9%) females in the study are affected with NIDDM 

while only 13 of the 28 (46.4%) males are afTected (table 2.1 A). Of these 55 individuals. 
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which are 25.5% haplogroup B and 74.5% haplogroup C, 27 (49.1%) are affected by 

NIDDM and 28 (50.9%) are unaffected (table 2.IB). Haplogroup comparisons reveal 

that 9 of 14 (64.3%) haplogroup B individuals are affected as opposed to 18 of 41 

(43.9%) of individuals belonging to haplogroup C. 

Ten mtDNA haplotypes (Hav 1 - Hav 10) have been previously characterized 

using CR sequencing of 43 Havasupai individuals (Coon and Markow, in preparation). 

Table 2. IC displays the results of an analysis comparing these 43 individuals, for which 

haplotypes have been determined. It can be observed that haplotype Hav 2, Hav 7, Hav 

9, and Hav 10 have high percentages of individuals affected by NIDDM. However, not 

much information can be deduced from this observation in most groups (Hav 7, Hav 9, 

and Hav 10) as they each have only one representative sample. In contrast, 7 of 8 

(87.5%) individuals displaying the Hav 2 haplotype are affected by NIDDM. Chi-square 

analysis demonstrated that there is a 95% probability that this substitution is non-

randomly associated with the occurrence of NIDDM {p < 0.5). 

DNA sequence of the mitochondrial CR for each of the 43 individuals analyzed 

for this region, as well as diagnosis relative to NIDDM, is displayed in figure 2.1. To 

further explore the association, if any, between CR mutations and NIDDM, we conducted 

an analysis of each polymorphism on a site by site basis (table 2.2). The only position 

that associated positively with the occurrence of NIDDM is a C -> T transition at bp 

16192. Seven affected individuals (16.3%) were found to have this substitution, whereas 

only one individual (2.3%) with the substitution was found to be unaffected. Chi-square 

analysis of this substitution reveals that the C->T transition at bp 16192 associates non-
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randomly with the occurrence of NIDDM in the Havasupai {p < 0.05). None of the other 

loci associate positively with the occurrence of NIDDM to any significant degree. 

DISCUSSION 

Examination of the mitochondrial tRNA Leu(UUR) and tRNA Lys genes in 52 

Havasupai by DNA sequencing revealed no observable mutation. Thus, the high 

incidence of NIDDM observed in the Havasupai must be the result of mutation at some 

other unexamined mtDNA loci, or is, perhaps not related to mtDNA mutations at all. The 

COlI-tRNA Lys intergenic region demonstrated the presence of a 9 bp deletion that is 

characteristic of Native American founder haplogroup B, but not known to be associated 

with NIDDM in any population. The prevalence of haplogroup B, as characterized by the 

9 bp deletion (26.9%) is almost three times the percentage of haplotype B individuals 

found in our earlier study, as characterized by CR sequencing, which suggested that the 

Havasupai contain only 9.3% haplogroup B (Coon and Markow, in preparation). When 

the two data sets are pooled (55 individuals total), 25.5% of individuals belong to 

haplogroup B. Although there is no evidence to suggest that the 9 bp deletion 

designating haplogroup B has any association with NIDDM, it is interesting to note that 

there is an increase, though not statistically significant, in the occurrence of NIDDM in 

haplogroup B individuals (64.3%) compared with those belonging to haplogroup C 

(43.9%) in this population. Another polymorphism characteristic of haplogroup B, a T -> 

C transition at bp 16189 in the CR, has, however, been associated with NIDDM in 
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several populations. More specifically, the 16189 polymorphism has been associated 

with mutations within the tRNA Leu(UUR) gene that are often implicated in MDM 

(Poulton et al., 1998). The Havasupai contain 14 individuals that carry the 16189 variant 

and 9 of those 14 are affected by NIDDM. 

The 16189 T->C transition results in the creation of a heteroplasmic poly-cytosine 

(poly-C) tract of varying length. The 16189 length variants are not exclusively associated 

with disease mutations. However, the fi^quency of this mutation is estimated to be 15% 

in the normal population (Bendall and Sykes, 1995) compared with 45% (Marchington et 

al., 1996) to 55% (Poulton et al., 1998) reported in disease populations. Note also that 

the 3243 mutation (within the tRNA Leu gene) does not segregate with any particular 

length variant (Marchington et al., 1996) and that the same proportions of length 

variation are found within all related individuals (Bendall and Sykes, 1995) and within all 

tissues from the same individual (Poulton et al., 1998). 

Further support for an association between the 16189 T->C transition and MDM 

comes from a report that found that 11% of diabetic men studied had the 16189 variant 

and that the prevalence of the polymorphism was positively correlated with fasting 

insulin concentration (Poulton et al. 1998). Thus, it has been suggested that the 16189 

variant may indicate a propensity for the occurrence or fixation of tRNA Leu(UUR) 

mutations that could result in MDM. It should be noted, however, that the T->C 

mutation at bp 16189 is considered conunon in some ethnic groups and is associated with 

insulin resistance rather than NIDDM proper, and is thus not considered a true causal 

mutation (Poulton et al., 1998). 
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Examination of the ten mtDNA haplotypes (Hav 1 - Hav 10) characterized by CR 

sequencing (table 2.1C) revealed that 7 of 8 (87.5%) individuals displaying the Hav 2 

haplotype are affected by NIDDM, whereas only 1 is unaffected {p < 0.05). Analysis of 

the CR polymorphisms on a site-by-site basis demonstrated only one site with a 

statistically significant association with NIDDM, A C -> T transition at bp 16192 was 

found in 7 individuals (16.3%) affected by NIDDM compared to only one unaffected 

individual (2.3%) {p < 0.05). It is interesting to note that the presence of this substitution 

is what predominantly characterizes haplotype Hav 2. In other words, haplotype Hav 2 is 

distinguished from its most closely related haplotype, Hav 1, mainly by the presence of 

the bp 16192 substitution. The mechanism by which this substitution could affect a 

NIDDM phenotype is unknown. It is not located in any region of the CR that is known to 

have specific f\mction, replication initiation for example. However, it does lie in close 

proximity to a 12-15 bp sequence (at bp 16158-16172) that is associated with termination 

of mtDNA replication (Doda et al., 1981). Additionally, it lies very close to the bp 16189 

substitution, which has been associated with MDM in other studies (Marchington et al., 

1996; Poulton et al., 1998). Perhaps it could affect the mtDNA molecule in the same, 

albeit unknown, way that the bp 16189 substitution does. If the relationship between the 

bp 16189 substitution and the occurrence of NIDDM is somehow locus and/or sequence 

specific, the close proximity of the bp 16192 substitution could render a similar result. 

In summary, there appears to be some association between mitochondrial DNA 

mutations and NIDDM in the Havasupai population. There is a slightly higher incidence 

of NIDDM in individuals belonging to founder haplogroup B than that found in 
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haplogroup C individuals. In addition, the incidence of haplogroup B in the Havasupai is 

higher than was previously reported (Coon and Markow, in preparation), though the 

predominance of haplogroup C was clearly supported. One Havasupai lineage (Hav 2), 

which is defined by the presence of a C -> T transition at bp 16192 in the CR, was found 

to have a statistically significant increase in the incidence of NIDDM compared with 

other lineages. However, the mechanism (if any) by which this polymorphism 

contributes to the etiology of NIDDM remains to be elucidated. Further research, 

examining more of the mitochondrial molecule, might prove firuitful in illuminating the 

potential association between NIDDM and mtDNA mutations in this and other 

populations. 
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Table 2.1: Association of Havasupai Subgroups to NIDDM 

Association of gender. Native American founder haplogroup, and control region haplotype 
to the occurrence of NIDDM in the Havasupai 

AWiectgd Total Espcctcd Value chK Sutbtical 
Group n % n % N (N/2) square df Slsniflcauce 
Male 13 23.6 15 27.3 28 14 0.14 1 p > 0.05 
Female 14 25.5 13 23.6 27 13.5 0.04 1 p > 0.05 
Total 27 28 55 27.5 0.02 1 p > 0.05 

Haplogroup B 9 16.4 5 9.1 14 7 1.14 1 p > 0.05 
HaploKTOuD C 18 32.7 23 41.8 41 20.5 0.61 1 p>0.05 
Total 27 28 55 27.5 0.02 1 p > 0.05 

Hav#l 6 14 8 18.6 14 7 0.29 1 p > 0.05 
Hav«2 7 16 1 2J 8 4 4^ 1 p<OJIS 
Hav #3 2 5 8 18.6 10 5 3.60 1 p > 0.05 
Hav #4 1 2 2 4.7 3 1.5 0.33 1 p > 0.05 
Hav #5 1 2 1 2.3 2 1 0.00 I p>0.05 
Hav #6 0 0 1 2.3 1 0.5 1.00 1 p>0.05 
Hav #7 1 2 0 0.0 1 0.5 1.00 1 p > 0.05 
Hav«8 1 2 1 2.3 2 1 0.00 1 p>0.05 
HavHra 1 2 0 0.0 1 0.5 1.00 1 p > 0.05 
Hav #10 1 2 0 0.0 1 0.5 1.00 1 p > 0.05 
Total 21 22 43 21.5 0.02 1 p > 0.05 

This table shows the association of gender (I A), Native American founder haplogroup (IB), and control region 
haplotype (I C) on the occurrence of NIDDM in the Havasupai, along with statistical significance as determined 
by the chi-square test. Percent afTected/unaflected is calculated by dividing affecied/unaffected sample size (n) 
by the total sample size (N = 55 for lA and IB and N =43 for IC). The haplotype Hav #2 appears to correlate 
significantly with the occurance of NIDDM. 
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Table 2.2: AsHKiation of Individual CR Mulalions (o NIDDM 

Nucleotide Aflifgtgd llnanitctgd ToUl Expcctcd Value chi- SUtiitlcal 
Position Polymorpblsm n % n % N (N/2) square df SlKBificaae 
16093 T - > C  2 4.7 8 18.6 10 5.0 3.60 1 p>0.05 
I 6 I I I  C - > T  I 2.3 1 2.3 2 1.0 0.00 1 p > 0.05 
I6I29 G - >  A  1 2.3 0 0.0 1 0.5 1.00 1 p>0.05 
16146 A - > T  0 0.0 1 2.3 1 0.5 1.00 1 p > 0.05 
16182 delete A 1 2.3 0 0.0 1 0.5 1.00 1 p > 0.05 
16183 delete A 3 7.0 1 2.3 4 2.0 1.00 1 p>0.05 
16186 C - > T  1 2.3 0 0.0 1 0.5 1.00 1 p > 0.05 
16189 T - > C  3 7.0 1 2.3 4 2.0 1.00 1 p > 0.05 
16192 C - > T  7 16J I ZJ 8 4.0 4.50 I p<OJIS 
I6I93.I insert C 2 4.7 1 2.3 3 1.5 0.33 1 p > 0.05 
16193.2 insert C 2 4.7 1 2.3 3 1.5 0.33 1 p > 0.05 
16217 T - > C  3 7.0 1 2.3 4 2.0 1.00 1 p > 0.05 
16223 C - > T  18 41.9 21 48.8 39 19.5 0.23 1 p > 0.05 
16234 C - > T  1 2.3 0 0.0 1 0.5 1.00 1 p > 0.05 
16261 C - > T  1 2.3 0 0.0 I 0.5 I.OO 1 p > 0.05 
I629S C - > T  1 2.3 0 0.0 1 0.5 1.00 1 p>0.05 
16298 T - > C  18 41.9 21 48.8 39 19.5 0.23 1 p > 0.05 
16311 T - > C  2 4.7 4 9.3 6 3.0 0.67 1 p > 0.05 
16325 T - > C  18 41.9 21 48.8 39 19.5 0.23 1 p > 0.05 
16327 C - > T  18 41.9 21 48.8 39 19.5 0.23 1 p > 0.05 
16400 C - > T  I 2.3 0 0.0 1 0.5 1.00 1 p > 0.05 
16483 G -> A 1 2.3 1 2.3 2 1.0 0.00 1 p > 0.05 
16519 T - > C  3 7.0 1 2.3 4 2.0 1.00 1 p > 0.05 

72 T - > C  3 7.0 8 18.6 11 5.5 2.27 I p > 0.05 
73 A - > G  21 48.8 22 51.2 43 21.5 0.02 1 p > 0.05 
143 G - > A  6 14.0 8 18.6 14 7.0 0.29 1 p > 0.05 
194 C - > T  3 7.0 8 18.6 II 5.5 2.27 1 p > 0.05 
195 T - > C  1 2.3 0 0.0 1 0.5 1.00 1 p > 0.05 
204 T - > C  I 2.3 2 4.7 3 1.5 0.33 1 p > 0.05 
214 A - > G  1 2.3 0 0.0 1 0.5 1.00 1 p > 0.05 
249 delete A 18 41.9 21 48.8 39 19.5 0.23 1 p > 0.05 
263 A - > G  21 48.8 22 51.2 43 21.5 0.02 1 p > 0.05 
290 delete A 18 41.9 21 48.8 39 19.5 0.23 1 p > 0.05 
291 delete A 18 41.9 21 48.8 39 19.5 0.23 1 p > 0.05 

309.1 insert C 11 25.6 13 30.2 24 12.0 0.17 1 p > 0.05 
309.2 insert C 5 11.6 4 9.3 9 4.5 0.11 1 p > 0.05 
315.1 insert C 21 48.8 22 51.2 43 21.5 0.02 1 p > 0.05 
485 T - > C  1 2.3 0 0.0 1 0.5 1.00 1 p > 0.05 
489 T - > C  18 41.9 21 48.8 39 19.5 0.23 1 p > 0.05 
493 A -> G 5 11.6 12 27.9 17 8.5 2.88 1 p > 0.05 
499 G -> A 3 7.0 1 2.3 4 2.0 1.00 1 p > 0.05 

522-523 delete CA 5 11.6 12 27.9 17 8.5 2.88 1 p > 0.05 

This table shows the frequency of control region substitutions, and their association with NIOOM, in affected versus 
unafTectcd Havasupai individuals. Statistical significance was determined by the chi-square test. Perccnt afTected/unafTected 
was calculated by dividing afTected/unafTected sample size (n) by the total sample size (N = 43). Only one substitution 
(a C->T transition at bp 16192) appears to associate significantly {p < 0.05) with the occurence of NIDDM. 
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Chapter 3 

Y-CHROMOSOME VARIATION IN THE HAVASUPAI 
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INTRODUCTION 

It has been suggested that mitochondrial DNA (mtDNA) diversity is greater than 

Y-chromosome diversity within populations (Gota et al., 2001). Several hypotheses have 

been proposed to account for this discordance including higher mortality in males as a 

result of their role as hunters and fighters (Pena et al., 1995), polygyny (Pena et al., 1995; 

Fix, 1999; Hammer et al., 2001), and patrilocality (Oota et al., 2001; Hammer et al., 

2001). All of these factors could lead to a smaller effective number of males within a 

population. With this increase of mtDNA diversity and decrease of Y-chromosome 

diversity within populations, comes a concomitant decrease of mtDNA diversity and 

increase of Y-chromosome diversity between populations (Jorde et al., 2000; Oota et al., 

2001). 

We recently examined mtDNA diversity in a small, homogenous population of 

Native Americans, the Havasupai of northern Arizona, for which genealogies, inclusive 

of eight generations and dating back to the middle 1800s, are available (Coon and 

Markow, in preparation). According to these extensive genealogies, the Havasupai 

underwent a population bottleneck at the turn of the century that reduced the total 

population from approximately 300 to 166, of which, only 42 males and 43 females 

reproduced. The results of this investigation revealed that the Havasupai contain only 

two of the four founding Native American mtDNA haplogroups, and show somewhat 

reduced levels of nucleotide diversity. On the other hand, they demonstrate relatively 

high levels of haplotype diversity and maintain a high percentage of rare haplotypes 
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(Coon and Markow, in preparation). These, somewhat contradictory, results suggest that 

the effect of the recent bottleneck on the Havasupai, if any, is difficult to discern by 

examining mtDNA. 

Sex-specific bottlenecks, whereby the effect of a population bottleneck is more 

evident within the genetic history of one sex compared with the other, have been reported 

(Sajantila et al., 1996). The Finnish population, for example, demonstrates a significantly 

reduced level of Y-chromosome diversity, while maintaining a high level of mtDNA 

diversity. One proposed hypothesis for this observation is a 'male-specific' population 

bottleneck, in which only the founding population of males was significantly reduced 

(Sajantila et al., 1996). Although this is not the case in the Havasupai (the number of 

males and females reproducing after the bottleneck is essentially the same), it is possible 

that the potential effect(s) of the bottleneck could be more discemable in the Y-

chromosome, than in the mtDNA, lineages. 

It is therefore of great interest to determine what the levels of Y-chromosome 

diversity in the Havasupai are, and how they compare with those previously reported for 

mtDNA data (Coon and Markow, in preparation). As it is known that the Havasupai 

practice both patrilocality (Martin, 1986) and polygyny 

(http;//www.cinprograms.org/people/coloradoriver/havasupai.html), and that a higher 

male mortality rate is likely, it is hypothesized, as per Oota et al. (2001), that the 

Havasupai will show reduced levels of Y-chromosome diversity compared to mtDNA. In 

addition, we hope to observe whether or not the recent population bottleneck had any 

noticeable effect on Y-chromosome diversity in the Havasupai. In order to test this 

http://www.cinprograms.org/people/coloradoriver/havasupai.html
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hypothesis, 48 Havasupai males were genotyped for the nonrecombining portion of the 

Y-chromosome (NRY) using three biallelic markers, consisting of single nucleotide 

polymorphisms (SNPs), and 12 short tandem repeat (STR) microsatellite loci. 

MATERIALS AND METHODS 

Population samples 

Following informed consent, blood samples were obtained on Havasupai 

reservation between 1993 and 199S. Samples were collected in 15ml Vacutainer tubes 

and transported by helicopter to Arizona State University where they were either used 

immediately to extract DNA or to create immortalized cell lines by Epstein-Barr virus 

transformation (Markow et al., 1993). The genealogies were utilized to eliminate any 

individuals for whom admixture was known to be present. 

Genotvping of Y-chromosome polymorphism 

In order to determine Y-chromosome variation, 48 male Havasupai samples were 

screened for 3 biallelic markers DYS199 (Underbill et al., 1996; Bianchi et al., 1998), 

DYS2S7 (Hammer et al., 1998), and ARS7242S (Hanuner, unpublished) that define most 

Native American groups on a haplotype tree (Hammer et al., 2001) as well as 12 STRs 

including DYS385a/b, DYS389I/II, DYS390, DYS391, DYS392, DYS393, DYS394 

(http://www.vstr.org/usa). DYS388 (Kayser et al., 1997), DYS426, and TAGA13 (Redd 

et al., submitted). 

http://www.vstr.org/usa
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Genotyping of the DYS199 was performed by allele-specific PCR employing 

methods described elsewhere (Karafet et al., 1999). DYS257 was amplified according to 

the conditions and primers reported by Hammer et al. (1998) and mutation detection was 

accomplished by overnight restriction endonuclease digestion with Ban 1 (New England 

Biolabs). Mutation at this locus results in the loss of the Ban 1 site and the appearance of 

a single band on an agarose gel. ARS72425 was amplified using a modified touchdown 

PCR protocol employing a positive control in the same reaction. Multiplex PCR was 

used to amplify 6 STRs at once. Multiplex 1, containing DYS390, DYS391, DYS393, 

DYS394, DYS385a, and DYS385b, was amplified using the following PCR conditions; 

9A°IZ min. - (94°/30 sec. - 58°/30 sec. - 72°/30 sec. -> 30 cycles) - 72°/3 min. Multiplex 

II, containing DYS388, DYS389-1, DYS389-2, DYS426, and TAGA, was amplified 

using the following PCR conditions: 94''/3 min. - (94°/30 sec. - 56°/30 sec. - 72°/30 sec. 

-> 35 cycles) - 72°/3 min. All PCR products were visualized by agarose gel 

electrophoresis and then analyzed on an ABI 3100 automated DNA sequencer employing 

the GeneScan 3.1.2 analysis sofhvare (Applied Biosystems Inc.). Subsequent analysis 

was performed using the Genotyper 2.5 software (Applied Biosystems Inc.). 

Statistical significance of haplogroup-specific distribution of alleles was 

calculated by /-test. Both haplotype diversity (h) and nucleotide diversity, as estimated 

by the average number of pairwise differences (k), are defined by Nei (1987). These 
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diversity indices, derived solely from STR variation on the NRY of the Havasupai, were 

calculated by Arlequin v. 2.0 (Schneider et al., 2000). 

RESULTS 

Genetic analysis of the NRY of 48 Havasupai individuals using 3 biallelic 

markers (SNPs) and 12 microsatellite loci (STRs) resulted in the documentation of 13 

Havasupai haplotypes spanning 2 haplogroups (table 3.1). Haplogroup ICa is the most 

common with a frequency of 56.25% (n = 27) followed by IG with a frequency of 

43.75% (n = 21). Haplotypes 1-4 are associated with the IG haplogroup, while 

haplotypes 5-13 are associated with the ICa haplogroup. The most frequently occurring 

haplotype is haplotype 3 (19%), followed by haplotype 8 (17%), haplotypes 1 and 6 (15% 

each), haplotype 13 (10%), and haplotype 2 (8%). All other haplotypes (4, 5, 7, and 9-

12) are present at less than 4% and are considered rare (i.e. containing only 1 or 2 

individuals). Thus, 53.8% of Havasupai haplotypes are rare and 16.7% of Havasupai 

display rare haplotypes and all but one (haplotype 4) of the rare haplotypes belong to the 

ICa haplogroup. 

It has been suggested (Underhill et al., 1996) that the most frequently occurring 

haplotype is the oldest. This assumption should hold true under both an infinite allele 

model (Watterson and Guess, 1977) and a stepwise mutation model (Chakraborty, 1977). 

As the derived haplogroup IG is one of several monophyletic subgroups of the ancestral, 

paraphyletic supergroup ICa, it is of interest to see how the modal (i.e. most frequently 
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occurring) hapiotypes of the two differ. Table 3.2A shows the modal haplotype of the 

ICa supergroup (including IG) in the Havasupai. It can be seen that, in the Havasupai, 

the modal haplotype of ICa+lG: DYS390/24, DYS391/11, DYS393/14, DYS394/13, 

DYS385a/15, DYS385b/16, DYS388/12, DYS392/14, DYS426/12, DYS389-1/13, 

DYS389-2/30, TAGA/16 is different than the modal haplotype of the IG haplogroup: 

DYS390/24, DYS391/9, DYS393/13, DYS394/13, DYS385a/14, DYS385b/20, 

DYS388/12, DYS392/14, DYS426/12, DYS389-1/14, DYS389-2/30, TAGA/16 (table 

2b). 

Table 3.3 shows the distribution of alleles and the number of individuals who 

display those alleles for both haplogroups on a locus by locus basis. Of the 12 STR loci, 

DYS385a, DYS385b, and DYS392 were the most polymorphic in the Havasupai, 

displaying four alleles apiece. DYS391 and DYS389-1 both show three alleles, whereas 

DYS390, DYS393, DYS388, DYS389-2, and TAGA all show only two alleles. Two 

loci, DYS394 and DYS426, are monomorphic. Observation of these distributions of 

haplogroup-speciflc allele frequency for each polymorphic locus in a graphical form 

(figures 3.1-3.10) clearly demonstrates the preference of certain alleles for certain 

haplogroups. A two-sample /-test assuming unequal variance was used to test the 

assumption of haplogroup-specific allele distribution and the results are shown in table 

3.4. The results of the /-tests show that allele distribution at every locus except for two 

(DYS388 and DYS389-1) show a statistically significant nonrandom association with 

either ICa or IG (p values are shown in shaded boxes). In other words, certain alleles 

seem to be preferentially associated with certain haplogroups. 
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These haplogroup-specific allele distributions are exemplified at the DYS391, 

DYS393, and DYS385a loci. At the DYS391 locus (figure 3.2), the 11-repeat allele is 

exclusively associated with haplogroup ICa, whereas the 9- and 10-repeat alleles are 

almost, except one ICa individual carrying the lO-repeat allele, exclusively associated 

with the IG haplogroup [p = 4.26 x 10"'^). An even more striking illustration is seen at 

the DYS393 locus (figure 3.3), where the l3-repeat allele is carried solely by individuals 

belonging to the IG haplogroup and the 14-repeat allele is seen almost exclusively, with 

the exception of one IG individual, in ICa individuals (p = 1.08 x lO'*'*). Perhaps the 

most remarkable instance of haplogroup-specific allele distribution is seen at the 

DYS385a locus (figure 3.4). Although the level of statistical significance of this 

distr ibution is  lower than that  of  the DYS393 locus due to the lack of  lesolut ion of  the t -

test for extreme versus median values, it can be seen that the 12- and 14-repeat alleles 

associate prohibitively with the IG haplogroup, while the 15- and 16-repeat alleles are 

found exclusively in the ICa haplogroup (p = 1.07 x 10"'). Allele distributions at all 

other loci, except DYS388 and DYS389-1, which were not shown to be statistically 

significant by the /-test, are statistically significant to at least ap < 0.02 level. 

A comparison of NRY and mtDNA diversity in the Havasupai can be seen in 

table 3.5. The sample size is roughly the same, 43 and 48 in the mtDNA and NRY 

studies, respectively. Several more haplotypes were observed in the analysis of the NRY 

(13 haplotypes) than were observed in mtDNA analysis (10 haplotypes). The Havasupai 

display 6 rare mtDNA lineages (60.0% of mtDNA lineages are rare) and 7 rare NRY 

lineages (53.8% are NRY lineages are rare), again roughly the same. The number of 
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polymoq)hic loci in the mtDNA is over twice that of the NRY, but that is to be expected 

when comparing DNA sequencing to STR analysis. Haplotype diversity is slightly 

higher in the NRY {h = 0.89) than in the mtDNA (/i = 0.81) as is nucleotide diversity, as 

estimated by the average number of pairwise differences (k), k = 4.94 in the NRY 

compared tok = 3.74 in the mtDNA. 

DISCUSSION 

Havasupai NRY haplot^roup frequencies 

SNP and STR analysis of 48 male Havasupai for the NRY revealed the presence 

of 13 haplotypes belonging to 2 Y-chromosome haplogroups, ICa and IG, as most 

recently defmed by Hammer et al. (2001). 56.25% (n =27) of Havasupai belong to 

haplogroup ICa and 43.75% (n = 21) belong to haplogroup IG (table 1). Haplogroup IG 

is defmed by a single polymorphic C->T transition at locus DYS199 on the human Y-

chromosome. The frequency of the DYS199T mutation (i.e. haplogroup IG) ranges from 

0.35-0.95 in the Americas and averages 0.376 in North American Indians (ICarafet et al., 

1998). The Havasupai frequency of 0.438, thus, represents an above average frequency 

of this allele among North American Indians. This figure correlates closely with previous 

reports showing that half of Havasupai sampled, albeit with a much smaller sample size 

(n = 10), were shown to carry the DYS199T variant (Karafet et al, 1997; Bianchi et al., 

1998). 
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Modal haplotvpes 

Haplogroup IG is one of several monophyletic subgroups of the haplogroup ICa. 

Therefore, it has been proposed that all individuals presently belonging to haplogroup IG 

are presumed to be descendants of a single individual who first displayed the DYS199C-

>T mutation (Bianchi et al., 1998). This suggests that the first IG haplotype was 

probably very similar to the ICa haplotypes firom which it derived with the exception of 

DYS199T allele (Bosch et al., 1999). Thus, under the assumption of neutrality, IG 

individuals should display a modal haplotype that is very similar to that found in the 

older ICa+lG supergroup, with the exception of DYS199T allele. A "founding" IG 

haplotype, OA, has been proposed by Bianchi et al. (1998). The modal haplotype for 

OA, assuming DYS199T and omitting markers that were not typed in this investigation 

(ah II and DYS19) is: DYS389-1/10, DYS389-2/27, DYS390/24, DYS391/10, 

DYS392/14, and DYS393/13 (table 3.2C). 

Modal haplotypes derived from Havasupai STR data are presented in table 3.2. It 

can be seen that the modal haplotype of ICa+lG (table 3.2A) differs from that of IG 

(table 3.2B) at 5 of the 12 loci (DYS391, DYS393, DYS38a, DYS385b, and DYS389-1). 

Two of these loci (DYS391 and DYS385b) would most likely require multiple mutations 

in order to coalesce the two modal haplotypes. It can also be seen that the Havasupai 

modal IG (Hav IG) haplotype differs from OA at 3 of the 6 common loci (DYS391, 

DYS389-1, and DYS389-2). In fact, a four-step mutation and a three-step mutation 

separate Hav IG and OA at the DYS389-1 and DYS389-2 loci, respectively. Thus, eight 

allelic shifts separate Hav IG and OA, whereas, only seven allelic shif^ separate the 
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most disparate Native American haplotypes from OA in a much larger sample (n = 89) 

where two more potentially polymorphic loci (odi II and DYS19) were included (Bianchi 

et al., 1998). None of the 13 Havasupai haplotypes match the OA exactly. 

It is especially interesting to note that the DYS392 locus, while hypervariable in 

Native Americans, is generally represented by alleles >13 repeats and has not been 

observed to transgress the 13-11 repeat leap (Forster et al., 2000). Thus, although the 

DYS392 locus is purportedly prone to double repeat mutations, a jump from 11 to 13 

repeats is observed most frequently and the DYS392 allele of 12 repeats, found in one 

Havasupai individual belonging to haplotype 9, is rarely found anywhere in the world 

(Kayser et al., 1997). The amount of difference in the modal haplotypes of ICa+lG and 

IG could suggest that there was some type of selective pressure, perhaps related to 

mating practices, that might have acted on individuals within their respective 

haplogroups. Separation of Hav 10 from OA could also reflect the reproductive and 

geographic isolation of the Havasupai and the subsequent evolution of rare haplotypes. 

Alternatively, it could merely be a representation of the propensity for an increase of 

repeats as opposed to the loss (Kayser et al., 2000). 

HaDlogroup.specific allele distribution 

According to de Knijff (2000), haplogroup-specific distribution of alleles is 

expected in a non-recombining, haploid element such as the Y-chromosome, as fixation 

of alleles after episodes of genetic drift would be more rapid. In order to determine 

whether or not this haplogroup-specific distribution of alleles is occurring in the 
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Havasupai Y-chromosome, we analyzed the allele distribution at each of the twelve STR 

loci (table 3.3). A graphical representation of allele distributions at each of the ten 

polymorphic loci clearly demonstrated that allele distribution is indeed haplogroup-

speciflc (figures 3.1-3.10). /-tests, performed in order to see if these haplogroup-specific 

allele distributions were statistically significant, revealed that 8 (DYS390, DYS391, 

DYS393, DYS385a, DYS385b, DYS392, DYS389-2, and TAGA) of the 10 polymorphic 

loci showed statistically significant levels of haplogroup-specific distribution of STR 

alleles to at least a/7 = 0.02 level (table 3.4). The most striking examples, DYS391, 

DYS393, and DYS385a, show statistical significance to at least thep = 1.07 x 10"' level. 

However, in some instances, the /-test statistic, which makes comparisons /-test 

based on averages, tends to underestimate the actual level of haplogroup-specific allele 

distribution. For instance, the DYS385a locus (figure 3.4) reveals that the 12- and 14-

repeat alleles were exclusively associated with haplogroup IG, while the 15- and 16-

repeat alleles are exclusively associated with the ICa haplogroup (p = 1.07 x 10"'). 

Contrarily, the DYS393 locus (figure 3.3), where the 13-repeat allele is carried solely by 

individuals belonging to the IG haplogroup and the 14-repeat allele is shared by both 

haplogroups, albeit not evenly (26:1), shows a much greater level of statistical 

significance (p = 1.08 x lO"'"*). 

Another example is the DYS38Sb locus (figure 3.5), which was shown to be 

statistically significant at only a, comparatively, very low level {p = 0.02). At this locus, 

the 15- and 20-repeat alleles are found only in individuals of the 10 haplotype while the 

17-repeat allele is found solely in the ICa haplogroup, and the 16-repeat allele is shared 
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by both haplotypes (20:4). This distribution is very similar to that of DYS393 which 

shows an extremely high level of statistical significance (p = 1.08 x 10*'^). However, due 

to fact that one group (IG) consists of mostly extreme alleles (15- and 20-repeats) and the 

other (ICa) consists of median alleles (16- and 17-repeats), the difference between the 

two haplogroups gets diluted out as the scores are averaged. 

With this in mind, a re-examination of the DYS389-1 locus (figure 3.8), which 

was shown to be statistically non-significant {p > 0.05, p = .385), could prove valuable. 

At this locus also, one haplogroup (IG) shows extreme alleles (12- and 14- repeats) while 

the other group (ICa) shows mainly median alleles (13-repeats). Thus, the difference 

between the two haplogroups at this locus is higher than it appears based on the results of 

the, though perhaps still not statistically significant, due to dilution of scores through 

averaging. Therefore, it would appear that there is a strong haplogroup-specific bias in 

the distribution of alleles at all but one of the ten polymorphic loci in the Havasupai. 

NRY vs. mtPNA diversitv 

Examination of the NRY has revealed that, in the Havasupai, the number of 

haplotypes, 13 for the NRY and 10 for mtDNA, as well as diversity of haplotypes, 0.89 

for NRY compared with 0.81 for mtDNA, is greater for the Y-chromosome (table 3.5). 

Nucleotide diversity, as estimated by the average number of pairwise differences, is also 

greater for the NRY than mtDNA, 4.94 and 3.74 respectively. Thus, it would appear that, 

contrary to Oota et al. (2001), the NRY displays slightly higher levels of genetic diversity 

than does mtDNA, at least within this population and we must, therefore, reject our initial 
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hypothesis that the NRY will contain reduced genetic diversity compared with mtDNA in 

the Havasupai. This finding, although contrary to Oota et al. (2001) and the five 

European populations investigated by Sajantila et al. (1996), is consistent with that of 

Jorde et al. (2000) who found that NRY diversity was higher than mtDNA diversity in 15 

geographically diverse populations worldwide. Additionally, 4 of 5 populations surveyed 

by Mesa et al. (2000) demonstrated greater genetic diversity in the NRY than in mtDNA. 

Due, however, to the lack of a between-group comparison, these results have to be 

interpreted care^lly. Specifically, as there are many different factors that contribute to 

total diversity, we cannot know whether the difference in diversity seen between the Y-

chromosome and mtDNA of the Havasupai is the result of differences in mutation rate or 

cultural differences (e.g. polygyny) or a true difference in relative diversity. Examination 

of another (preferentially closely related) population such as the Hualapai or the Yavapai 

would allow the desired between-group comparisons and make estimates of relative 

diversity more reliable. 

In summary, it would appear that the proposed hypothesis, that mtDNA diversity 

is greater than Y-chromosome diversity within populations, proposed by Oota et al. 

(2001), is not true for the Havasupai Indians of northern Arizona. Analysis of Havasupai 

paternal lineages showed no significant reduction in NRY diversity compared to mtDNA. 

Indeed, the NRY displayed higher levels of diversity than did mtDNA, though again, it 

should be firmly established that, it is not possible to distinguish between the forces 

shaping the observed disparity in the levels of diversity between mtDNA and the Y-

chromosome. Additionally, the haplotypes found among the Havasupai did not associate 
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significantly with the OA founder haplotype reported by Bianchi et al. (1998), perhaps 

suggesting some sort of selective pressure, or the effects of geographic/reproductive 

isolation, acting on the Havasupai. As expected, a pronounced haplogroup-speciflc 

distribution of alleles at most of the STR loci examined was demonstrated. Lastly, the 

relatively high levels of Y-chromosome diversity seen in the Havasupai would appear to 

suggest that the population bottleneck undergone by the Havasupai at the turn of the 

century had little effect on the population. 
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Hipto-
CTMP 0YS3M OYSMI DYS39J DYS3M DVSJISa OVS3t5b DYSm DYS392 0YS4U OYS3M-I OYSSW^l TACA 

1 7 0.15 + + + IG 24 9 13 13 14 IS 12 14 12 14 30 16 
2 4 0.08 + + + IG 24 9 13 13 t4 16 12 14 12 14 30 t6 
3 9 0.19 + + + IG 24 10 13 13 12 20 12 13 12 12 29 16 
4 i 0.02 + + + IG 24 10 14 13 12 20 12 13 12 12 29 16 
5 2 0.04 ICa 23 II 14 13 IS 16 12 14 12 13 30 IS 
6 7 0.1$ ICa 23 II 14 13 IS 16 12 14 12 13 30 16 
7 I 0.02 + + ICa 24 to t4 t3 16 16 t2 tS t2 13 30 IS 
8 8 0.17 + + ICa 24 II 14 13 IS 16 12 14 12 13 30 IS 
9 1 0.02 + + ICa 24 II 14 13 IS 16 12 12 12 13 30 IS 
10 1 0.02 + + ICa 24 II 14 13 IS 16 12 13 12 13 30 IS 
II 1 0.02 + + ICa 24 II 14 13 IS 17 12 IS 12 14 30 IS 
12 1 0.02 V • tCa 24 tt 14 13 16 17 II ts 12 14 30 16 
13 5 0.10 + + ICa 24 II 14 13 16 17 12 IS 12 14 30 IS 

This uUe showi the I} observed H*vuii|)w Y-chnxnosomch^itolypcs, repretentingtwoNuive AnKncnhiplofroupsdGaiKi ICa), ud their respective frequencies within this poputMion. 

vO OS 



Tabic 9.2: Modal STR-bascd Y-chronioioiiic HaplMypcs 

Haplogroup DYS390 OYS39I DYS393 DYS394 OYS38Sa 
STR Loci 

OYS38Sb DYS388 DYS392 DYS426 DYS389-I DYS389-2 TAOA 
ICl+IO Low 23 9 13 13 12 IS II 12 12 12 29 15 

High 24 n 14 13 16 20 12 15 12 14 30 16 
Median 23.8 10.3 13.6 13.0 14.3 16.8 12.0 13.9 12.0 13.2 29.8 15.6 
Mode 24 11 14 13 IS 16 12 14 12 13 30 16 

STR Loci 
DYS390 DYS391 DYS393 DYS394 DYS385a DYS385b DYS388 DYS392 OYS426 DYS389-1 DYS389-2 TAOA 

IG only Low 24 9 13 13 12 15 12 13 12 12 29 16 
High 24 10 14 13 14 20 12 14 12 14 30 16 

Median 24.0 9.5 IJ.O 13.0 13.0 17.6 12.0 13.5 12.0 13.0 29.5 16.0 
Mode 24 9 13 13 14 20 12 14 12 14 30 16 

STR Loci 
OYS390 DYS39I DYS393 DYS394 DYS385a DYS385b OYS388 DYS392 DYS426 OYS389-1 DYS389-2 TAOA 

OA (Bianchi etal., 1998) 24 10 13 14 10 27 

This table shows the median and modal number of repeals at each loci for the STR-based haploiypes found in the Havasupai. The OA modal haplotypc has been described as the anccsiral 
founder haplotypc by Bianchi ct al., 1998. 

O 



TaUc 3 J: Compariton of STR Repeal Number at 10 Pdymorpliic Loci 

Tabular representation of a comparison of the frequency, within each observed Havasupal haplogroup, 
of the number of repeats observed at 10 polymoiphic STR loci on the NRY 

DYS390 PYS39I PYS393 DVS3g5« DYS38Sb 

# of rtpeati § of repeat* # of repeati #ofrcpcaU Oof repeats 
23 24 n 9 10 II n 13 14 n 12 14 15 16 n IS 16 17 20 n 

Haplotype ICa 9 18 27 ICa 0 I 26 27 ICa 0 27 27 ICa 0 0 20 7 27 ICa 0 20 7 0 27 
Haplotype IG 0 21 21 IG 11 10 0 21 IG 20 1 21 IG 10 II 0 0 21 IG 7 4 0 10 21 

PYS388 PYS3g9-l PYS3g9-2 DYS392 TAGA 

# of repeat! # of repeats i t  of repeati K of  repeats # of repeat* 
11 12 n 12 13 14 n 29 30 n 12 13 14 IS n IS 16 n 

Haplotype ICa 1 26 27 ICa 0 20 7 27 ICa 0 27 27 ICa 1 1 17 8 27 ICa 19 8 27 
Haplotype IG 0 21 21 IG 10 0 II 21 IG 10 11 21 IG 0 10 11 0 21 IG 0 21 21 
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Figures 3.1-3.10: Comparison of STR Repeat Number at 10 Polymorphic Loci 
Graphical representation of a comparison of the frequency, within each observed 

Havasupai haplogroup, of the number of repeats observed at 10 polymorphic STR loci 
on the NRY 

Figure 1: DYS390 (p r 0.001) 

olCailG 

Note: Values in parentheses represent t-test results demonstrating the probability that 
the observed differences in allele frequency between the two NRY haplogroups (ICa 
and IG) occurred by chance. 
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Figures 3.1-3.10: Comparison of STR Repeat Number at 10 Polymorphic Loci 
Graphical representation of a comparison of the frequency, within each observed 

Havasupai haplogroup, of the number of repeats observed at 10 polymorphic STR loci 
on the NRY 

Figure 2: DYS391(p=4J6xin 

olCailGl 

9 10 11 

Note: Values in parentheses represent t-test results demonstrating the probability that 
the observed differences in allele frequency between the two NRY haplogroups (ICa 
and IG) occurred by chance. 



101 

Figures 3.1-3.10: Comparison of STR Repeat Number at 10 Polymorphic Loci 
Graphical representation of a comparison of the frequency, within each observed 

Havasupai haplogroup, of the number of repeats observed at 10 polymorphic STR loci 
on the NRY 

Figure 3: DYS393(p=l.()8xin 

fllCailGl 

I 

Note: Values in parentheses represent t-test results demonstrating the probability that 
the observed differences in allele frequency between the two NRY haplogroups (ICa 
and IG) occurred by chance. 
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Figures 3.1-3.10; Comparison of STR Repeat Number at 10 Polymorphic Loci 
Graphical representation of a comparison of the frequency, within each observed 

Havasupai haplogroup, of the number of repeats observed at 10 polymorphic STR loci 
on the NRY 

Figured DYS385a(p = 107x10") 

Number of Repeals 

Note: Values in parentheses represent t-test results demonstrating the probability that 
the observed differences in allele firequency between the two NRY haplogroups (ICa 
and IG) occurred by chance. 
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Figures 3.1-3.10: Comparison of STR Repeat Number at 10 Polymorphic Loci 
Graphical representation of a comparison of the frequency, within each observed 

Havasupai haplogroup, of the number of repeats observed at 10 polymorphic STR loci 
on the NRY 

FiguieS: DYS385b (p = 0.022) 

ialCailG 

25 

20 

15 
8 

I 

-iV-'  

5 10 

:K-5-
iESHf 
^11'^ 

15 

' rTCl'-'-^r Tr- V-l'-AlJj>.-• • "-• v, .••••..••. 

I 
16 17 20 

Note: Values in parentheses represent t-test results demonstrating the probability that 
the observed differences in allele frequency between the two NRY haplogroups (ICa 
and IG) occurred by chance. 
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Figures 3.1-3.10: Comparison of STR Repeat Number at 10 Polymorphic Loci 
Graphical representation of a comparison of the frequency, within each observed 

Havasupai haplogroup, of the number of repeats observed at 10 polymorphic STR loci 
on the NRY 

Figure 6; DYS388 (p > 0.05) 

DlCailG 

Number of Rq)eals 

Note: Values in parentheses represent t-test results demonstrating the probability that 
the observed differences in allele frequency between the two NRY haplogroups (ICa 
and IG) occurred by chance. 
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Figures 3.1-3.10: Comparison of STR Repeat Number at 10 Polymorphic Loci 
Graphical representation of a comparison of the frequency, within each observed 

Havasupai haplogroup, of the number of repeats observed at 10 polymorphic STR loci 
on the NRY 

Figure?; DYS392(p=3.75xl0'̂  

olCailG 

12 13 14 15 

Note: Values in parentheses represent t-test results demonstrating the probability that 
the observed differences in allele frequency between the two NRY haplogroups (ICa 
and IG) occurred by chance. 
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Figures 3.1-3.10: Comparison of STR Repeat Number at 10 Polymorphic Loci 
Graphical representation of a comparison of the frequency, within each observed 

Havasupai haplogroup, of the number of repeats observed at 10 polymorphic STR loci 
on the NRY 

Figure 8: DYS389-1 (p > 0.05) 

DlCailG 

Note: Values in parentheses represent t-test results demonstrating the probability that 
the observed differences in allele frequency between the two NRY haplogroups (ICa 
and IG) occurred by chance. 
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Figures 3.1-3.10: Comparison of STR Repeat Number at 10 Polymorphic Loci 
Graphical representation of a comparison of the frequency, within each observed 

Havasupai haplogroup, of the number of repeats observed at 10 polymorphic STR loci 
on the NRY 

Figure!): DYS389-2(p = 3.79xlO") 

lolCailG 
i 

s-itrV.. fca£rv^''-;fTV 

29 30 

Number of R^ts 

Note: Values in parentheses represent t-test results demonstrating the probability that 
the observed differences in allele frequency between the two NRY haplogroups (ICa 
and IG) occurred by chance. 
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Figures 3.1-3.10: Comparison of STR Repeat Number at 10 Polymorphic Loci 
Graphical representation of a comparison of the frequency, within each observed 

Havasupai haplogroup, of the number of repeats observed at 10 polymorphic STR loci 
on the NRY 

Figure 10: TAGA (p = 147 x 10"') 

olCailG 

Number of Repeats 

Note: Values in parentheses represent t-test results demonstrating the probability that 
the observed differences in allele frequency between the two NRY haplogroups (ICa 
and IG) occurred by chance. 
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Table 3.5: mtDNA and Y-chromosome Diversity 

This table shows a comparison of mtONA and Y-chromosome diversity In the Havasupai. Nucleotide diversity is measured by, k , the 

average number of painvise differences. 

Number of 
Haplotype 
Diversity 

Nucleotide 
Diversity 

Group Individuals Haplotypes Rare Alleles 
Polymorphic 

Sites 
(Nei, 1987) 

h 
(Nei, 1987) 

k 
mtDNA (HVS-l+ll) 43 10 6 21 0.81 ±0.0350 3.74 ± 1.9230 
Y-chromosome 48 13 7 10 0.89 ±0.0185 4.94 ± 2.4466 



I l l  

Chapter 4 

ESTIMATION OF mtDNA AND Y-CHROMOSOME MUTATION RATES FROM 

HAVASUPAl PEDIGREES 
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INTRODUCTION 

A vast number of estimates of mitochondrial mutation rates, using a variety of 

methods, mutational models, and generation times, have been derived from phylogenetic 

studies. They range from 0.025-0.26 per site per million years (Vigilant et al., 1991; 

Hasegawa et al., 1993; Horai et al., 1995) to 1.5-4.95 per site per million generations for 

HVS-1 (Ward et al., 1991; Tamura and Nei, 1993). However, it has been observed that 

mutation rates derived from phylogenetic studies are generally underestimated and that a 

more accurate estimate of mutation rate comes from the application of coalescent models 

(Lundstrom et al., 1992) or the study of known pedigrees (Howell et al., 1996). There is, 

in fact, a proposed 200-fold disparity between the "evolutionary" and "pedigree" 

mutation rates for mtDNA (Macaulay et al., 1997 vs. Howell and Mackey). Although 

reports of mutation rates are much sparser for the Y-chromosome, "evolutionary" 

mutation rates as low as 0.00026 per site per generation have been reported (Forster et al., 

2000) which is, on average, an order of magnitude less than that of 0.0028 per site per 

generation reported for established pedigrees (Kayser et al., 2000). 

Variation in mutation rates can have many causes including different origins and 

size of data sets, different models of mutation, different generation times and/or 

divergence times between lineages, recurrent mutations, and rate heterogeneity (Wakeley, 

1993; Yang, 1996; Excoffier and Yang, 1999; Heyer et al., 2001). Indeed, it has been 

proposed that phylogenetic mutation rates, which rely on assumptions of effective 
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population size and/or population separation time, more accurately represent the fixation 

rate of mutations rather than the mutation rate itself (Howell et al., 1996). 

Thus, accurate determination of mutation rates can be ascertained much more 

easily through the use of established pedigrees. Rate heterogeneity is irrelevant to 

estimation of average mutation rate in a population pedigree because counting mutations 

is unbiased except in the remote chance that a particular locus mutates so rapidly, within 

a single generation, that it fails to be observed (Sigurdardottir et al., 2000). However, 

there are some problems with pedigree estimates. Due to the limited number of meioses 

that are being examined, rapidly mutating sites may be preferentially identified (Heyer et 

al., 2001). In addition, the small number of meioses being examined results in a 

significantly larger standard error. Nonetheless, it is generally agreed that the most 

accurate mutation rate estimates are obtained through the use of pedigrees. 

The Havasupai Indians of northern Arizona are unique among populations that 

have been examined for mutation rates in that they are a historically small population 

(~600 members at present). In addition, they are both reproductively (80% of Havasupai 

marriages are endogamous) and geographically (they are located in a reservation at the 

bottom of the Grand Canyon) isolated. The availability of pedigrees, inclusive of eight 

generations, for the Havasupai provides a unique opportunity to investigate the rate of 

mutation, for both mtDNA and the Y-chromosome, in this population. 

MATERIALS AND METHODS 
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Pedigrees 

Pedigrees, both maternal and paternal, inclusive of eight generations, and dating 

back to approximately 1850, were constructed from tribal roles and census data (Markow 

and Martin, 1993) as part of a long-term investigation involving NIDDM. These 

pedigrees were then used in determining relatedness among individuals in order to 

calculate mutation rates. 

Molecular analvses of mtPNA polvmorphism 

Automated DNA sequence analysis of 1127 bp of the mitochondrial control 

region (CR), as described previously in chapter 1 "mtDNA variation in the Havasupai", 

was used to genotype the 43 Havasupai individuals in the mtDNA pedigrees. 

Molecular analvses of Y-chromosome polvmorphism 

The 48 Havasupai males in the Y-chromosome pedigree were screened for 3 

biallelic markers DYS199, DYS2S7, and ARS72425 as well as 12 short tandem repeats 

(STRs) DYS385a/b, DYS389I/II, DYS390, DYS391, DYS392, DYS393, DYS394, 

DYS388, DYS426, and TAGA13, as detailed previously in chapter 3 "Y-chromosome 

variation in the Havasupai". Only the STR data were used in the derivation of Y-

chromosome mutation rates. 

Calculation of mutation rate 
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Average mutation rates for both mtDNA and Y-chromosome pedigrees were 

estimated by dividing the number of observed mutations by the product of the number of 

meioses analyzed and the number of sites analyzed (e.g. 1127 nucleotide loci for mtDNA 

and 12 STR loci for the Y-chromosome). 

RESULTS 

mtDNA pedigrees 

Maternal pedigrees consisted of 11 maternal lineages spanning 10 mtDNA 

haplotypes. Analysis of 87 meioses events among the 11 maternal pedigrees revealed 

one potential mutation in the mtDNA pedigree in figure 4.8. On the assumption that the 

pedigrees are accurate, the average mutation rate of mtDNA in the Havasupai was 

calculated to be 1.0204 x 10'^ per site per generation (table 4.2A). In order to facilitate 

comparison with other investigations, this estimate may also be expressed as 10.2 per site 

per million generations. 

Y-chromosome pedigrees 

Paternal pedigrees included 12 paternal lineages and incorporated 13 Y-

chromosome haplotypes. Five mutations were identified by examination of 90 

independent meioses events among the 12 paternal lineages (table 4.1). Four one-step 

mutations were observed among three STR loci: DYS385a (figure 4.25), DYS385b 

(which harbored two mutations, see figure 4.14), and DYS388 (figure 4.25). A two-step 
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mutation was detected at the DYS392 locus (figure 4.23). Under a stepwise mutation 

model (Ohta and Kimura, 1973; Chakraborty, 1977), this single two-step mutation could 

be counted as two separate mutations. However, since we know the genotype of the 

father and the son and can, thus, prove that the mutation occurred in one generation, the 

two-step mutation is counted only once. Calculation of mutation rate was performed 

under both assumptions (table 4.2B and 4.2C) so as to obtain a range of mutation rate that 

accounts for both hypotheses, however, the majority of the analyses (and text) will refer 

to this two-step mutation as one event. The average Y-chromosome mutation rate in the 

Havasupai was found to be 0.0046 per site per generation (table 4.2B). However, if we 

assume a stepwise mutation model (Ohta and Kimura, 1973; Chakraborty, 1977) and 

count the two-step mutation at the DYS392 locus as two mutations, then the average 

mutation rate for the Havasupai Y-chromosome increases to 0.00S6 per site per 

generation (table 4.2C). Lastiy, 4 of the 5 identified mutations resulted from a loss of 

repeat number. One mutation, however, one of the two at the DYS385b locus, within 

pedigree 4.14, showed an increase in the number of repeats (table 4.1). 

DISCUSSION 

mtPNA pedigree analvsis 

The maternal lineages determined by DNA sequencing of the mitochondrial CR 

match precisely, with a few exceptions, the pedigrees constructed from tribal roles and 

census data (Markow and Martin, 1993). First, it can be observed that mtDNA haplotype 
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#1 (Hav 1) contains three maternal lineages (figures 4.3-4.5) that can be traced back to 

three maternal ancestors. Two were bom at approximately the same time (1862 and 1867 

respectively), thus it is likely they were either sisters or cousins. It is possible that the 

third, whose date of birth predates the pedigree record, is the mother or aunt of one or 

both of the other two. Regardless, the fact that they all have the same haplotype would 

appear to suggest that all three share a common maternal ancestor. 

Haplotypes Hav 2 (figure 4.6) and Hav 3 (figure 4.7) present a slightly more 

difficult issue. There is one individual in the Hav 2 haplotype that falls out in the 

pedigree represented by the Hav 3 haplotype (figure 4.7). Since there are six nucleotide 

changes between Hav 2 and Hav 3, mutation can be safely ruled out. Thus, the 

discrepancy observed in this haplotype must represent an error in the pedigree record, an 

error in sampling (mis-labeling a tube, etc.), or a complex living arrangement sometime 

in the past whereby one of the children/grandchildren of one ancestor was raised in the 

home of another. Unfortunately, there is no way to be certain of the exact cause of the 

observed incongruity, thus, it was not counted as a mutation and was omitted from further 

analysis. Haplotypes Hav 2 and Hav 3 are consistent with the pedigree record, with the 

exception of the one individual discussed above. 

The pedigree in figure 4.8 represents the occurrence of two different haplotypes 

(Hav 4 and Hav 5) that trace back to a common ancestor. Comparison of CR sequences 

between the two haplotypes reveals only one nucleotide change (a T -> C transition at bp 

204 that is present in Hav S, but not in Hav 4; see figure 4.1) separating the two, 

suggesting that mutation could be responsible for the divergence of the two haplotypes. 
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However, since we do not know the genotype of the maternal ancestor of either 

haplotype, or their common ancestor, it is impossible to tell which haplotype, if either, is 

the one carried by the rest of the lineage or where the potential mutation might have 

occurred. However, we can infer, with relative safety, that the rest of the lineage carries 

one of the two haplotypes and that the other is the result of mutation. Thus, this 

assumption was made and the mtDNA mutation rate was calculated based on this one 

mutation. The remaining Havasupai mtDNA haplotypes Hav 6-10 are consistent with 

their respective pedigrees and, thus, need no further interpretation. 

mtDNA mutation rate 

A total of 89 female germline transmission events were examined among 11 

maternal pedigrees consisting of 10 mtDNA haplotypes. When the lineage most likely to 

contain some type of error in the mtDNA pedigree (as discussed previously; and see 

figure 4.7) was omitted, one lineage consisting of two meiotic events was excluded from 

the analysis, leaving a total of 87 maternal meioses examined. Among these 87 meioses, 

one potential mutation was identified (figure 4.8). On the assumption that the pedigrees 

are accurate, the average mutation rate of mtDNA in the Havasupai was estimated to be 

1.0204 X 10'^ per site per generation (table 4.2A). This translates to 10.2 per site per 

million generations. Our estimated mutation rate is consistent with recent investigations, 

which have established mutation rates by direct examination of pedigrees. 

Most recently, Heyer et al. (2001), using deep-rooted pedigrees from northeastern 

Quebec, demonstrated an average mutation rate of 11.6 per site per million generations. 
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Assuming a generation time of 30 years, an Icelandic pedigree was shown to have a 

mutation rate of 6.4 per site per million generations (Sigurdardottir et al., 2000). 

However, Howell et al. (1996) and Parsons et al. (1997), investigating an Australian 

pedigree and a combination of pedigrees, respectively, have demonstrated mutation rates 

ranging from 22.0 to 45.1 per site per million generations. Standardizing the 

methodology and assuming a 30 year generation time, an average mutation rate for all 

known mitochondrial pedigrees (18 mutations in 1,729 meioses) was estimated by Heyer 

et al. (2001) to be 15.5 per site per million generations (Howell et al., 1996; Parsons et 

al., 1997; Soodyall et al., 1997; Jazin et al., 1998; Sigurdardottir et al., 2000; Heyer et 

al., 2001). The estimated mitochondrial mutation rate in the Havasupai is, therefore, 

consistent with this newly established and standardized average mutation rate for 

mtDNA. 

Y-chromosome pedigrees 

The 13 haplotypes determined by Y-chromosome genotyping, as might be 

expected with the potential for nonpaternity, show a much higher level of discordance 

with the paternal pedigrees than do the mtDNA haplotypes with the maternal pedigrees. 

The pedigree in figure 4.14 contains three haplotypes (1,2, and 13) all tracing back to the 

same common paternal ancestor. Haplotype 13 can be easily characterized as a clear case 

of nonpatemity. Not only does it fall into another haplogroup (ICa for Hap 13 compared 

with IG for Hap 1 and 2), at least six mutations, half of them two-step mutations, would 

be required for Hap 1 or 2 to diverge into Hap 13. Discerning the origins of Hap 1 and 
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Hap 2 is more complicated, however, as there appears to be haplotype switching within 

lineages. Haplotype 1 and 2 differ by a single one-step mutation at the DYS38Sb locus, 

thus, mutation (i.e. addition/deletion of a single tetranucleotide repeat) is a possible 

explanation for a single origin for the two haplotypes. If we assume mutation, then a 

one-step mutation would have had to occurred in both sons of one individual and a 

reversal of that mutation would have had to occur in only one (of three) of that 

individual's grandsons. Though this seems unlikely initially, it should be noted that the 

father of that individual was 43 years old at the time of his birth compared to 29 and 36 

years old at the birth of his brothers, and the transmission of germline mutations is known 

to increase with paternal age (Crow, 1997; Crow, 1999; Crow, 2000; Malispina et al., 

2001). Alternatively, the observed switching of haplotypes could suggest unusual 

practices, whereby one individual could be the son or cousin of his grandfather. Again, 

however, there is no way to know for certain how this discordance between the pedigrees 

and the genetic data is rectified. 

There are four paternal lineages characterized as haplotype 3 and all but one are 

consistent with a single common paternal ancestor that dates back prior to our 

genealogical evidence. Genetic evidence demonstrates that an individual within the 

pedigree in 4.18 belongs to haplotype 4, whereas his son belongs to haplotype 3. There 

are several plausible interpretations of this observation including the potential for 

mutation. However, this individual revealed marked errors in the mtDNA pedigree 

record and it is, thus, likely that, as mentioned previously, there was some potential 

mishandling of this sample. As this individual (and their respective lineage) was omitted 



121 

from the analysis of mtDNA mutation rates, it was likewise ignored and omitted from 

iiirther analysis of Y-chromosome mutation rates. 

Haplotype 6 is comprised of two paternal lineages, one of which, contains a single 

individual belonging to another haplotype (haplotype 7). As five mutations would be 

required to consolidate haplotype 6 and 7, nonpaternity is the obvious rationale for the 

exclusion of this individual from haplotype 6. Haplotype 8 presents a similar problem. 

The genetic data suggests that one individual in this pedigree falls out in haplotype 9. In 

this case, however, only one mutation, albeit a two-step mutation, at the DYS392 locus, 

separates haplotype 8 from haplotype 9. Thus, although haplotype divergence resulting 

from a two-step mutation is slightly more rare, a mutation in could still account for this 

discrepancy in the pedigree record. Alternatively, nonpaternity could be responsible for 

the incongruence. 

The pedigree in figure 4.25 encompasses three haplotypes (11,12, and 13), of 

which haplotype 13 is the most numerous. There is only one individual in haplotype 12, 

which is separated firom haplotype 13 by one one-step mutation at the DYS388 locus. 

This being the case, mutation is the likely rationale for the genetic separation, although 

nonpaternity is not inconsistent with this observation either. The same is true for 

haplotype 11. It is separated from haplotype 13 by a single one-step mutation at the 

DYS385a locus. As before, this incongruence could be the result of mutation or 

nonpaternity, although the pattern of polymorphism (i.e. single one-step mutations 

separating haplotypes) leans toward mutation as the probable explanation. 
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In regards to nonpaternity, tliere are two confirmed cases (figures 4.14 and 4.21) 

and one potential case (figure 4.18) identified among the 48 males examined in the 

Havasupai. Assuming that all of the potential mutations are indeed that, we can, thus, 

estimate the rate of nonpaternity in the Havasupai at 4-6%. If all observed polymorphism 

is assumed to be nonpaternity, rather than mutation, then the exclusion rate rises to 17%. 

Y-chromosome mutation rate 

STR mutation rate is a function of both the mean number of repeats and the motif 

length (Forster et al., 2000). Thus, pentanucleotide repeats mutate less frequently than 

tetranucleotide repeats which mutate less frequently than trinucleotide repeats. A total of 

99 male germline meioses were examined at 12 microsatellite loci. Two lineages, one 

consisting of three meioses events and one consisting of two, were omitted due to 

suspected nonpaternity (i.e. multiple one or two-step mutations at several different loci 

separate the haplotypes of father and son). Additionally, one lineage of four meiotic 

events was excluded due to the likelihood of errors in the pedigree record (figure 4.18), 

leaving a total of 90 germline transmissions analyzed. Among the 90 meioses, 5 potential 

mutations were observed and a mutation rate of0.0046 per site per generation was 

obtained (table 4.2B). In addition, if we accept the stepwise mutation model (Ohta and 

Kimura, 1973; Chakraborty, 1977) and count the two-step mutation at DYS392 as two 

mutations, then the average mutation rate increases to 0.0056 per site per generation 

(table 4.2C). 
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These rates are two- to four-times higher than those reported for the Y-

chromosome in previous pedigree studies, which range from an average of ~0.0012 

(Bianchi et al., 1998 averaged their own data with that of Heyer et al., 1997 and Kayser 

et al., 1997) to 0.0028 per site per generation (Kayser et al., 2000). Additionally, they are 

an order of magnitude greater than those reported for "evolutionary" mutation rates, 

estimated by phylogenetics, which average -0.00026 per site per generation (Forster et 

al., 2000), as well as those from autosomal microsatellites, which range from 0.0006-

0.0027 per site per generation (Brinkmann et al., 1998; Henke and Henke, 1999; Sajantila 

et al., 1999). It should be noted, however, that some of the phylogenetic estimates 

including those of Forster et al. (2000) excluded rapidly mutating STRs including 

DYS389 and DYS392, which would result in lower mutation rates. 

Despite the accuracy of mutation rates ascertained from pedigree studies such as 

this one, the question of nonpaternity versus mutation cannot be resolved completely 

here, as the only way to calculate a "true" mutation rate is through observation of 

father/son pairs with confirmed paternity. Three of the five mutations identified in this 

investigation occur in father/son pairs, where both father and son have been sampled 

(table 4.1). On the contrary, in two of the potential mutations (DYS385a and DYS388), 

the genotype of the father was inferred from the pedigree. Elimination of these two 

mutations yields a mutation rate of 0.0028 per site per generation, which is identical to 

the estimate reported by Kayser et al. (2000). However, it remains imperative to test 

paternity in those father/son pairs for which we have adequate samples in order to verify 

the accuracy of our derived Y-chromosome mutation rates. Although it is possible that 
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the mutation rate in the Havasupai has been artificially increased due to a reported 

increase in mutation rates in lymphoblastoid cell lines (Banchs et al., 1994), it is not 

known whether or not the individual samples used in this study were immortalized as 

cells and then extracted as DNA or extracted as DNA directly from the blood samples 

obtained from volunteers. Additionally, another investigation reports no increase in 

mutation among samples derived from cell lines (Bianchi et al., 1998), thus, there is no 

clear indication that cell lines actually accumulate mutations more rapidly. 

Although a mutational bias in favor of repeat expansion has been previously 

demonstrated in German and Polish populations (Cooper et al., 1999; Kayser et al., 

2000), the Havasupai show a distinct preference for loss of repeats (table 4.1). Of the 

five observed mutations, four were found to involve repeat loss. However, this 

observation was not supported statistically by the chi-square test (p = 0.1). Our data 

support the findings of Kayser et al. (2000) in that the premutation allele size of all 

mutations observed in the Havasupai was greater than 11 repeats. In fact, our data reveal 

a minimum premutation repeat size of 12 and a postmutation repeat size of 11 repeats 

despite a propensity for repeat reduction. 

In summary, the Havasupai population shows a pattern of Y-chromosome 

mutation that is slightly different from that observed previously. The Havasupai display 

a mutation rate that is two- to four-times higher than those reported in previous pedigree 

studies. In addition, and contrary to preceding investigations, they display a clear bias in 

favor of repeat loss at STR loci. Future investigations into Y-chromosome mutation in 
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the Havasupai should include paternity testing, when possible, to verify the accuracy of 

the proposed mutation rates. 
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Figure 4.3: mtDNA haplotype la (Hav 1) 



Figure 4.4: mtDNA haplotype lb (Hav 1) 
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Figure 4.5: mtDNA haplotype Ic (Hav 1) 
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Figure 4.6: mtDNA haplotype 2 (Hav 2) 
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Figure 4.7: mtDNA haplotype 3 (Hav 3) 
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Figure 4.8: mtDNA baplotypes 4 and 5 (Hav 4 and Hav 5) 
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Figure 4.9: mtDNA haplotype 6 (Hav 6) 
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Figure 4.10: mtDNA haplotype 7 (Hav 7) 
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Figure 4.11: mtDNA haplotype 8 (Hav 8) 
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Figure 4.12: mtDNA haplotype 9 (Hav 9) 
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Figure 4.13: mtDNA haplotype 10 (Hav 10) 
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Figure 4.14: Y-ciiromosome haplotypes 1,2, and 13a 
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Figure 4.15: Y-chromosome haplotype 3a 
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Figure 4.16: Y-chromosome iiaplotype 3b 



Figure 4.17: Y-chromosome haplotype 3c 
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Figure 4.18: Y-chromosome haplotypes 3d and 4 
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Figure 4.19: Y-chromosome haplotype 5 
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Figure 4.20: Y-chromosome haplotype 6a 
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Figure 4.21: Y-chromosome haplotypes 6b and 7 
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Figure 4.22: Y-chromosome haplotype 8a 
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Figure 4.23: Y-chromosome baplotypes 8b and 9 
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Figure 4.24: Y-chromosome haplotype 10 
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Figure 4.25: Y-chromosome haplotypes 11,12, and 13a 
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Table 4.1: Y-chromosome Mutation Within Havasupai Pedigrees 

Summary of 5 mutations, at 4 STR loci, observed within Havasupai Y-Chromosome pedigrees. Mutation type 
refers to a gain or loss of repeat number at the loci, number of steps refers to the number of repeat changes 
between father and son at a particular loci, and pedigree location represents the pedigree (by figure number) in 
which the mutation was found. 

Mutated 
STR Loci 

Repeat 
Type 

Father's 
Allele 

Son's 
Allele 

Mutation 
Type 

No. of 
Steps 

Pedigree 
Location 

DYS385a tetra- 16(?) 15 loss one 4.25 
DYS385b tetra- 15 16 gain one 4.14 
DYS385b tetra- 16 15 loss one 4.14 
DYS388 tri- 12(?) 11 loss one 4.25 
DYS392 tri- 14 12 loss two 4.23 

(?) - father not sampled (i.e. father's haplotype inferred from pedigree) 
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Table 4.2: mtDNA and Y-chromosome Mutation Rates 

This table shows the average mutation rate (per generation and per site/generation) 
of Havasupai mtDNA, as well as Y-chromosome, pedigrees. Mutation rates were 
estimated by dividing the number of observed mutations by the number of meioses 
examined. Per site/generation mutation rates were estimated by dividing the 
mutation rate by the number of sites examined (1127 nucleotide loci for mtDNA 
and 12 STR loci for the NRY). 

A. mtDNA 
mutation rate 

No. of Mutation rate Mutation rate/site 
mutations meioses (^/generat^on) (ti/site/generation) 

1 87 0.011 1.0204 X 10 ' 

Y-chromosome 
mutation rate 

No. of Mutation rate Mutation rate/site 
mutations meioses (^/generation) (^/site/generation) 

5 90 0.056 0.0046 

Y-chromosome 
mutation rate (stepwise model) 

No. of Mutation rate Mutation rate/site 
mutations meioses ()i/generation) ((i/site/generation) 

6 90 0.067 0.0056 

A. Average rate of mtDNA mutation 

B. Average rate of Y-chromosome STR mutation 

C. Average rate of Y-chromosome STR mutation 
assuming stepwise mutation model 
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SUMMARY 

Extensive analysis of genetic variation within the Havasupai Indians of northern 

Arizona has revealed several interesting observations. First, the Havasupai show a 

significantly higher level of mtDNA diversity than was initially predicted. An 

examination of mtDNA sequence diversity among 43 Havasupai revealed 10 unique 

hapiotypes, of which 60% are considered rare. The unique hapiotypes observed in the 

Havasupai may potentially exist in the populations surveyed herein, but missed due to 

inadequately sampling. Alternatively, they could be present, even frequent, in 

populations from the southwest United States that have yet to be characterized for 

mtDNA CR sequence. Regardless, without extensive sampling of New World 

populations, especially those that are geographically and/or culturally related to the 

Havasupai, no indication of genetic diversity can be attained by the detection of these 

unique hapiotypes. 

On the contrary, the presence of rare hapiotypes suggests that the level of 

diversity in the Havasupai prior to the bottleneck might have been substantial despite 

their small population size, probably a remnant of a greater genetic landscape associated 

with the larger Pai population from which the they are derived (Martin, 1986). The 

presence (i.e. maintenance) of rare hapiotypes aiter a population bottleneck is unusual, as 

bottlenecks are known to reduce sequence diversity. The Havasupai, which contain 60% 

rare hapiotypes, display as much diversity, as characterized by percent of rare hapiotypes, 

as populations that are 100 times (e.g. the Kuna) to 200 times (e.g. the Ng5b^) their size. 
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Indeed, the average percentage of rare haplotypes in all Native American populations is 

only 45.7% (Stone and Stoneking, 1998). 

Haplotype diversity in the Havasupai was also considerably higher than expected, 

as was nucleotide diversity, as estimated by E(v). Increased haplotype diversity was 

likely the result of the high incidence of rare haplotypes. E(v), though affected by rare 

polymorphisms, is independent of haplotype frequency and measures a long-term average 

diversity rather than that of a current generation (Watterson, 1975). It is, therefore, more 

reflective of changes in demography (e.g. expansion, reduction, and/or selection) and 

likely represents the higher levels of diversity that were apparently present in the 

Havasupai in the past. 

These data indicate that the Havasupai, historically, maintained a relatively high 

level of genetic diversity for a i)opulation of such small size. The small population size 

of the Havasupai is supported both empirically and historically. Empirically, nucleotide 

diversity, as estimated by n, is, unlike E(v), not affected by rare polymorphisms, and 

serves principally as an indicator of population size. Hence, the low estimates of n 

observed in the Havasupai probably represent low long-term effective population size as 

opposed to loss of diversity. This, of course, is supported by historical evidence, which 

purports that the entire Pai population numbered less than 1500 in the 1850's and the 

Havasupai, once separated from the rest of the Pai, had an initial population of only 250-

300 members (Martin, 1986). Another indication of the small initial population size 

ostensibly displayed by the Havasupai is the observation that only two (B and C) of the 

four (A, B, C, and D) major founding lineages are represented, with haplogroup C far 
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more common than haplogroup B. Although a limited number of founding haplotypes 

could also be suggestive of populations that have undergone bottlenecks in the past (e.g. 

the Kuna and Ng5be of Panama), the maintenance of rare haplotypes since the bottleneck 

appears to indicate that the limited number of founding haplotypes observed in the 

Havasupai is a reflection of the small initial population size rather than the effect of the 

recent bottleneck. 

The data from the mtDNA CR, taken together, seems to suggest that despite high 

levels of inbreeding (Markow and Martin, 1993) and a population bottleneck at the turn 

of the century that reduced the number of reproducing females and males to 43 and 42, 

respectively, the tribe maintains a relatively high level of genetic variation. Thus, our 

original hypothesis, that the Havasupai would exhibit less mtDNA variation than other 

New World groups, must be rejected. Examination of mitochondrial diversity in the 

Havasupai seems to suggest a picture whereby the Havasupai, initially a small population 

(as indicated by the limited representation of founder haplogroups and the low estimate 

of 7i), underwent a population expansion at some point that generated a relatively large 

amount of diversity (as evidenced by the number of rare haplotypes, the high haplotype 

diversity, and the high estimates of [E(v)]). As the level of diversity displayed by the 

Havasupai seems to have been maintained within the population since the bottleneck at 

the turn of the century, it must have been too small and/or short to have any detectable 

effect on the mtDNA variability of the population. 

Our second hypothesis, that the Havasupai Y-chromosome would display less 

genetic variation than Havasupai mtDNA, was also not supported. Examination of the 
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NRY of 48 male Havasupai using 3 SNPs and 12 STRs revealed the presence of 13 

haplotypes belonging to 2 Y-chromosome haplogroups, ICa (56.25%) and IG (43.75%). 

Thus, the number of haplotypes, 13 for the NRY and 10 for mtDNA, as well as diversity 

of haplotypes, 0.89 for NRY compared with 0.81 for mtDNA, was greater for the Y-

chromosome. Nucleotide diversity, as estimated by the average number of pairwise 

differences, was also greater for the NRY than for mtDNA, 4.94 and 3.74 respectively. 

Hence, it would appear that the NRY displays slightly higher levels of genetic diversity 

than does mtDNA, at least within this population and we must, therefore, reject our initial 

hypothesis that the NRY will contain reduced genetic diversity compared with mtDNA in 

the Havasupai. 

Due to the lack of a between-group comparison, however, these results must be 

interpreted carefully. Specifically, as there are many different factors that contribute to 

total diversity, we cannot know whether the difference in diversity seen between the Y-

chromosome and mtDNA of the Havasupai is the result of differences in mutation rate, 

cultural differences, (e.g. polygyny), or a true difference in relative diversity. 

Examination of another, preferentially closely related, population such as the Hualapai oi 

the Yavapai would allow the desired between-group comparisons and make estimates of 

relative diversity more reliable. 

Another interesting observation was made in the analyses of Havasupai Y-

chromosomes. The DYS392 allele of 12 repeats, which is rarely found anywhere in the 

world (Forster et al., 2000), was found in the Havasupai. While the locus is known to be 

hypervariable in Native Americans, it is generally represented by alleles >13 repeats and 



157 

has not been observed to transgress the 13-11 repeat leap (Forster et al., 2000). Lastly, 

the high levels of Y-chromosome diversity detected in the Havasupai appear to confirm 

the previously established conclusion, that the bottleneck at the turn of the century had 

little observable effect on genetic diversity, either mtDNA or NRY, of the tribe. 

The availability of Havasupai pedigrees warranted an estimation of mutation rates 

for both mtDNA and the NRY in the Havasupai. Examination of 87 female germline 

transmission events among 11 maternal pedigrees consisting of 10 mtDNA haplotypes 

revealed one potential mutation. Assuming that the pedigrees were accurate, the average 

mutation rate of mtDNA in the Havasupai was estimated to be 1.0204 x 10'^ per site per 

generation or 10.2 per site per million generations. This estimate is consistent with recent 

investigations that have also established mtDNA mutation rates by direct examination of 

pedigrees, estimated by Heyer et al. (2001) to be IS.5 per site per million generations. 

Among the 90 paternal meioses examined in the Y-chromosome pedigrees, 5 

potential mutations were observed and a mutation rate of 0.0046 per site per generation 

was obtained. This rate estimation is two- to four-times higher than those reported for the 

Y-chromosome in previous pedigree studies, which range fi-om an average of -0.0012 

(Bianchi et al., 1998 averaged their own data with that of Heyer et al., 1997 and Kayser 

et al., 1997) to 0.0028 per site per generation (Kayser et al., 2000). Additionally, they are 

an order of magnitude greater than those reported for ""evolutionary" mutation rates, 

estimated by phylogenetics, which average ~0.00026 per site per generation (Forster et 

al., 2000), as well as those from autosomal microsatellites, which range from 0.0006-

0.0027 per site per generation (Brinkmann et al., 1998; Henke and Henke, 1999; Sajantila 



158 

et al., 1999). Analysis of NRY mutation in the pedigrees also led to the observation that 

the Havasupai show a distinct, though not statistically significant (p = 0.1), preference for 

loss of repeats despite a previously demonstrated mutational bias in favor of repeat 

expansion in other populations (Cooper et al., 1999; Kayser et al., 2000). Furthermore, 

our data support the fmdings of Kayser et al. (2000) in that the premutation allele size of 

all mutations observed in the Havasupai, despite a propensity for repeat reduction, was 

greater than 11 repeats. 

Finally, the observed maternal transmission of NIDDM in the Havasupai (Fenger, 

1992) and the existence of NIDDM-related retinopathies in some pedigrees, lead to the 

hypothesis that members of these affected lineages should exhibit mtDNA mutations 

associated with NIDDM and NIDDM-related retinopathy in other studies. DNA 

sequence analysis of several potentially etiological loci including the tRNA Leu(UUR) 

gene, the tRNA Lys gene, and the intergenic region between COII and tRNA Lys in 52 

Havasupai individuals revealed no variation whatsoever in either of the tRNA genes. The 

only identified mutation, a 9 bp deletion in the COII-tRNA Lys intergenic region, has not 

been associated with disease in any known populations. The 9 bp deletion, characteristic 

of individuals belonging to founder Native American haplogroup B, was found in 26.9% 

of individuals surveyed. The prevalence of haplogroup B based on the 9 bp deletion is 

almost three times the percentage of haplotype B individuals found in our earlier study 

based on CR sequencing (Chapter 1), which indicated that the Havasupai contain only 

9.3% haplogroup B. Pooling the data from this investigation with that from the previous 

investigation of 43 mtDNA CR sequences (Chapter 1), yielded a total of 55 individuals, 
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of which 25.5% belong to haplogroup B. Although there is no evidence to suggest that 

the 9 bp deletion characterizing haplogroup B has any association with NIDDM, it is 

interesting to note that there is an increase, though not statistically significant, in the 

occurrence of NIDDM in haplogroup B individuals (64.3%) compared with those 

belonging to haplogroup C (43.9%). Examination of the ten mtDNA haplotypes 

characterized by CR sequencing revealed that 87.5% of individuals displaying the Hav 2 

haplotype are affected by NIDDM, whereas only 12.5% are unaffected (p < 0.05). 

Analysis of the CR polymorphisms on a individual site basis demonstrated that a C -> T 

transition at bp 16192 was found in 7/43 individuals (16,3%) affected by NIDDM 

compared to only 1/43 unaffected individual (2.3%) {p < 0.05). It is noteworthy that the 

presence of this substitution is what predominantly characterizes haplotype Hav 2. 

In sunmiary, the Havasupai are an interesting and unique population both 

historically and genetically. Despite their small size, isolation, and a recent population 

bottleneck, the Havasupai maintain relatively high levels of genetic diversity in both their 

maternal and paternal lineages. As mentioned previously, the loss of diversity seen after 

a population bottleneck is dependent on the size and duration of that bottleneck. 

Although the Havasupai bottleneck lasted approximately ten years and reduced the 

population by less than half (from ~300 to 166 individuals), a bottleneck of this size and 

duration is apparently not sufHcient to cause a substantial reduction in genetic diversity. 

If not, the number of rare haplotypes contained within the population before the 

bottleneck, would be largely maintained during and after the bottleneck and this appears 

to be the case with the Havasupai. Thus, whatever loss of genetic diversity affecting the 
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Havasupai through genetic drift, founder effect, and consanguineous mating, was present 

before and apparently, unaffected by, the population bottleneck that occurred at the turn 

of the century. They display a rate of mtDNA mutation that is consistent with those of 

other populations surveyed, whereas, the Y-chromosome mutation rate is twice that of 

any population yet observed. Although the Havasupai demonstrate the third largest 

incidence of NIDDM of any population worldwide, it would appear that the etiology of 

NIDDM in this population does not lie within the examined regions of the mtDNA. 

Future investigations should focus on examination of closely related populations such as 

the Hualapai, Yavapai, and/or Pai Pai to determine whether or not the interesting trends 

observed in the Havasupai are unique to them, or conmion among tribes of the Colorado 

river or the southwest United States in general. 
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