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Genealogy construction in a historically isolated
population: Application to genetic studies of
rheumatoid arthritis in the Pima Indian

Jing-Ping Lin, MD, PhD', Rosemarie Hirsch, MD, MPH', Lennart T. H. Jacobsson, MD, PhD?, William W, Scott, MD?,
Loralie D. Ma, MD?, Stanley R. Pillemer, MD', William C. Knowler, MD, DrPH?, Daniel L. Kastner, MD, PhD', and

Sherri J. Bale, PhD!

Purpose: Due to the characteristics of complex traits, many traits may not be amenable to traditional epi-
demiologic methods. We illustrate an approach that defines an isolated population as the “unit” for carrying
out studies of complex disease. We provide an example using the Pima Indians, a relatively isolated popula-
tion, in which the incidence and prevalence of Type 2 diabetes, gallbladder disease, and rheumatoid arthritis
(RA) are significantly increased compared with the general U.S. population. A previous study of RA in the Pima
utilizing traditional methods failed to detect a genetic effect on the occurrence of the disease. Methods: Our
approach involved constructing a genealogy for this population and using a genealogic index to investigate famil-
ial aggregation. We developed an algorithm to identify biological relationships among 88 RA cases versus 4,000
subsamples of age-matched individuals from the same population. Kinship coefficients were caiculated for all
possibie pairs of RA cases, and similarly for the subsamples. Results: The sum of the kinship coefficient among
all combination of RA pairs, 5.92, was significantly higher than the average of the 4,000 subsamples, 1.99 (p
< 0.001), and was elevated over that of the subsamples to the level of second cousin, supporting a genetic
effect in the familial aggregation. The mean inbreeding coefficient for the Pima was 0.00009, similar to that
reported for other populations; none of the RA cases were inbred. Conclusions: The Pima genealogy can be
anticipated to provide valuable information for the genetic study of diseases other than RA. Defining an iso-
lated population as the “unit” in which to assess familial aggregation may be advantageous, especially if there
are a limited number of cases in the study population. Genetics in Medicine, 1999:1(5):187-193.
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As many Mendelian traits are mapped and the responsible
genes cloned, human geneticists are faced with new challenges—
those complex traits that comprise a large portion of human
disease. The term “complex trait” refers to any phenotype that
does not exhibit classic, simple Mendelian inheritance. Exam-
ples include hypertension, most forms of diabetes, and the
autoimmune diseases. For human diseases, the first step is often
to carry out a genetic epidemiologic analysis to learn as much
as possible about the pattern of occurrence in families and pop-
ulations. For example, twin studies compare disease rates in
monozygotic versus dizygotic twins; case-control studies ana-
lyze the risk of disease for a relative of an affected individual
compared with the risk in the general population; and segre-
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gation analysis involves fitting a series of models to the inher-
itance pattern of a trait in a pedigree or group of pedigrees.
These approaches have yielded valuable information about
traits that were caused by simple dominant or recessive genes.
However, many complex traits may not be amenable to tradi-
tional genetic epidemiologic approaches. Samples for twin
studies are difficult to collect when the disorder has very late
onset. Case-control studies may fail to detect significant risks
for diseases with a small relative risk for the genetic compo-
nent as compared with environmental factors. Segregation
analyses require the specific definition of a series of inheritance
models, whereas the parameters for most complex traits are
unknown. Additionally, complex traits are usually multi-
factorial in nature with age dependent penetrance, so that not
all individuals can be readily characterized as “affected” or “not
affected.” For diseases of this nature, it is no longer sufficient
or meaningful to ascertain probands as before, because every-
one is at some level of risk of developing the disease. As a result,
either random sampling of families must be done as in stud-
ies of blood pressure' or whole populations must be surveyed.

Genetically isolated founder populations are good samples
on which to perform whole population surveys for a complex
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disorder. Usually they are well-defined and relatively geneti-
cally homogenous. Genetic studies of whole populations become
practical if near total ascertainment is possible and genealogic
information is available. Genealogic studies ot isolated popu-
lations have been shown to have great benefits in studies of
complex diseases. In particular, this approach has been used
to advantage in studies of RA, cancer, and autism,** in which
some of the observed clusters within the population could have
occurred simply by chance. Genealogic studies may be suffi-
cient to establish the tamilial clustering of a common disease.
In this situation, it is possible, generally, to detect smaller risk
differences than may be observable using other sampling
schemes. Although genealogic studies involve substantial labor
and large budgets, they have advantages and potential that is
not available using other genetic epidemiologic approaches.

RA in the Pima Indians

The Pima Indians of the Gila River valley are a relatively iso-
lated population, currently numbering approximately 15,000
individuals.® The majority of the Pima reside in the Gila River
Indian Community in Arizona, centered approximately 50
miles southeast of the Phoenix metropolitan area. The Pima
Indians of today are believed to have descended from the
Hohokam, who inhabited the Gila and Salt River valleys for
more than 2,000 years.® The ancestors of the Hohokam, thought
to be Paleo-Indians, descended from the first of two or three
migrations across the Bering land bridge from Asia to North
America between 16,000 to 40,000 years ago.”” There had been
very little admixture of the Pima with other ethnic groups until
the 19th century, when settlement of Europeans began to
increase. Currently, it is estimated that > 80% of the alleles in
this population are derived from the Pima or a closely-related
tribe, the Tohono-O’odham, and 92% are derived generally
from American Indian tribes."

Differences in disease prevalence at the population level may
suggest genetic influences on disease. Amerindians, especially
the Pima, are known to have a very high prevalence of Type 2
diabetes mellitus and gallbladder disease, followed by Mexi-
can Americans, Caucasians, and African Americans.!!~'* In the
Pima, the prevalence of Type 2 diabetes is inversely related to

Table 1

Inbreeding and consanguinity in the Pima Indians*
Inbreeding No. Inbred No. Consanguinity Relationship
coefficient individuals relationship between parents
0.0625 14 7 First cousin (FC)
0.03125 5 3 FC once removed
0.015625 9 6 Second cousin (SC)
0.0078125 4 3 SC once removed

3 1 Half SC

0.00390625 3 2 Third cousin
Total 38 22

*Total number of marriages is 7,815.
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the degree of Caucasian admixture.'® RA, another common,
complex disease displays varying prevalence among Native
American populations, with prevalence ranging from 3.4% to
8.2% in women as assessed by Rome criteria. The higher preva-
lence of RA in Amerindians, as compared with approximately
1% in Caucasian populations,'” may possibly be related to the
presence of an Amerindian RA disease susceptibility epitope.!®
Using traditional genetic epidemiologic methods, the occur-
rence of RA in the Pima population was postulated to be due
to nongenetic effects.'”? It was later learned that genetic fac-
tors, especially the Major Histocompatibility Complex (MHC)
play an important role in RA risk.?"*

We report here the application of large-scale genealogic infor-
mation for studying complex traits, and take as example famil-
ial clustering of RA in an isolated population. We constructed
a genealogy of the Pima population for use as a tool for genetic
studies of the complex disorders that occur in high frequency
in this population. We also analyzed the population to deter-
mine the coefficient of inbreeding, information that may be
used for future studies of common diseases in the Pima.

SAMPLING AND METHODS

Population demographics and genealogy construction

Since 1965, a longitudinal epidemiologic study of arthritis
and diabetes has been conducted in the Pima Indian popula-
tion in the Gila River Indian Community. Demographic records
are available for 22,862 individuals in the database during this
30-year period and include epidemiologic study participants,
their children, and deceased parents, population members out-
side the epidemiologic study area, and a limited number of
non-Pima study participants.

We constructed a genealogy of the population using an algo-
rithm developed to group all individuals with at least one mem-
ber in common in his/her nuclear family into a pedigree. Each
record, in addition to numerous demographic and clinical vari-
ables, contained an individual’s ID as well as father’s and
mother’s ID and was treated as a nuclear family. Any two nuclear
families with at least one member in common were then linked.

We also used an algorithm to identify biological relation-
ships among all RA cases as well as any two individuals’ bio-
logical relationship in the same pedigree. Similar to the methods
used by Cormen et al.,”* starting with each individual, the pop-
ulation demographic database was searched for the ancestors
of that person and their forebears until the top of the line of
ascent was reached. Subsequently, for each ancestor identified
in this way, the database was searched downward for all descen-
dants of each ancestor.

Rheumatoid arthritis case definition and ascertainment

For the purpose of a genetic study, we wished to be con-
servative in our classification of individuals as affected. We
therefore identified only those individuals with a “definite”
diagnosis of RA. From 1965 to 1990, an RA case was defined
as any individual who met the 1987 ACR (American College
of Rheumatology) criteria for RA, and/or had sero-positive,
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erosive disease by Rome criteria for RA** (criteria known to
be associated with severe disease).”> More than 4,850 indi-
viduals who were half- to full-blooded Pima and/or Tohono
O’odham Indians aged = 20 years and who participated in
the longitudinal epidemiologic study of arthritis formed the
population used for this study.

Population subsample selection

Four thousand subsamples (n = 88, the number of RA cases
identified) of the entire study population were selected to estab-
lish an empirical distribution. These population subsamples
were selected randomly from the population of individuals
who met the same demographic profile as RA cases, i.e., par-
ticipated in the epidemiologic study, were = 50% Pima/Tohono
O’odham, and were age-matched within a 10-year interval with
RA cases. The same method as discussed above was used to
determine the biological relationship among all possible pairs
of individuals within each set of the population subsample.

DATA ANALYSIS

The kinship coefficient between two individuals is defined
as the probability that a gene taken at random from one indi-
vidual at a given locus is identical by descent to a gene taken
at random from another individual at the same locus.”® The
smaller the kinship coefficient, the lower, on average, the prob-
ability that the two individuals share genes that are identical
by descent, and thus the more distant the genetic relationship.
By definition, if two individuals are unrelated, the kinship coef-
ficient is zero.

k(Bl,Bz) = EAEP(I/:)n(A.p)er(A.p)H[l + F(A)]

where k(B,,B,) is the kinship coefficient between individuals
B, and B.; A is a common ancestor of B, and B,; P is a path
from B, to B, via a common ancestor A; n is the number of
meiotic events between A and B, and m between A and B,; and
F(A) is the probability that a common ancestor A has two iden-
tical genes at a given locus.

The kinship coefficients were calculated for all possible pairs
of RA cases (3,828) then summed. The kinship coefficient for
each of the 4,000 population subsamples was calculated in the
same manner. The mean kinship coefficient across all 4,000 sets
of population subsamples was determined by adding the sum
of kinship coefficient for each subsample and dividing by 4,000.

The null hypothesis was that the kinship coefficient for the
RA cases was not different from the mean kinship coefficient
of the population subsamples. Empirical kinship coefficients
for the 4,000 population subsamples were plotted against that
of the RA cases. The p value was determined by calculating the
proportion of the kinship coefficients of the population sub-
samples that were greater than that observed among the RA
cases. Assuming that there were 20 population subsamples for
which the kinship coefficient was greater than that of the RA
cases, the p value would be 20/4000 = 0.005.

The progeny of consanguineous parents is, by definition,
inbred. The impact of inbreeding is to increase the likelihood
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of homozygosity at each autosomal locus. We also used a new
software program, KININB (unpublished data, 1999), which
is based on the original path-counting method of Wright*® to
identify all inbred individuals in the population and determine
their inbreeding coefficients and the average inbreeding coef-
ficient for the entire population. Average inbreeding in this
population was calculated by’

a=XpF

where p is the relative frequency of inbred individuals with
inbreeding coefficient F. This is actually estimated from mar-
riages between related individuals rather than from progeny.

RESULTS

Among the 22,862 records, 15,560 of them could be linked,
either through a biological relationship or marriage, into a sin-
gle large seven-generation pedigree; the remaining formed dif-
ferent sized pedigrees. No single pedigree could be traced further
than seven generations. In the entire demographic data set, there
were 7,815 marriages with an average of 1.11 and 1.23 for males
and females, respectively. In the single seven-generation pedi-
gree, there were 3,315 founders (persons on whom no ances-
tral data were available in the database), and the average number
of marriages was 1.16 and 1.33 for males and females, respec-
tively. From this genealogy, the relationship, either biological or
through marriage, between any two individuals could be estab-
lished, if such a relationship existed. Because each individual
had a unique ID, there was no problem with consistency, as
could occur if names were used as identifiers.

Using the diagnostic criteria as defined, the total number of
RA cases identified was 88: 69 women, mean age (at time of
study) 54.9 * 14.2 years; and 19 men, mean age 59.8 * 16.1
years.™ Forty of the 88 RA cases were related as second-cousins
or closer: three grandparent-grandchild pairs, nine parent-
offspring pairs; seven sib-sib pairs; eight cousin-cousin pairs
(1st through 2nd); and 11 avuncular pairs. The remainder were
either sporadic cases or linked beyond the familial relationship
that could be identified from the genealogy.

The sum of the kinship coefficients among all possible RA
pairs was 5.92. The mean kinship coefficient across all 4,000
population subsamples was 1.99 * 0.64, which was less than
one-third of that for the RA cases. The empirical distribution
of the kinship coefficient of the 4,000 populations subsamples
is shown in Figure 1. None of the kinship coefficients of the
subsamples of the population was greater than that of the RA
cases. The empirical p value is 0/4000 = 0, with an upper 95%
percent confidence limit of 0.00092.

For convenience, we plotted the distribution of kinship expo-
nents rather than the actual kinship coefficient. A “kinship expo-
nent” of 2 represents the kinship coefficient of sibling pairs or
parent-offspring pairs (1/2%). Likewise, a kinship exponent of
4 would most commonly represent first-cousin pairs (1/2% =
1/16). Figure 2 presents the comparison between the pairs of
individuals in each kinship coefficient class for RA cases, and
the mean number of pairs in each kinship coefficient class aver-
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Fig. 1 Empirical kinship coethicient distribution of 4,000 sets of population subsamples. The x axis is the sum of kin-

ship coetticient of cach population subsample set; the i axis is the corresponding frequency.

aged across all 4,000 population subsamples. This comparison
shows that the kinship coefficients of RA cases are higher than
that of population subsamples in all classes.

We also investigated the rate of inbreeding in the popula-
tion. Among the 22,862 individuals, 38 individuals were inbred,
resulting from 22 consanguineous marriages. All occurred in
the single large pedigree of 15,560 individuals. None of the 38
inbred individuals had RA. These results are presented in Table
1. Among the 38 inbred individuals, 18 were male and 20 female.
Their ages fell between 2 and 40 years, and were distributed
quite evenly, suggesting that marriage patterns have not changed
substantially during the time this analysis encompasses. The
average inbreeding coefficient calculated on the total database
was 0.00009, and 0.00019 for the single large pedigree. Both
values were calculated under the assumption that all founders’
inbreeding coefficients were zero.

DISCUSSION

Our genealogic study of RA in the Pima showed that the
average kinship coefficient among all RA cases was three times
higher than that of subsamples from the entire population, a
difference significant at p << 0.001. This finding indicates that
RA in the Pima has a measurable familial component. This
familiality could be due to factors that are genetic, environ-
mental, or a combination of both. However, as shown in Fig-
ure 2, the kinship coefficients of RA cases were elevated over
that of matched population subsamples at all levels of bio-
logical relationship up to second cousin. Because familial aggre-
gation due to common environment usually occurs at the level
of first-degree relatives and is greatly diluted at more distant
biological relationships, it is unlikely that common environ-
ment could explain the observed level of familial aggregation
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in this population. Our results, therefore, support the hypoth-
esis of a genetic component in the development of RA in the
Pima Indians. This finding is consistent with many studies of
RA in other populations.”**" Past studies of the genetics of
RA came to different conclusions about the contribution of
major genes. RA has been proposed to be caused by a reces-
sive major gene,"! a dominant gene with incomplete pene-
trance,™ two genes,* and polygenes.* In any case, these studies
support the hypothesis that RA susceptibility has a complex
genetic basis. One common finding across many studies is that
HLA plays an important role in susceptibility to RA.**% A
recent genome-wide linkage study estimated that alleles at the
HLA locus account for at least one-third of the genetic com-
ponent of RA susceptibility.*

An earlier study of RA in the Pima'? failed to detect signif-
icant familial aggregation. However, this study used the sib-
pair method of Penrose*” as extended by Cotterman,*® which
is based on the comparison of observed and expected distrib-
utions of three kinds of sib-pairs; affected-affected, affected-
unaffected, and unaffected-unaffected under different genetic
hypotheses. In this way, all information beyond the nuclear
family was lost. However, there were many biological rela-
tionships beyond sib-pairs or simple nuclear families that were
available for analysis in this population, as detected by our
methods. Among 22,862 study individuals, 15,560 are linked
through either a biological or marital relationship into a sin-
gle large pedigree with seven generations. In addition, most of
the remaining individuals in the population can be linked into
large, multi-generational pedigrees as well. The current study
was conducted on the entire population and could detect all
possible biological relationships within the data. Also, com-
paring our results with those of the previous study limited to
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Fig. 2 Distribution of kinship exponent. Kinship coefticient is an integral power of 1/2; the power of 1/2 is termed the
kinship exponent. The x axis is the kinship exponent, whereas the y axis refers to number of pairs with the correspond-

ing kinship exponent. The following are some examples of kinship exponent:

Kinship exponent Relationship
2 Parent-offspring, sib-sib
3 Grandparent-grandchild, half-sibling, Uncle/Aunt-nephew/niece
4 First cousins
5 First cousins once removed, halt-first cousins
6 Second cousins
7 Second cousins once removed, half-second cousins

nuclear families, one may conclude that, in addition to HLA,
which appears to play an important role in RA, there may also
be a strong polygenic effect. For polygenic type of causation,
genetically distant relationships could contribute a relatively
important risk to the entire picture. Our study was not designed
to identify the specific gene(s) or even the inheritance model
for RA, however, but to apply an alternative approach to search-
ing for familial aggregation. These results may then pave the
way for further genetic studies in RA, including genome screen-
ing to identify RA-risk loci.

Because more than two-thirds of the population could be
linked into a single large pedigree, and the Pima are relatively
isolated genetically, one might expect that inbreeding in the
population would be high. Additionally, considering the pos-
tulated recessive factors in RA,* one might also expect signif-
icantly higher rates of consanguinity among the parents of RA
cases. Rather, our results showed that the average inbreeding
coefficient in the Pima was 0.00009 and 0.00019 for the entire
population and the single large pedigree, respectively. Both of
these estimates are no higher than the average reported in most
human populations.?” Our finding of low rates of inbreeding
in this population is consistent with the traditional prohibi-
tion against marrying close relatives, specifically second-cousins
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or closer, among the Pima.*® Our inbreeding estimate in the
Pima is dependent on the quality of reported marriage and
parentage data and the limitation to seven generations of data
availability. We identified no inbred RA cases, but this finding
may be due to the fact that the average age of an RA case was
56 years; therefore, many affected individuals may not have
had sufficient ancestor data available for inbreeding to be
detected. Thus, we may have underestimated the total inbreed-
ing in the population. However, similar situations have occurred
in other populations where estimates of inbreeding were com-
puted*® and relationships more remote than third cousins were
rarely included in the computation. Because the ability to detect
inbreeding is dependent on the pedigree depth, this may explain
why all inbred individuals were detected only in the large pedi-
gree, whereas other pedigrees may not have been large enough
to detect distant relationships.

Studies of complex diseases may be complicated by age and/or
sex-dependent penetrance, genetic heterogeneity, and gene-
environment interactions. Studies of the familiality of com-
mon diseases therefore may give false negative results when
they are underpowered, and in those cases the genealogical
methodology may give a more accurate result. The advantages
of using a genealogic approach to investigate complex disease
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include: (1) Use of the whole population as a unit and thus all
information available regarding biological relationships. In our
study, even though there are only relatively few cases of RA,
the genealogic method detected the presence of familial aggre-
gation; in a population like this with a few cases of complex
disease, other traditional genetic epidemiologic methods would
not have had enough power to detect tamilial aggregation. (2)
Minimization of ascertainment bias because the whole popu-
lation is surveyed, rather than ascertaining through affected
probands. Additionally, it can be highly advantageous to study
isolated populations in which there may be founder effects.**4!
A disease-causing mutation that is introduced by a few founders
into a population, and subsequently expands in relative isola-
tion, may be flanked by tightly linked markers that will be inher-
ited together. This characteristic can be exploited efficiently
using linkage disequilibrium techniques in gene mapping. The
high frequency of RA in the Pima, genetic characteristics of
the community, and the particularly high frequency of the RA
epitope (94% of the Pima carry the RA epitope, HLA Dr31*
1402'®) make this population a tempting target in which to
search for non-HLA RA-susceptibility loci that are hypothe-
sized to account for approximately one-half of the familial sus-
ceptibility to RA.**** Finally, the genealogic approach can
provide details about the level of inbreeding in the population.
This information may contribute to our understanding of the
genetic basis of the disease.

The creation of the Pima genealogy can be anticipated to
provide valuable information for the genetic studies of other
diseases in this population. More importantly, the concept of
defining the population, if it is relatively homogeneous and
isolated, as the unit in which to assess “familial aggregation”
has proved to be a powerful method for studying complex dis-
eases, especially when a study population is limited by a rela-
tively small number of cases.
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