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Southwestern Athabaskan (Navajo and Apache) 
genetic diseases 
Robert I? Erickson, MD 

Purpose: Four apparently unique disorders are known among the Southwestern Athabasan Amerindians, i.e., the 
Navajo and Apache; they are Athabaskan severe combined immunodeficiency, Navajo neuropathy, Navajo poikilo 
derma, and Athabaskan brainstem dysgenesis. This study reviews background information on Athabaskan groups 
and clinical descriptions of these recessive disorders. Methods: The major clinical findings of these four disorders 
are reviewed. In addition, the findings of epidemiological surveys are included where available. Results: Although 
the importance of genetic bottlenecks in increasing the frequency of rare, sometimes unique, autosomal recessive 
disorders is known for a number of populations, similar phenomena among Native Americans seem to be less well 
known. Conclusion: A s  many more Native Americans move off the Reservation, the awareness of susceptibility to 
particular genetic diseases needs to be more widely disseminated. Genetics in Medicine, 1999;1(4):151-157. 
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genetic bottlenecks 

The Southwestern Athabaskan populations, the Navajo and 
Apache American Indians, went through a number of popula- 
tion ''bottleneck? (periods of reduced population such that future 
generations are descended from a limited number of people) 
during their migrations and encounters with European peoples. 
Although these American Indian groups share strong taboos 
against consanguinity (clan exogamy is strictly observed), the 
tribal members share many rare recessive alleles, likely as a con- 
sequence of population explosions after these bottlenecks. Dur- 
ing the last several decades, four Navajo-limited or Southwestern 
Athabaskan-limited diseases have been described, including forms 
of severe combined immunodeficiency (SCID), an unusual neu- 
ropathy, a poikiloderma resembling Rothmund-Thompson, and 
a type of brainstem dysgenesis. The purpose of this review is to 
provide background information on Athabaskan groups and to 
review clinical descriptions of these rare recessive disorders. 

HISTORY AND POPULATION DESCRIPTION 
The Athabaskans 

Formally, "Athabaskan" denotes a language family that is shared 
by a number of Native American tribes.' The largest number of 
these tribes are located in Alaska and the Northwest Territories 
of Canada (see Fig. 1) where their ranges interdigitate with those 
of Eskimos, Aleuts, and "first wave" Native Americans. Other 
Athabaskan groups are located on the Pacific Coast and in the 
Southwestern part of the United States, again surrounded by 
non-Athabaskans. All of these peoples speak related languages 

Angel Charity for Clrildren-Wings for Genetic Research, Steele Men~orial Cllilrlrcni Rcrealch 
Center, Departme~lt ofPedmtr~cs, Section ofMedica1 rtnd Molecular Gmetlcs, Lirlir~erslty 01- 

Arizona College ofMedicine, Tucson, Arizona. 

Robert l? Erickon, MD, Department ofpcdiatrics, 1501 N. CampBell Avei~uc, PO. 50x245073, 
Tucsorz, AZ 85724-5073. E-mail: erickrson@pe&.arizona.edu 

Submitted for consideratiolr April 1 ,  1999: ncceptedJol-publication April 27, 1999. 

Genetics IN &cine 

that are, at the same time, distinctly different from the languages 
of the groups around them. The North American Native Amer- 
icans, among whom the Athabaskans have dispersed, speak lan- 
guages from eight other language phylums or 40 other language 
families-the phylum grouping separates languages as different 
as Chinese is from Engl i~h .~  This diversity is thought to have 
developed in the roughly 20,000 years since the first wave of 
immigration into the Americas. 

It is thought that the Athabaskans were relatively recent irnrni- 
grants of North America, coming across the Bering Strait approx- 
imately 4,000 years ago. An argument for their center of dispersal 
being close to the Bering Strait comes from the observation that 
the languages have diversified most between the tribes in the 
Northwest Territories and Alaska, i.e., there has been a greater 
period of time for the language to diversify in this "original home- 
site" in North America.' Although the languages group these 
Native American tribes together, their cultural artifacts have 
diversified greatly. The cultural variation includes the sea voy- 
ages and dependence on salmon fishing of the Northwest Coast 
tribes and the nomadic horse-utilizing and buffalo hunting tra- 
ditions of the Kiowa Apaches. Frequently, the cultural artifacts 
cannot be distinguished from those of their non-Athabaskan 
speaking neighbors who have influenced them.2 

Despite these cultural differences, mitochondrial DNA stud- 
ies have also suggested the common ancestry of the Athabaskans. 
The mitochondrial sequence diversity suggests a more recent 
arrival of Athabaskans, compared with other American Indians, 
and the mitochondrial D haplogroup seemed uniquely shared 
by at ha bask an^.^ There have been arguments against the mito- 
chondrial D haplogroup being unique to Athabaskans; for 
instance, it has been found abundantly in 700-year-old remains 
from the Oneota culture in I l l in~ is .~  However, given the known 
migrations of Athabaskan tribes approximately 700 years ago, 
it is possible that they had made a genetic contribution to such 



Erickson 

a Mississippi valley site. Of course there is no linguistic evidence 
from these historical populations available to identify the pop- 
ulations interred at this burial site. Thus, the genetic unity of 
Athabaskan speakers is uncertain, whereas the linguistic homo- 
geneity is not in doubt. 

Southwestern Athabaskan 

The Southwestern Athabaskans are composed of two groups: 
the Apache and Navajo Amerindians. The evidence suggests that 
they migrated along the Rocky Mountains and into the current 

Fig. 1 Map of the 
Texas Press, 1993;19 

American Southwest in near historical times. Early Spanish expe- 
ditions noted a number of tribes in Arizona, but not the Apaches; 
whereas not many years later, with subsequent Hispanic intru- 
sion, some of those tribes were not mentioned, but the Apaches 
were noted.5 Presumably, the Apaches had replaced these tribes. 
The Southwestern Athabaskans depended on the hunting of deer, 
antelope, and small animals and the gathering of piiion nuts, 
juniper berries, prickly pair fruit, yucca fruit, and mesquite beans, 
among other things. The Navajo and Western Apache practiced 
dry farming and irrigation of corn, squash, and g o ~ r d s . ~  The 
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Navajo lived in earth-covered hogans, whereas the Apache used 
the "wickiup," a dome-shaped structure with the framework of 
branches covered with brush or grass. Distinctive pottery with a 
conical bottom and flaring rim was manufactured, as was a vari- 
ety of basketry-pitched water bottles of coiled or twilled weave 
are frequently seen among the Apa~he .~  The Navajo and West- 
ern Apache share the feature of matrilineal clans that closely 
resemble those of the Hopi and Zuni. Certain mythological ele- 
ments are also shared among the Southwestern Athabaskans. 
"Chief among these are the doings of the culture heroes, 'Slayer 
of Monsters,' and 'Born from Water.' Emergence from an under- 
world, a Pueblo theme, is present in Navajo, Jicarilla, and West- 
ern Apache myth~logy."~ 

The Apaches and Navajos speak mutually intelligible dialects. 
However, the Navajos have been more influenced by the Pueblo 
Indians7 and have developed a herding culture based primarily 
on sheep. Archeological data suggests that the Navajo have been 
in contact with the Pueblo peoples for approximately 300 years, 
and thus there has been time for extensive interchange, even 
though many of the relationships were based on the Navajos raid- 
ing of the Pueblos.' It is also likely that trading occurred with an 
exchange of Navajo venison and buckskin for Pueblo corn. Horses, 
sheep, and goats are obtained by the Navajos from the Spanish 
colonists, which may have again been obtained by raiding7 The 
Spanish contact also brought the Navajos into closer contact with 
the Pueblo peoples. After the Pueblo rebellion of 1680, many 
Pueblo refugees settled with Navajos, and one can gather that a 
greater exchange of traditions occurred then.7 Although the Nava- 
jos were never significantly Christianized by the Spaniards, the 
Pueblo peoples, living in more concentrated sites, were. 

A major event in the history of the Navajos was their forced 
relocation, the "Long Walk" to Fort Surnner, New Mexico (located 
at Bosque Redondo, where a memorial is planned), which resulted 
in many deaths8 The famous hunterltrapper Kit Carson aided 
the U.S. Army in 1863-1864 in rounding up the Navajos in an 
attempt to pacify them. The years at Fort Sumner were also a 
tragedy with draught and infestations causing famine and an 
epidemic of smallpox resulting in the death of at least 2,000 peo- 
ple. After a period of 4 years, the Navajos were allowed to return 
to their traditional lands, but only approximately 8,000 Navajos 
returned from this devastation (and the tribe had a low point of 
5,000 in the  amp"^). The actual breeding population among 
those 8,000 returning to the tribal lands would, of course, be 
much smaller, because as much as one-fourth of the population 
might have been past breeding age and as much as one-half of 
this population might have been children. The nearly quarter of 
a million Navajos now registered with the tribe are descended 
from that portion of the population and from the small num- 
ber of Navajos who successfully hid from the U.S. Army in lands 
that are now on the Western Reservation. 

RARE GENnIC DISORDERS 

Athabaskan severe combined immunodeficiency 

Severe combined immunodeficiencies (SCID) represent a het- 
erogeneous group of diseases characterized by profoundly defec- 
tive cellular and humeral immunity secondary to deficiencies of 

T-cell differentiation or function. In 1980, Murphy et al.9 recog- 
nized an excess of SCID among Athabaskan Indians in Arizona 
and New Mexico. They originally identified this excess SCID 
among the Navajo and Jicarilla Apache Indians. They also 
remarked on the limited heterogeneity of HLA antigens that 
enabled three patients to have bone marrow transplants; two of 
them across HLA-B-locus  barrier^.^ A major epidemiological 
survey was performed by Jones et al.1° that identified 18 cases 
from death certificates of all Native Americans who died between 
1 and 24 months of age during a 13-year period in Arizona and 
New Mexico (a period with 54,000 estimated Navajo births). 
Genetic analyses strongly suggested an autosomal recessive pat- 
tern of inheritance and a gene frequency of approximately 2%.1° 
Combining the case reports from the two studies, one can obtain 
a chical picture of the disorder that is very similar to other types 
of SCID (see Table 1). 

There is early onset of fungal, bacterial, and viral infections 
that result in death during the first year of life unless bone mar- 
row transplantation is performed. Bone marrow transplantation 
provides an effective cure: with an efficiency comparable to that 
seen for other causes of SC1D.l A severe lyrnphopenia and vari- 
ably severe hypogammaglobulinemia result. Purine nucleoside 
phosphorylase and adenosine deaminase activities have been 
normal, eliminating two known genetic causes of SCID.1° There 
are strong death taboos among the Athabaskans that usually pre- 
vent obtaining permission for autopsy. However, one necropsy 
that was performed showed no normal lymphoid tissue, an 
absence of lymphocytes in all tissues studied, and a vestigial thy- 
mus without Hassal's  corpuscle^.^ Not surprisingly, this is not 
the only form of immunodeficiency among the Athabaskans- 
X-linked SCID has also been found among the Navajo.12 

Recently, genetic linkage for this disorder has been identified 
by a chromosome-wide search in 14 affected families.'3 Multi- 
point linkage analysis provided a peak LOD score of 5.10 at 
D 10s 19 1 on chromosome lop. Very marked linkage disequilib- 
rium was found for five linked markers spanning approximately 
6.5 CM in this region. Although most of the families were of 

Table 1 
Features of Athabaskan severe combined immunodeficiency 

Clinical Features Early onset infections, fungal, bacterial, viral 

Nonpalpable lymph nodes 

Absence of tonsils 

Death in first year of life unless BMT 

Laboratory Severe lyrnphopenia, B cells > T cells 

Moderate-severe hypogammaglobulinemia 

Normal purine nucleoside phosphorylase and adenosine 
deaminase 

Normal natural killer cells 

Pathology At postmortem, no normal lymphoid tissue 

Vestigial thymus without Hassal's corpuscles 

No lymphocytes in lymph nodes, thymus, or intestine 
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Navajo origin, one family was Apache, and one family was Dine. 
The Dine tribe is a small Athabaskan-speaking Indian group 
from the Canadian Northwest Territories. ("Dine" is also the name 
the Navajos call themselves.) Marked sharing of alleles at five loci 
was found for the Apaches and Navajos, and for one marker, 
DlOS191,88% of the patient's chromosomes shared the same 
allele 8 (for 8 repeats at the microsatellite marker). Of interest, is 
the fact that the Dink disease allele was also allele 8 at D10S191; 
that is, there is a strong suggestion that, clinically, very similar 
SCID in this distinct Athabaskan tribe shared a common genetic 
origin.13 Thus, we would suggest that the recessive allele of the 
Athabaskan SCID was present in the original population that 
crossed the Bering Strait but that it may have only achieved higher 
gene frequencies in the Dine, Navajo, and Apache populations. 

It is possible that SCID mapping to the same location on lop 
may one day be found in non-Athabaskan peoples, because there 
are still many cases of SCID in the general population that are 
not mapped or cloned. SCID is usually classified as T-B+ or 
T-B-, Athabaskan SCID fitting the latter. For T-B+ SCID, X- 
linked deficiency of the common cytokine receptor y, chain (for 
IL-2,4,7,9, and 15) is the most common cause, with autosomal 
recessive deficiency of Jak3 (chromosome 4q) 14, the primary 
intracellular signal transducer of y,, also being abundant.15 
Approximately 40% of the T-B- cases in this large series were 
autosomal recessive of unknown cause.15 Deficiencies of MHC 
I1 regulatory genes such as RFX5 (chromosome 1) l6 and RAG- 
1, RAG-2 (chromosome 1 lp)17, or the XRCC proteins (chro- 
mosomes 2q, 5q, 8q, 10q, and 22q)18-21 involved in V(D)J 
recombination are sometimes involved. 

Table 2 
Features of Navajo neuropathy 

Clinical Features Neurologicalsevere anesthesia leading to corneal ulcera- 
tion, painless fractures and acral mutilation 

Severe weakness-late or not wahng,  eventually wheel- 
chair bound 

Absent or markedly decreased deep tendon reflexes 

Normal IQ 

Other Serious systemic infections (80%) 

Liver disorder (70%) 
macronodular cirrhosis, negative hepatitis A and B 
antibodies 
frequent cause of death 

Inadequate weight gain (90%) 

Sexual infantilism (60%) 

Imaging Studies MRIIwhite matter signal abnormalities, especially in the 
cerebellum 

Pathology 

Thinning of spinal cord 

Sural nerve biopsies practically devoid of myelinated 
fibers; unmyelinated axons with degenerative and regen- 
erative features 

High CSF protein 

Nerve conduction velocity usually slow 

Navajo neuropathy 

Appenzeller and colleaguesZ2 originally described four Navajo 
children with anesthesia (leading to corneal ulceration, painless 
fractures, and acral mutilation), severe weakness, absent or 
markedly decreased deep tendon reflexes, and normal IQ. Because 
of its occurrence in an unlike sex sib pair and its uniqueness, they 
considered it to be an autosomal recessive disorder.22 Their inves- 
tigations included a sural nerve biopsy on one patient, who was 
practically devoid of myelinated fibers, and chromatography of 
lipids from the sample, which was remarkable for a marked lack 
of cholesterol compatible with the absence of m ~ e l i n . ~ ~  They also 
found high levels of protein in cerebrospinal 

The initial report by these authors was followed by a descrip- 
tion of 11 new patients with the same syndrome and further 
details on the original four patients.23 The additional features 
included systemic infections, macronodular cirrhosis, poor weight 
gain, and sexual infantil i~m.~~ MRI imaging of the brain also dis- 
closed white matter abnormalities, suggesting CNS demyelina- 
tion despite the apparently normal IQ.23 

Singleton and colleagues24 performed a major epidemiologi- 
cal survey of Navajo neuropathy by identifying 20 definite and 
4 probable cases from a review of reservation hospital records 
and with a questionnaire directed to all health providers on the 
Navajo reservation. These authors noted that the incidence of 
this syndrome on the Western Navajo Reservation was much 
greater than its incidence in the Eastern part of the Reservation, 
suggesting a possible founder effect due to the remnants of the 
group who hid from Kit Carson with possible skewing of distri- 
butions after the "Long Walk." 

Children are usually diagnosed at the end of the first year of 
life or the beginning of the second year of life, either because of 
the neurological symptoms or liver disease. The liver disease can 
present as hepatomegaly, persistent neonatal jaundice, or even a 
Reye's-like syndrome of acute hepatic failure. It has been a fre- 
quent cause of death; recently, there have been two liver trans- 
plants performed for it (M. Shub, Phoenix Children's Hospital, 
personal communication). Siblings may differ by presenting as 
acute liver failure or the more chronic neurodegenerative form. 
This is reminiscent of Niemann-Pick C, which can present with 
signs of acute hepatic failure or neurological symptoms, primar- 
ily of cerebellar degenerati~n.~~ Weakness and/or corneal ulcer- 
ations are other frequent presenting signs. Confirmation of the 

Table 3 
Features of Navajo poikiloderma 

Clinical Features 
Skin Papular erythematous rash, early 

Other 

Hypo- and hyper-pigmentation and telangiectasias, late 

Thickening of toenails 

Recurrent pneumonias 

Pyogenic gum infections 

Growth deficiency 

Pathology Cyclical neutropenia 

Decreased bacterial killing by neutrophils 
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dagnosis comes from the nerve conduction studies, hepatic func- 
tion studies, spinal fluid protein determinations, or MRI imag- 
ing (the leukoencephalopathy is primarily of the ~erebellum~~*'~), 
which suggests demyelination. In Singleton's survey, the mean 
age of death was approximately 10 years, frequently due to 
liver disease.24 

The evidence that this is an autosomal recessive disorder 
remains strong although a formal segregation analysis has not 
been performed. The 24 cases identified by Singleton and col- 
l e a g u e ~ ~ ~  came from 13 families, with 6 families having more 
than one affected child. In 3 of the 13 families, common ances- 
tors could be identified. The frequency noted in this epidemio- 
logical investigation was approximately 1 in 2,500 births for the 
Western Navajo Reservation, contrasted with 1 in 14,000 births 
for the Eastern Re~ervation.~~ To date, homozygosity mapping 
(see "Discussion" section) has found five regions of interest for 
18 chromosomes in nine  patient^;'^ hopefully, analysis of fur- 
ther markers in patients and controls will identify the correct 
region. A marked decrease of the MDR3, multidrug resistant 
P-glycoprotein was described in specimens from five patients 
with Navajo Ne~ropathy.~~ A genetic deficiency of MDR3 would 
explain the liver disease but not the neurological disease: mdr2 
(the mouse homologue of human MDR3) knockout mice develop 
liver disease but are neurologically normal.29 

A possibly distinct neuropathy is increased among the Navajo 
and has been called type B or Familial Navajo neur~pathy.~O>~l 
This autosomal recessive disorder is quite different because neu- 
rologic examination and nerve conduction studies are normal; 
instead, it is associated with autonomic disturbances and severe 
neuropathic arthropath~?~,~' Navajo neuropathy has some sim- 
ilarities to hereditary sensory neuropathy 113' but is distinguished 
from it by the presence of the motor disorder, the frequent corneal 
ulceration, and the high cerebrospinal fluid protein. 

Navajo poikilodenma 

Navajo poikiloderma is a unique genodermatosis fist described 
by Clericuzio and colleagues.33 This disorder starts as a papular 
erythematous rash on the extremities during the fist year of life. 

Table 4 
Features of Athabaskan brainstem dysgenesis 

Clinical Features 
Most patients Congenital horizontal gaze palsy 

Sensorineural deafness 

Central hypoventilation 

Hypotonia and developmental delay 

Variably present Swallowing dysfunction 

Vocal cord paresis (20%) 

Facial paresis (45%) 

Seizures (30%) 

Cardiac outflow tract anomalies (60%) 

Imaging Studies CT and MRI of head and brainstem normal, early 
Diffuse cerebral atrophy and periventricular leukomala- 
cia sometimes noted after seizurestapneic episodes 

It gradually spreads centripetally and, as the papular rash resolves, 
hypo- and hyperpigmentation results, including telangiectasias. 
The other slun manifestation is pachyonychia, but alopecia and 
leukoplakia are distinctively absent. 

The disorder is not limited to the skin because the patients 
demonstrate recurrent pneumonias that usually result in reac- 
tive airway disease and/or chronic cough. Neutropenia has been 
variably present and is thought to be cyclical. Decreased neu- 
trophil killing power, but not of the same degree as found in 
chronic granulomatosis disease, was also reported.33 

It seems clear that h s  is an autosomal recessive disorder because 
8 of the 14 initial patients were siblings and none of the parents 
were affected. All of the patients were Navajo. The incidence is 
not yet clear. 

Although the skin lesions are similar to those of dyskerato- 
~ i s , ~ ~  the latter is an X-linked dominant disorder (at Xq28),35 
usually associated with an increased risk of cancer. Clearly, the 
inheritance pattern is quite different in Navajo poikiloderma. 
Rothmund-Thomson syndrome also has similar skin lesions and 
is autosomal recessive.36 However, the skin lesions of Rothmund- 
Thomson primarily occur in sun-exposed areas, and Rothrnund- 
Thomson usually includes marked alopecia of hair and eyebrows, 
as well as mild digital changes that are not present in Navajo 
poikiloderma. Nonetheless, it is possible that Navajo poikilo- 
derma could be due to homozygosity for a particular allele at the 
Rothmund-Thomson locus. 

Athabaskan brainstem dysgenesis 

Recently, neurologists and geneticists have identified another 
Athabaskan disorder: a distinct familial syndrome of brainstem 
dysfunction that has not previously been described.37 Clinical 
features present in all patients include congenital horizontal gaze 
palsy, hypotonia, sensorineural deafness, central hypoventila- 
tion, and developmental delay. Variably present features include 
swallowing dysfunction, vocal cord paresis, facial paresis, seizures, 
and cardiac outflow tract anomalies.37 Seven of the children are 
Navajo Indians, two children are Apache, and one child is of 
Apache and Pima heritage. One pair of patients are affected sibs. 
In another family, a sib's death of Sudden Infant Death Syndrome 
(SIDS) suggests that the death was likely caused by the central 
hypoventilation of Athabaskan brainstem dysgenesis. 

Most of these cases were initially diagnosed as a "variant" 
Moebius syndrome. However, it is clear that the Athabaskan 
cases do not fit the Moebius syndrome. The lateral gaze palsy 
in affected patients is not due to dysfunction of cranial nerve 
6, but rather a lack of conjugate horizontal gaze. On attempted 
lateral gaze, these patients cannot move the ipsilateral eye lat- 
erally, but neither can they move the contralateral eye medi- 
ally (which they should be able to do with a strictly 6th nerve 
palsy). Patients can move their eyes medially during conver- 
gence. Secondly, although several patients were observed to 
have sparseness of facial movements, only three patients were 
noted to have facial paresis. None were noted to have the char- 
acteristic pattern of facial paralysis that is most typical of Mae- 
bius syndrome. All of the patients have been deaf, and deafness 
is very rare in Moebius syndrome. 38 Also, these patients mostly 
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show mental retardation, whereas only patients with severe 
Moebius syndrome have mental retardation. Of course, the 
patients have many other additional findings not typical of 
Moebius syndrome, including frequent cardiac anomalies, 
vocal cord paresis, swallowing difficulties, and recurrent aspi- 
ration consistent with dysfunction of areas enervated by cranial 
nerves 9 and 10. Finally, all 10 patients had central hypoventi- 
lation of variable severity that has not been usually found in 
Moebius syndrome but can o c c ~ r . ~ ~ , ~ O  The degree of central 
hypoventilation varied among patients but improved over time. 
The high frequency of congenital cardiac anomalies again empha- 
sizes that this is not merely a neurological disorder. 

The limitation of this syndrome to Native Americans in a rel- 
atively small geographical area (portions of the Navajo and Apache 
reservations) and its occurrence in sibs, make it highly likely that 
it is an autosomal recessive disorder with an increased gene fre- 
quency in this population due to a founder effect. The identifi- 
cation of three cases < 10 years of age on the White River Apache 
Reservation (total population 13,000) suggests an incidence of 
approximately 0.5-111000. 

DISCUSSION 
Four apparently unique genetic disorders appear at relatively 

high frequency among the Southwestern Athabaskans. The high 
frequency of these genetic disorders suggests that their occurrence 
is likely to be the result of population bottlenecks. Inasmuch as 
the Navajo and Apache SCID is also shared with the Canadian 
Northwest Territories tribe, the Dine, it seems hkely that the muta- 
tion for this disorder occurred shortly after the arrival of the 
Athabaskans in North America, or may even have come with them. 
However, it seems to have achieved a higher gene frequency among 
the Southwestern Athabaskans. Thus, its frequency may be a com- 
bination of two bottlenecks, one with the entry into North Amer- 
ica and the second with the migration to the American Southwest. 
At present, Athabaskan brainstem dysgenesis has only been iden- 
tified among the Navajos and Apaches. Thus, it seems likely that 
this disorder's higher gene frequency is consequent to a genetic 
bottleneck with the migration of a small number of bands along 
the Rockies and into the American Southwest. Finally, Navajo 
neuropathy and Navajo poikiloderma both seem limited to the 
Navajo. This may represent results of the bottleneck represented 
in the "Long Walk" andlor Navajos who hid from the U.S. Army 
and stayed in Western Reservation lands during the imprison- 
ment of the other Navajos at Fort Sumner. 

As might be expected in such a genetic isolate, there are other 
autosomal recessive genetic disorders with increased gene fre- 
quency among the Southwestern Athabaskans, but these diseases 
are not apparently unique to them. For instance, microvillous 
inclusion disease41 and metachromatic leukodystrophy have an 
increased frequency in the Navajo and, to date, all the Navajo 
cases of metachromatic leukodystrophy have shared one muta- 
t i ~ n . ~ ~  Such phenomena are not limited to the Athabaskans. For 
instance, the Zuni have a higher incidence of cystic fibrosis than 
Caucasians but due to a different allele.43 Again, this is probably 
the result of a genetic bottleneck in the migration and settlement 
pattern of the Zuni Native Americans. 

The sharing of common disease alleles by descent should allow 
homozygosity mapping in these conditions. Indeed, the marked 
sharing of alleles found when mapping Athabaskan SCID sug- 
gests that homozygosity mapping could have been used to iden- 
tify the linkage. Homozygosity (also known as "linkage 
disequilibrium") mapping is a powerful approach for localizing 
a gene when the mutant alleles are identical by descent, i.e., when 
there is a founder effect in a p~pulation.~" Recent successful exam- 
ples include infantile-onset spinocerebellar ataxia,45 Herman- 
sky- Pudlak syndrome in both Puerto R i ~ a n ~ ~ , ~ ~ a n d  Swiss 
isolates,47 Bardet-Biedl s y n d r ~ r n e , ~ ~  and one form of pykn- 
odysos t~s i s .~~  The linkage disequilibrium is identified by size 
identity of variably numbered tandem repeats adjacent to the 
locus of interest, which will be shared by patients with the auto- 
soma1 recessive disease in contrast to the great heterogeneity of 
these markers elsewhere in the genome for the patients and the 
controls. Thus, one is more certain of finding linkage disequi- 
librium if the marker is fairly close to the gene. The power of the 
method was shown with the above-mentioned mapping of a new 
hereditary infantile-onset spinocerebellar ataxia among Finns, 
a group with a limited founder population.45 A genome-wide 
search of 213 markers with DNA pooled from four affected indi- 
viduals (of which two were second cousins once removed) suc- 
cessfully identified the linkage. 

The identification of genetic linkages for these disorders will 
allow prenatal diagnosis for families with one affected child and 
could, because of a unique haplotype possibly identified by 
homozygosity mapping, potentially allow carrier screening. How- 
ever, because of the cultural values of these Native Americans, 
such information is unlikely to be used in this fashion. Cloning 
of the disease genes, by identifying candidate genes in the mapped 
region and searching for mutations, may eventually be more use- 
ful for patient care. 
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