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The Genetic Structure of a Tribal Population, the Yanomama
Indians. XI. Gene Frequencies for 10 Blood Groups and the
ABH-Le Secretor Traits in the Yanomama and Their Neigh-
bors; The Uniqueness of the Tribe

R. H. Warp,! HENRY GERSHOWITZ,! MIGUEL LAYRISSE,?2 AND JaAMES V. NEEL!

Thus far in the current series of papers documenting the results of our studies of
the Yanomama, we have dealt primarily with microdifferentiation within the
Yanomama, as expressed in terms of genetic markers, anthropometrics, or dermato-
glyphics. However, the point has also been made that in comparison with 11 other
tribes of Central and South America, the Yanomama (with the Guaymi) tend to be
quite distinct genetically [1]. This fact, together with a number of cultural pecu-
liarities, suggests a considerable period of relative isolation from other Indian tribes
of Central and South America [2, 3]. Our interest in establishing this viewpoint is
motivated by the conviction that if this is in fact the case, then the Yanomama
provide unusual material for a variety of tests of genetic hypotheses.

In this paper we extend the earlier comparison of the Yanomama with other tribes.
We first present the results of typings for seven polymorphic blood group systems
(MNS, P, Rh, Duffy, Kidd, Diego, Lewis) and the H and Le secretor systems of
saliva on 1,541 Indians from five “neighboring” tribes of Venezuela and northern
Brazil (Yanomama, Makiritare, Macushi, Piaroa, and Wapishana). We also present
data on the results of resampling four villages, at intervals of 1-3 years, which afford
some insight into the reproducibility of gene frequency estimates for individual
villages. These data will be used to derive empirical estimates of error for the genetic
distance statistics used in previous studies.

The latter part of the paper is concerned with the genetic relationship of the
Yanomama to 19 other South American tribes. Five of the 20 tribes will be character-
ized by the data in this paper and the preceding publication [4], while the data for
the remaining 15 tribes has been abstracted from the literature. Four genetic sta-
tistics designed to explore the relationships and comparability of the Yanomama
to other South American tribal populations will be employed. These are of two
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types. On the one hand, we are concerned with genetic relationship as defined either
in terms of genetic distance or genetic identity. For these two analyses we will use
the measures of Cavalli-Sforza and Edwards [5] and Nei [6], respectively, and
derive an overall perspective of the total intertribal genetic relationships through the
construction of dendrograms. We will also investigate the relationships between the
geographical locations of the tribes and the deviations of the tribes from a multi-
variate genetic mean for all tribes, thus deriving contours of genetic relationship.
On the other hand, we are concerned with the evolutionary potential of the Yano-
mama compared to other tribal populations. This we shall investigate by measures
of genetic diversity, using both indices of “homozygosity” [6] and “information”
[7] for the purpose. The combined analyses will serve to characterize the Yano-
mama both with respect to other tribal populations and to their evolutionary poten-
tial.

MATERIALS AND METHODS
Populations

Blood samples were obtained from the inhabitants of 21 Yanomama villages, eight
Makiritare villages, two Macushi villages, one Piaroa, and one Wapishana village, all
not previously reported. The Yanomama constitute the largest tribe of the area, the
others being neighbors to their northwest (Piaroa and Makiritare) and to their northeast
(Macushi and Wapishana). The location of the villages and a description of their relation-
ships can be found in a preceding paper in this series [4]. Layrisse and Wilbert [8] have
summarized the results of previous typings of members of all five of these tribes; we will
not combine these prior data with the present because of the problem of overlapping data
sets.

Methods

The methods used were as previously described [9]. Most typings were performed on
fresh specimens, in Caracas and in Ann Arbor. However, blood samples received in Ann
Arbor in the summer of 1972 were immediately frozen in liquid nitrogen and not tested
until October. Tests on the following villages were performed on the frozen-thawed speci-
mens and done only once: 150, 15QR, 26C and 27A.

All samples were typed in duplicate (except for those described above) with the fol-
lowing reagents: anti-A, B (group O), M, N, S, s, P;, C, ¢, D, E, ¢, K, Fy®?, Jka, Le2, LeP,
and Di?. In addition, there were single typings on selected samples in Ann Arbor with
the following reagents: anti-U, Vw, Hu, Mu + Ht, Mg, Mv, P 4+ P,(Tj2), f, k, Kp?, Kpb,
Js?, Fy?, Di*, and Wr2, The anti-C reagent used was tested against selected R,R,
(CCDEE) and R,R, (CcDEE) blood samples to ensure the detection of C antigen and
to obviate the mistyping of R, phenotypes, a potential source of confusion in the typing of
Indian populations [10]. A total of 300 saliva samples were tested for the ABH-Le
secretor traits.

Gene frequencies have been calculated by a maximum-likelihood program (MAXLIK)
for the IBM 1130, which assumes Hardy-Weinberg equilibrium. Results for the Rh
system have been obtained assuming only four genes to be present, as discussed in
Gershowitz et al. [11].

RESULTS

In our previous publication of Yanomama gene frequency data, all specimens had
been subjected to duplicate typings in different laboratories, and any discrepancies
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resolved by repeat typings. Of the material included in this report, blood specimens
from 137 Yanomama and 160 non-Yanomama were typed only once (in Ann Arbor)
and from frozen specimens, at that. Estimates of the intralaboratory errors, for Ann
Arbor only, were available from one set of duplicate typings on fresh specimens and
another set of duplicate tests comparing the results of tests in fresh specimens to
the tests on frozen blood specimens from the same individuals. Both sets of tests
had been performed with anti-M, N, S, s (on S+ only), P, C, ¢, D, E, e, Fy?, Jk?,
and LeP. No discrepancies were detected among the 72 duplicates of fresh specimens
but the fresh versus frozen comparison yielded the following frequencies of errors:
s, 2.8%; e, 0.3%; Fy*, 0.7%; Jk?, 3.4%; and Le®, 0.3%. No discrepancies were
detected for the other reagents. The errors are sufficiently small and bidirectional
that inclusion of the singly typed blood specimens in the data will not unduly bias
the results. i

Phenotypes and genotype frequencies for the systems characterized by polymor-
phisms are presented for the Yanomama (tables 1 and 2) and for the Makiritare,
Piaroa, Macushi, and Wapishana (tables 3 and 4). Where less than 24 persons were
sampled from a village, the results are entered under “Miscellaneous.” Note that
for both the Yanomama and Makiritare, the tables give summary columns combin-
ing previously reported data with those presented here. Numbers given for previous
totals (both phenotype and gene frequencies) may not in all cases agree with the
specific totals to be found in the reports cited because when revisits were made to
some villages, old results were subtracted from the “previous” data column and the
total data available for the village presented with new data. Gene frequencies are
rounded to two or three significant figures, whichever was appropriate for the
sample size.

Some of the reagents yielded uniform results. With respect to specific blood group
systems, the number of individuals detected of each phenotype were as follows:

MN system: 38 U(+), 201 Vw(—), 264 Hu(—), 79 Mu -} Ht(—), 500
Mg(—), and 786 M"(—); only N(—) individuals were tested with anti-M".

P system: 247 P+ P;(+); only P; individuals were tested.

K system: 1,541 K(—); 79k(-}), Kp(a — b+4), Js(a—).

Wr system: 373 Wr(a—).

These findings confirm earlier results in the Yanomama [9] and Makiritare [11].

ABO. Only one non-O individual was detected in 1,541 tests on representatives of
all five tribes. He was type A; and a member of one of the Macushi villages. TheSe
results bear out the earlier evidence [9, 11] for lack of admixture of the Yanomama
and Makiritare with non-Indians and suggest little admixture for these villages of
the other three tribes as well.

RA. Since this is the largest series of blood samples from Indians to be tested for
the true frequency of the R gene (CDE) by tests with anti-f, it is of some impor-
tance to present details of the tests and results. Of the 381 Yanomama R;R,
(CcDEe) samples reported in the grand total (table 1), none of the 113 R;R,
samples from villages 03LMN, Q, RS, T, U, W, and X were tested with anti-f, nor
were 20 others scattered among several villages. Of the remaining 248 R;R; samples
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which were tested with anti-f, two were found to be f4 and so shown to be from
persons who were genotypically either R?/R% (CDE/cDe) or R*/r (CDE/cde).
(A previous report [9] cites one sample as positive to anti-f in village 03F in a
footnote to the table but incorrectly states in the text that three were f4. Subse-
quent retesting indicated that, in fact, only two f-} existed.) The only two pheno-
typically Ry (ccDee) individuals (¢De/cde or cDe/cDe) detected among the 3,416
persons tested were from the same village (03F) as the two R;Ref+ (cCDEef)
individuals, making it highly likely that, since Rh— Yanomama have never been
found, the true genotype of these R;R.f-} individuals was R*R® (CDE/cDe). In
view of our continuing failure to demonstrate the Rh— phenotype and the fact that
the four unusual phenotypes we have just described can be as well explained by the
presence of the R® (cDe) as the r (cde) gene, we conclude that 7 is not present in
the Yanomama.

Among the non-Yanomama R;R; samples (table 3), 319 were tested with anti-f;
only two Makiritare, from among the previously reported group [11], were positive
and thus are of genotype R*/R° or R?/r.

Duffy. Gene frequencies for the Duffy system have been presented in two forms.
Since all villages were tested with anti-Fy? and only some with anti-Fy® and since
almost all published Indian gene frequencies which might be used in distance esti-
mates have been based on tests with only anti-Fy?, tables 2 and 4 report Fy gene
frequencies on (1) the total material as determined from tests with anti-Fy® with
gene frequencies derived by the square-root method and (2) the subsample typed
with both antisera, and gene frequencies determined by the gene-counting method.

Diego. Limited numbers of samples have been tested with both anti-Di* and
anti-Di®: 126 Yanomama from villages 11F and 11HI [9]; 146 Makiritare from
villages 10G and 10H [11]; and 146 Piaroa from village 12ABC (present report).
Not one of the 418 Indian bloods was found to be negative to both reagents. All
other tests with anti-Di® were limited to specimens known to be Di(a-+). We had
previously noted the relative absence of D#* from the Yanomama and documented
that the presence of that gene in one Yanomama village (03X) is explained by
Makiritare admixture [12]. Again, in the present series the occurrence of D:? in a
single Yanomama village (15L) is explained by a known history of admixture [13].

H and Le systems. We have previously concluded that 15 instances wherein
Yanomama had been typed as H nonsecretors were probably the result of technical
error and suggested that the gene resulting in H nonsecretor (se) was absent from
the Yanomama [9]. The reasoning employed previously leads us to reject the
validity of 13 additional typings of H nonsecretors, which, given the distribution of
H and Le secretors and nonsecretors among all other persons tested, is a very
unlikely event (x%=29.9, 1 df). Among 1,821 Yanomama saliva samples tested,
the distribution of Le secretion among the 28 H nonsecretors is 24 Le nonsecretors
and four Le secretors, while among 1,793 H secretors, the distribution is 1,393 Le
secretors and 400 Le nonsecretors.

A more rigorous test of the basis for the nonrandom distribution of the H-Le
double nonsecretors can be performed by restricting the analysis only to those
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villages wherein the H nonsecretors were detected, on the theory that the nonsecretor
(se) gene does, in fact, exist in them. We exclude, however, 12 H nonsecretor indi-
viduals whose red cell type was Le(a—b-) and thus presumed to be the H secretors
and two H nonsecretors who were not blood typed. The distribution among the
eight villages is, then, as follows: among H secretors, there are 401 Le secretors and
73 Le nonsecretors; among H nonsecretors, there are one Le secretor and 13 Le
nonsecretors. The improbability of this distribution (x2 =56, 1 df) suggests that
the findings are due to technical error and leads us to the conclusion that the H non-
secretor gene (se) is absent from the Yanomama.

The low frequency of Le(a-4-) individuals among American Indians and Eskimos
(summarized by Salzano [14]) testifies to the generally high frequency of the H
secretor (Se) gene in American aboriginal populations. The total absence of the
Le(a+) red cell phenotype from the relatively uncontacted Yanomama, Makiritare,
Macushi, and Wapishana leads to the conclusion that the Se gene has been fixed
in these populations, thus confirming the conclusion which had already been
reached in the Yanomama and Makiritare from the corresponding phenotypes in
saliva.

ANALYSIS

IS THERE INTRATRIBAL HETEROGENEITY IN ALLELE DISPERSION ?

The genetic heterogeneity of the Yanomama villages may be measured by the
standardized variance 02/p(1 — p), the Fgr statistic of Wright [15]. In a previous
analysis of 37 Yanomama villages [16], while there was evidence for considerable
intervillage genetic heterogeneity, we found no evidence to suggest that any locus
was significantly different from the others in the degree of variability, as measured
by the Fgp statistic. In order to confirm this for the new total data set of the
Yanomama (all publications to date), we utilized Lewontin and Krakauer’s test of
the heterogeneity of observed Fgp values [17]. For the 47 Yanomama villages with
sample size over 30, we derived Fgr values for 17 alleles as follows: MS, .095; Ms,
.122; NS, .041; Ns, .111; R#, .071; RY, .067; R2, .081; R®, .063; P, .071; Fy*, .070;
Jka .072; Le?, .041; Di*, .078; Hp', .069; Gct, .066; PGM1, .038; PkA, .080;
mean, .073. The variance of these 17 Fgr values was not significantly greater than
that expected under the assumption that the underlying distribution of village gene
frequencies was binomial. If the underlying distribution of gene frequencies were
more dispersed than binomial (due to inclusion of related individuals in village
samples), then the test criterion used would be somewhat conservative. However,
considering the previous results of this type of analysis [16, 17], it is unlikely,
even if allowance could be made for this, that a demonstrably significant result
would obtain. Hence, as far as the Yanomama are concerned, we feel confident in
asserting that there is no evidence that differential selective forces are influencing
the dispersion of allelic frequencies at these 11 loci.

HOW GOOD IS THE REPRODUCIBILITY OF VILLAGE GENE FREQUENCY ESTIMATES,
AND WHAT ARE THE ERRORS OF ESTIMATE FOR GENETIC DISTANCES?

The applicability of specific gene frequency estimates to calculations such as
genetic distances will be limited by two sources of error: (1) typing errors and (2)
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sampling errors. The first source of error has usually been controlled by duplicate
typings in independent laboratories and appears to be insignificant in these studies.
The magnitude of the second source of error, sampling error, for the estimation of
village gene frequencies and the calculation of genetic distances was empirically
gauged by resampling four villages and comparing the results of the original samples
with the resampled situations. Three of the new samples (11F, 15], 15DEF) re-
sembled the original samples in that they contained 70%-85% of the total village
population, while the fourth sample (11LQ) comprised a much smaller fraction.
Comparison of the resulting gene frequencies (blood groups, table 5; other loci,
[4, table 6]) indicates that the sampling procedure of this project does not appre-
ciably distort the estimation of allelic frequencies. Of the 36 comparisons, only eight
differed by more than .05.

TABLE 5

CoMPARISON OF GENE FREQUENCIES OBTAINED FOR Srx POLYMORPHIC SYSTEMS
BY REPEAT Visits T0 FoUur VILLAGES

ViILLAGE 1 VILLAGE 2 VILLAGE 3 VILLAGE 4
SYSTEM AND Old* New Old* New Oud* New O1d* New
GENE 03E 11F 031 15J 03J 11LQ 08XY 1SDEF
MNSs
MS .. .05 .07 .06 .10 27 24 29 .28
Ms ..o, .50 .50 .66 .65 .62 .67 29 29
NS i .02 (4] .08 .10 .03 0 0 0
NS oeiiieiiinnn 43 43 .20 15 .08 .09 42 43
No. subjects ..... 60 50 50 48 62 27 120 98
P:
Pl 51 .51 .53 51 75 .67 .63 n
No. subjects ..... 59 50 50 49 62 27 120 98
Rh:
Rz . ... ... ..., .13 15 .14 17 .07 .07 0 0
R ... 75 .74 .85 83 .81 .82 92 .94
R2 .. ......cc..... .10 .10 0 0 12 11 .03 .03
RO . ... ... .02 .01 .01 0 0 0 .05 .04
No. subjects ..... 60 50 50 46 62 27 91 98
Duffy
Fya . eia... .67 .76 .61 .62 41 42 .53 .58
No. subjects ..... 60 50 50 49 11 27 120 98
Kidd:
Jka ..., 42 42 .38 .35 75 49 .54 .57
No. subjects ..... 59 50 50 49 62 27 120 98
Lewis:
Le .....covvvnnnn.. .59 .58 51 .55 .59 .53 .52 51
No. subjects ..... 59 50 50 49 59 27 120 98

. Gene frequencies taken from [9].
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However, sampling error does appear to exert a more profound effect at the level
of calculating genetic distances and in the subsequent estimation of phenetic re-
lationships. This is in part due to the sensitivity of the distance measure (the chord
approximation of Cavalli-Sforza and Edwards [18]) to gene frequency discrepancies
outside the range .05-.95 and partly to the accumulation of small differences among
many loci. Two distance matrices, one for the original set of villages and one for
the resampled set, were calculated from the 11 loci polymorphic in the Yanomama
(26 alleles) ; these are presented in table 6. The average difference in the corre-

TABLE 6

COMPARISON OF ORIGINAL GENETIC DISTANCES BETWEEN FOUR YANOMAMA VILLAGES
WITH GENETIC DISTANCES RESULTING FROM RESAMPLING

Village 1 2 3 4
1 iieiiinnnn e .309 .565 .389
2 i 416 . .563 479
K 432 419 . .530
4 i 403 523 440 e

Note.—Upper triangular matrix = genetic distance between original samples; lower triangular matrix = genetic
distance between resampled villages.

sponding entries is .089 units; the deviation of each comparison about the joint
mean was averaged over the six entries to give an “average standard deviation” of
.063 units. As this is approximately 14% of the overall mean distance of .456 units,
we shall assume that for our studies on the Yanomama the standard error that
should be attached to each pairwise distance as a consequence of sampling error
is of the order of 14% of that distance. This appears to be a more realistic estimate
of the magnitude of sampling error than an estimate of a standard error based on the
interlocus variability for each pairwise distance. This latter approach (which for the
original samples involved a standard error of .087 about a mean of .122 units and
for the repeat samples, .092 about a mean of .103 units) is essentially a measure of
the stochastic events influencing gene frequencies in these small demes and its
magnitude (80%-90% of the mean) an indication of the imprecision of single locus
estimates of genetic distance. We consider the effect of this and other errors on the
estimation of phenetic relationships in the discussion.

WHAT IS THE RELATIONSHIP OF THE YANOMAMA TO OTHER SOUTH AMERICAN
TRIBES, AND THESE TRIBES TO ONE ANOTHER?

We now turn to an analysis of the genetic relationships of the Yanomama to
other South American tribes utilizing all available genetic data. (In this instance
only six loci could be used due to the lack of extensive genetic typing of tribal pop-
ulations in South America.) In several previous publications we have commented
on the cultural, linguistic, and genetic differences between the Yanomama and other
adequately studied South American tribes [1, 2]. Now we investigate in greater
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detail whether the Yanomama form a genetic isolate, readily distinguishable from
other South American tribal populations. The 12 tribes previously studied were at
the time the only tribes that met the following criteria: (1) less than 5% admixture,
as determined by ABO typing; (2) data available for six genetic loci (Rh, MNSs,
Kidd, Duffy, Diego, and haptoglobin systems) ; and (3) adequate sample size (200).
However, only one of the 12-tribes (Pemon) was geographically close to the Yano-
mama. Thus the reported genetic isolation of the Yanomama may have been due in
part to an accident of sampling. Now we have gene frequency data for four addi-
tional tribes located in the same geographical area as the Yanomama (Macushi,
Makiritare, Piaroa, Wapishana). In addition, four more distant tribes may now
be included in an intertribal analysis, bringing the total to 20 tribes. These four
tribes are: (1) the Cashinahua, a Panoan speaking tribe of the eastern montafia of
Peru and Brazil [19, 20]; (2) the Cayapo, a Gé speaking group of the northern
Mato Grosso of Brazil [21, 22]; (3) the Trio; and (4) the Wajana. The latter
two are Carib-speaking tribes of Surinam and Brazil who share many elements of
language and culture [23]. The allelic frequencies for these last two tribes, as
determined by R. A. Geerdink and L. E. Nijenhuis, have been kindly communicated
to us by Dr. Geerdink.

The criteria for inclusion in the study are as before, except that both the Wapi-
shana (sample of 62) and the Macushi (sample of 187) fail to meet the criterion
of 200 typed individuals. Because of their close proximity to the Yanomama, the
temptation to include these preliminary results in the analysis was irresistible. How-
ever, since the genetic distance between villages of a single tribe may be as much as
85% of intertribal distances [24], the results concerning these two tribes may
subsequently become altered by more extensive sampling.

Measures of Relationskip

The genetic relationship of the Yanomama to the other 19 tribes is considered
with reference to two slightly different but conceptually related statistics—genetic
distance and genetic identity.

Genetic distance. Genetic distance between tribes is based on the statistic
originally proposed by Bhattacharyya [25], using the stereographic projection of
Edwards [26] to achieve a Euclidean measure. That is,

pp=3(1— 2 vz )/ (4 2 vawrm) (14 2 vawrm),

for a locus with K alleles. Distances are combined over loci by Pythagoras’s theorem.
We continue to use this type of distance representation rather than alternative
forms, both to ensure compatibility with our earlier results using the chord approxi-
mation and because alternative measures are not likely to yield any marked improve-
ments in the analysis of these data [27].

Genetic identity. This statistic, as developed by Nei [6], is conceptually related
to Malecot’s coefficient of kinship between individuals and measures the probability
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that alleles drawn at random from each of two populations are identical. If mating
is random and if selection is absent and mutations are unique nonrecurrent events,
the measure is analogous to Wright’s coefficient of relationship. For a pair of popu-
lations, the probability of identity for two alleles randomly chosen from one of the
populations is given by

K K
Ju= Z o, Ji= Z P,

k=1 k=1

The probability of identity for a pair of alleles that are drawn at random, one from
each population, is given by
K

Jy= Z Piibik.

k=1

The normalized identity of alleles at this locus for the two populations is defined
as I;j = J;/\/JuJj;. The average genetic identity between the two populations is
defined as I;; = J;;/\/J:J ;j, where J;;, J;;, and J;; are the respective arithmetic means
of the Jj;, J;;, and J;; for each locus. The statistic can also be used to compute the
average number of allele substitutions between the two populations by letting
D = —In I, where D represents the average number of allele substitutions [6].

Genetic Relationships of 20 Central and South American Tribes

In table 7 we present the pairwise genetic distances as the upper triangular
matrix and the normalized genetic identity between populations as the lower tri-
angular matrix. We first consider the results obtained for Nei’s measure of genetic
identity. For the 20 tribes analyzed, the average normalized genetic identity is
.948 with a range from 0.839 (Guaymi-Shipibo) to .991 (Cayapo-Trio). Thus at
one end of the scale, for the six loci in this analysis, the Cayapo and Trio have 99%
of their genomes in common and at the other the Guaymi and Shipibo have only
84% of their genomes in common. On the average, the proportion of genes that are
common to any pair of South American tribes is 95%. Since the results in table 7 are
obtained solely from six polymorphic loci, the actual figure for the whole genome
can be expected to be much higher. The Yanomama (and the Guaymi) display a
smaller degree of genetic affinity with other tribes than the average, the Yanomama
affinity values ranging from .854 (Makiritare) to .965 (Quechua), about a mean of
.925. However, the Yanomama do not differ significantly from the other 19 tribes
with respect to their degree of shared genetic identity: all mean tribal values fall
within 2 SD of the overall average value of .948.

Next we turn to a consideration of the stereographic genetic distances displayed
in the upper matrix of table 7. The average intertribal pairwise distance is .409; the
values ranging from .176 (Cayapo-Trio) to .712 (Guaymi-Shipibo). The Yano-
mama, who are the closest to the Guaymi (.406) and furthest from the Shipibo
(.695), have an average genetic distance from all other tribes of .526—a tribally
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specific average only exceeded by the average figure for the Guaymi (.567). The
results of the genetic distance analysis thus approximate the results of genetic
identity, although not exactly, as can be seen by comparing the upper and lower
triangular matrices of table 7. The result most germane to this study is that the
Yanomama (and the Guaymi) are noticeably distinct from the other tribal popula-
tions in terms of their genetic relationship, thus confirming a relationship noted
earlier [1].

Dendrograms as a Representation of These Relationships

The overall genetic relationships of the 20 tribes can be examined without
reference to geography by the construction of dendrograms. To this end, we display
two dendrograms derived from the matrices of pairwise genetic distances (fig. 1) and

UNITS OF GENETIC DISTANCE
o4 03 0.2 0.1 o 04 0.2 03 04

14.8M1

l':‘IG. 1.—Genetic network for 20 South American tribes drawn to scale on polar graph paper.
Units of genetic distance are measured along radii and are derived from the chord approximation
(see text).

genetic identity (fig. 2). Figure 1 is presented in such a way as to allow a ready com-
parison with the earlier trees for 12 South American tribes [1]. The initial procedure
for constructing this tree follows Cavalli-Sforza and Edwards [18], that is, construc-
tion of a set of pairwise genetic distances in Euclidean space using the ckord ap-
proximation and combining distances over loci by Pythagoras’s theorem. The
resulting matrix is very similar to the stereographic distances of the upper triangular
matrix of table 7. We use chord distances in this context to ensure maximum com-
parability with the earlier treatment [1]. An initial topology was then generated
by using an iterative hierarchical splitting technique [28]. However, once the best
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-
F16. 2—Dendrogram for 20 South American tribes derived by the median weighted centroid
agglomerative method (see text).
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“cluster tree” had been obtained by this technique, the minimum length configura-
tion was found for that topology only, without making any attempt to find topologies
with smaller lengths. The resulting topology, drawn to scale on polar coordinates, is
shown in figure 1. The most appropriate comparison is with figure 4a of Fitch and
Neel [1]. While comparison of trees containing different sets of elements will in-
evitably be difficult to evaluate [29], a comparison of our figure 1 and figure 4a of
Fitch and Neel [1] indicates that the addition of eight more tribes to the analysis
has done little to disrupt the pattern of intertribal genetic relationships originally
revealed by this method.

An alternative method of displaying the phenetic relationships of the 20 tribes.
utilizing genetic information, was used to construct the dendrogram in figure 2.
The dissimilarity coefficient used in this analysis is derived from the matrix of
genetic identities in table 7 by using the transformation D;; = — In /;;. The resulting
“gene substitution” distances were used to form a tree by an agglomerative cluster-
ing process using the “median” method of Lance and Williams [30] which tends to
conserve the original space. Hierarchic nonoverlapping clusters are produced in se-
quential fashion by joining clusters when the distance between their centroids is a
minimum. Merging branches are weighted equally regardless of the number of
populations they carry; hence populations joining at a higher level of clustering have
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greater weight than populations joining at a lower level. The unequal sample sizes
and nonrepresentative set of tribes in the analyses cause us to prefer this technique
rather than an unweighted technique [31].

The difference between the two topologies gives ample indication of the extent to
which the method of estimating phenetic relationships from a dissimilarity matrix
may influence the form of the result. Without any phylogenetic implication, we
briefly describe here the dendrogram in figure 2 and will take up the difference be-
tween these contrasting analyses in the discussion. The three tribes, Guaymi, Yano-
mama, and Yupa, that separate out of the highest level of clustering (lowest level of
linkage) can be interpreted as “independent” or isolated populations. The genetic
distinctiveness of the Yanomama and Guaymi is a recurrent theme of this paper,
while the Yupa, despite their Carib affiliations, appear to have had a long tradition
of isolation in the Sierra de Perija in northern Venezuela [8]. At the next level of
linkage the separation out of the Makiritare and Shipibo implies that both these
tribes appear to be rather distinct from their immediate geographic neighbors, al-
though not to the same extent as the Yanomama (see below). Whether this can
be attributed to a relatively high degree of isolation or other factors awaits the
acquisition of further data. The remaining 15 tribes are then separated into two
major groups, each of which, with one exception, consists of populations inhabiting
the same general geographic region. Five tribes associated with the Andean chain
(Cashinahua, Aymara, Jivaro, Cakchiquel, and Quechua), together with the Piaroa,
comprise the first group. The nine remaining tribes which, with the exception of the
Cayapa, inhabit the eastern “lowland” area of South America belong to Arawak,
Carib, and Gé linguistic stocks and might be expected to share genetic associations in
light of the extensive population movements in this area during the past millenium.
One interpretation of figure 2 is thus consistent with the bulk of information that
we have on this small sample of South American tribes.

Lack of Correspondence between Geographic Proximity and Genetic Relationship
to the Yanomama

Given that the Yanomama are genetically distinct from the other tribal popula-
tions, there are several ways in which this may have occurred. On the one hand, they
might have become genetically distinct in situ, surrounded by the tribes who
presently live there. In that case the Yanomama might be expected to show a closer
genetic relationship to their immediate tribal neighbors than with more distant
tribes. On the other hand, either the Yanomama or their tribal neighbors might be
relatively recent intruders into the region, in which case there will be little difference
between neighboring and distant tribes with respect to their genetic relationship to
the Yanomama.

In table 8, we have compared both the normalized genetic identity and stereo-
graphic genetic distance between the Yanomama and three groups of tribes: neigh-
boring, regional, and distant. Five tribes can be regarded as neighbors to the
Yanomama either because some degree of gene flow is known to have occurred
(Makiritare) or because it may potentially occur (Macushi, Pemon, Piaroa, Wapi-
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TABLE 8

GENETIC IDENTITY AND GENETIC DISTANCE BETWEEN THE YANOMAMA AND 19 OTHER
SouTH AMERICAN TRIBES GROUPED INTO THREE GEOGRAPHICAL CLASSES.

Neighboring Tribes Regional Tribes Distant Tribes
Normalized Genetic Identity (Mean .925)
Macushi .......... 951 Macushi .......... 951 Quechua .......... .965
Pemon ............ 942 Yupa ............. 944 Jivaro ............ 958
Wapishana ........ 914 Pemon ............ .942 Cayapa ........... .955
Piaroa ............ .898 Trio ....covvvnn... 925 Cakchiquel ........ .954
Makiritare ........ .854 Wapishana ........ 914 Guaymi .......... .945
Mean ........... 912 Wajana ........... 913 Cuna ............. .926
Piaroa ............ 898 Xavante .......... 924
Makiritare ........ 854 Cayapo ........... 921
Mean ....o....... 918 Cashinahua ....... 918
Aymara ........... 904
Shipibo ........... 864
Mean ........... .934
Stereographic Genetic Distance (Mean .526)
Macushi .......... 430 Yupa ............. 418 Guaymi .......... 406
Pemon ............ S Macushi .......... 430 Cakchiquel ........ 443
Wapishana ........ .538 Pemon ............ 511 Cuna ............. 456
Piaroa ............ .655 Trio .............. .516 Cayapa ........... 476
Makiritare ........ 666 Wapishana ........ 538 Quechua .......... 479
Mean ........... 560 Wajana ........... 555 Jivaro ............ .506
Piaroa ............ 655 Xavante .......... 532
Makiritare ........ 666 Cashinahua ....... .549
Mean ........... 538 Aymara .......... 554
Cayapo ........... 563
Shipibo ........... .695
Mean ........... 514

Note.—Tribes listed in order of decreasing genetic affinity from the Yanomama. Values from table 7.

shana). The eight regional tribes include the five neighboring tribes together with
the more distant Trio and Wajana (Carib tribes of Surinam) and the Yupa (a Carib
tribe of northern Venezuela). The 11 remaining tribes which are classed as distant
are, in order of geographic proximity to the Yanomama: Shipibo, Cashinahua,
Cayapa, Jivaro, and Quecha (all of northeastern South America); the Cuna and
Guaymi of Panama; the Cayapo of the Brazilian Mato Grosso; the Aymara of
Bolivia; the Xavante of the Brazilian Mato Grosso; and finally the Cakchiquel of

Guatemala.

Table 8 reveals that the mean genetic identity with the Yanomama is slightly
greater for the 11 distant tribes (93%) than for either the eight regional tribes
(92%) or the five neighboring tribes (91%). Similarly the average pairwise
genetic distance from the Yanomama is greater for both the neighboring tribes
(.560) and regional tribes (.538) than for the distant tribes (.515). Hence, at least
in terms of their genetic relationships, the Yanomama cannot be regarded as pos-
sessing any close affinity with the tribes with which they may be presumed to have
come in contact during the past 300-600 years.
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A closer analysis of the distribution of values among the three geographically de-
fined tribal groups reveals two points of interest.

1. The Makiritare, with whom the Yanomama appear to have had the most
extensive degree of recent contact—some amount of gene flow probably occurred
over 130 years ago [32] and has certainly occurred within the last 80 years [12,
33)—are the tribe with whom the Yanomama have the smallest amount of genetic
identity (85%). With a distance of .666 units, the Yanomama are also the most
distant tribe from the Makiritare (and only the Shipibo with a distance of .695 are
more distant from the Yanomama). Hence, despite the documented gene flow that
has occurred between these two neighboring tribes over several generations, the
tribal gene frequencies for these six loci have remained remarkably distinct.

2. The three tribes (Quechua, Jivaro, Cayapa) that display the greatest degree
of normalized genetic identity with the Yanomama (96%) are all located in the
same general region of northwestern South America (see fig. 3). A possible interpre-
tation is that the Yanomama may have originally migrated from that region.

Thus, there is no evidence that the Yanomama and their current tribal neighbors
evolved together in situ, with the Yanomama becoming progressively isolated. In-
stead it appears that the Yanomama have had rather different origins than the other
tribes of the Guyana shield. Which of the two groups, the Yanomama or their
neighbors, is the more recent intruder into the area is a question that awaits the
acquisition of cultural and archaeological rather than genetic data. However, in
view of the large-scale movements of both Arawak and Carib groups in the immediate
pre-Columbian period, a case can be made for considering the Yanomama as the
more autochthonous population. Their intrusion into Carib tribal areas during the
past century might then be properly considered a consequence of population ex-
pansion rather than immigration from a different area.

Geographic Location and Distribution of Genetic Distance

In the context of this paper it would be of interest to represent the information
contained in the matrix of genetic distances in a manner that took into account the
geographical location of each tribe. One method would be to plot two of the major
eigenvectors and compare the congruence of the resulting genetic map with the real
geographic locations. Alternatively, the distance of each tribe from the weighted
mean of all the tribes can be substituted for the vector, that value assigned to the
geographic location of the tribe, and the resulting distribution of values analyzed.
We have chosen the latter method since it avoids the somewhat arbitrary choice of
eigenvectors and because we wish to see if the total set of genetic relationships can
be manipulated into a regular geographic pattern.

For each tribe, the root mean square (RMS) distance to the centroid of the
hyperspace (defined as the vector of unweighted mean gene frequencies) was cal-
culated using the stereographic approximation. This yields a single value for each
tribe (table 9). This value was then assigned to the geographic location of that tribe,
and the existence of a geographic pattern was gauged by drawing contour lines
around these points (figure 3). The contour lines have been drawn to incorporate
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F1c. 3.—Geographic location of the 20 South American tribes and contours indicating deviation
from the tribal average or centroid. The units of deviation are measured in the stereographic
approximation for genetic distance (see text).

the major continental outline into the design, with the lowest contour (surrounding
tribes 2, 5, 18) starting at .205 units and incrementing at intervals of .030 units
thereafter. Where necessary in the interests of clarity, obvious liberties have been
taken with the geography of the situation. The contours have also been smoothed by
hand to give the impression of a uniform topography resulting from the scatter of 20
spot heights. Inspection of this rendition of the matrix of genetic distances reveals
two points of interest with respect to the geographical structure inherent in table 7.
1. A general tendency for the genetic distance of a tribe from the centroid to be
correlated with its geographic distance from a central “corridor” running from
Meso-America to the Mato Grosso of Brazil. This is in part due to the assumption of
a common center in the middle of the continent—hence the “corridor” uniting
the Cakchiquel of Guatemala with the Cayapo and Xavante of the Mato Grosso. It
is also partly due to the limited number of data points since incorporation of ad-
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TABLE 9

GENETIC DisTANCE OF EACH TRIBE FROM TRIBAL AVERAGE (RMS STEREOGRAPHIC DISTANCE)
AND MEASURES OF GENETIC DIVERSITY FOR 20 SOUTH AMERICAN TRIBES

Distance MEASURE OF DIVERSITY
FROM
CENTROID
TRIBE (RMS) Homozygosity Information
Aymara ................ 277 .594 0.941
Cakchiquel ............. 177 .556 1.035
Cashinahua ............. 376 .553 1.009
Cayapa .......ocovvunnn. 297 591 0.903
Cayapo ......ovvvvuennn. 178 514 1.102
Cuna .......ccoivevennnn 241 .590 0.983
Guaymi ............... 450 645 0.830
Jivaro ........iiiiian.. 315 556 1.003
Makiritare .............. 282 524 1.091
Macushi ................ 215 564 0.981
Pemon ................. .306 .548 1.026
Piaroa .................. .369 562 0.952
Quechua ................ .263 .583 0.953
Shipibo ................ .339 483 1.193
Trio ....covvvinneinn.. 223 524 1.105
Wapishana .............. 243 513 1.116
Wajana ................ 262 528 1.109
Xavante ................ 204 .503 1.127
Yanomama ............. 438 .632 0.858
Yupa .................. 296 553 1.033

Note.—See text for definitions.

ditional tribes into the analysis could well cause a significant alteration from the
regular pattern displayed here.

2. The Yanomama are the only tribe that does not fit readily into the regular
pattern of contours and which must be displayed as a graphic salient in the even
flow of contours around the continent. This striking departure of the Yanomama
from the general pattern of relationships uniting the other tribes is yet one more
indication of their genetic distribution as an independent population.

We emphasize the provisional nature of this representation. Twenty points is in-
adequate to define a relationship of this complexity with any assurance! That such
a regularity may exist is presented as a hypothesis to be tested in further work. There
will obviously be future modifications in the contour lines. For example, no effort
has been made to project below the twenty-fifth parallel because there are no data
available.

HOW DOES THE RELATIVE GENETIC DIVERSITY OF THE YANOMAMA
COMPARE WITH THAT OF OTHER TRIBES?

In attempting to assess the evolutionary potential of populations in terms of
their genetic attributes, some measure of genetic diversity seems most relevant. If
measures of genetic diversity are devised so that an increase in the number of alleles,
K, and the approach of allelic frequencies to 1/K both cause an increase in the
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measure, then a population with mean gene frequencies giving a high value can be
considered to have a greater evolutionary potential than a population with a low
value—at least in respect to the overall degree of fixation—irrespective of whether
selection pressures or stochastic events are of prime importance. As the Yanomama
are distinct from other South American tribes in terms of their genetic relationships,
it becomes germane to investigate whether they are equally distinctive in terms of
genetic diversity and, if so, whether they are appreciably more or less diverse than
the average tribe. To measure genetic diversity we employ two statistics as follows.

Index of Genetic Homozygosity

This measure, which indicates the approach to fixation of a population, is derived
for a single locus with K alleles as follows:

K
J= Zp;ﬁ.

k=1

The values are averaged for all loci to give a single measure indicative of the average
genetic diversity contained within the population [6].

Index of Genetic Information

This latter measure, the Shannon-Weaver measure of information, is defined as

K
H=— Z Pk lngpk.

k=1

Given its use in ecology as a measure of community diversity, it is also a suitable
measure for genetic diversity [7].

In table 9 we present the results of these two measures for the 20 tribes. Inspec-
tion reveals that the average homozygosity based on the six polymorphic loci ranges
from .483 (Shipibo) to .645 (Guaymi), with a mean of .555. The Yanomama,
with a value of .632, are considerably more homozygous than the other tribes and
are, with the Guaymi, outliers in the distribution of homozygosity values. The index
of genetic information indicates the same trend with respect to genetic diversity.
The Shipibo, with a value of 1.193, represent the tribe with the greatest level of
genetic diversity while the Guaymi are least diverse with a value of 0.830. The
Yanomama value of 0.858 falls rather close to the Guaymi value and well below the
tribal average of 1.017.

This range in diversity values between tribes is somewhat greater than that found
between Bushman and urban colored populations in southern Africa [34]. Whether
this apparent difference reflects a real biological distinction between the populations
of these two continents or whether it is a function of the smaller number of poly-
morphic loci selected for our study is an intriguing question awaiting the acqui-
sition of further data. However, relative to the other South American tribes, both
measures employed in this study identify the Yanomama (along with the Guaymi)
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as possessing appreciably less genetic diversity than the tribal average. This greater
degree of “homozygosity” for the Yanomama implies a relatively long period of iso-
lation for the tribe with reduced opportunity for intertribal gene flow, in cor-
roboration of the results of the analyses of genetic relationship.

DiscussioN

Although many points have been raised by the data in this paper, we will limit
the discussion to the two which bear on tribal evolution.

Essential Isolation of the Yanomama from Other Indian Tribes for a Considerable
Period of Time

We have previously suggested [2] on the basis of cultural [35, 36], linguistic
[13], and genetic data [1] that the Yanomama must be viewed as having been in
relative isolation, for a considerable period of time, from all other Indian tribes
adequately studied to date. The results of this study serve to strengthen that con-
clusion. The Yanomama (along with the Guaymi) are strikingly distinct from the
other 18 tribes as measured by Genetic Distance or Nei’s Measure of Genetic Iden-
tity. They also display considerably less genetic diversity, whether measured by an
Index of Genetic Homozygosity or an Index of Genetic Information. It is of obvious
interest to attempt to estimate the period of time in which these differences have
arisen. An upper limit to the length of time the Yanomama could have been sepa-
rated from the other tribes of South America, on the assumption that the ancestors
of all tribes entered South America within a reasonably brief time span, is given by
the oldest radiocarbon dates from human habitation sites in northern South America,
10,000-20,000 B.p. [37]. Another approach, which in theory provides an indepen-
dent estimate of the point of divergence from all tribes, utilizes glottochronology.
Here the data are both scanty and conflicting. Spielman et al. [3] estimate that
the most different Yanomama sublanguages have been differentiating for a period of
600-1,200 years. Comparison of other languages with that of the Yanomama yields
ambiguous information. The most similar language is Shipibo with 26% cognates
yielding a time depth of 1,600-3,300 years. Yet this tribe is the most distinct
genetically from the Yanomama; it is uncertain which of the pieces of evidence
is most reliable. The other language comparisons yield estimates of 4,000-5,000
years. An extension of the glottochronological data is another target for future
research. If the present preliminary findings are sustained, they suggest that the
isolation of the Yanomama may extend back into the last 30% of the Indians’ time
in South America.

Biological Relationships of Central and South American Tribes with One Another

So far we have analyzed the genetic relationships of the 20 tribes in the phenetic
sense only. We now wish to consider the possible historical interpretations that might
be placed on these descriptions of the extant genetic relationships of these tribal
populations. Inspection of the two dendrograms in figures 1 and 2 indicates that
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neither is very satisfactory when viewed as a phylogeny. Three lines of reasoning
present themselves.

1. Methods estimating phylogenetic relationships are based on the assumption of
a continuous and monotonic distribution of genetic relationships over time. Major
population units may be sufficiently large and isolated for these assumptions to
hold, while tribal village populations which do violate the assumptions may have
split sufficiently frequently without subsequent fusion for a phylogenetic interpreta-
tion of the dendrograms to hold [30, 38]. Tribal populations which may have under-
gone both extensive fissioning and extensive fusions may very well not be amenable
to such phylogenetic interpretations.

2. Unrelated tribes may be “forced’” into associations by the analysis simply
because this rather small sample of tribes does not permit the alternative solutions
that might obtain if considerably more tribes were in the analysis.

3. Representation of the phenetic relationship between populations by a dendro-
gram is only one estimate (albeit one which satisfies some optimality criteria), and
radically different topologies with quite different phylogenetic interpretations may
be only slightly suboptimal in terms of the criterion used. Since the precise recon-
struction of a set of genetic relationships is, like any other approach, fallible, strategic
considerations suggest inspecting some arbitrary fraction of the best dendrograms
to see which fits best with the other available information. An approach which may
have much in its favor as more data become available is to limit the dendrogram type
of analysis to the number of tribes permitting a convenient examination of all pos-
sible relationships. Representations based on different types of biological data
(anthropometrics, genetic markers) can first be searched for the several that fit the
biological evidence best, and then these examined in the light of linguistic and
cultural data. By working with overlapping sets one can gradually construct the
most consistent total picture.

Earlier we demonstrated the effect of sampling error on the estimation of genetic
relationships between Yanomama villages. This in turn leads to some distortions in
the estimation of intervillage phenetic relationships (e.g., principal components,
dendrograms, etc.) as evidenced by table 6, where the differences in ranking for the
corresponding entries for each set of samples resulted in somewhat different esti-
mates of phenetic relationships. While we hesitate to generalize from such a small
set of repeat observations, the sampling error may be sufficiently large that the
estimated relationships between Yanomama villages should be interpreted with
some caution, especially where villages are represented by proportionally small
samples. In this connection, we remind the reader that there are a variety of other
sources of error in estimating relationships from such characteristics as blood types,
anthropometrics, or dermatoglyphics [39]. Nevertheless, it is also apparent that
for some sets of villages the phenetic (and descent) relationships do appear to be
adequately estimated [33, 38, 39]; whether this results from a serendipitous choice
of populations together with robust estimation procedures is a question that warrants
further study. To the extent that tribal populations are likely to be even more
cursorily sampled and characterized by unrepresentative gene frequencies than are
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Yanomama villages, the distortions of phenetic (and descent) relationships will be
exacerbated. We conclude that realistic estimates of relationships between tribal
populations are extremely dependent on the existence of an extensive body of
representative biological data for each tribe.

The isocline type of representation should be viewed as a supplement rather than
a substitute for other approaches. It will not lead to unambiguous interpretations.
Thus, when one views these isoclines with no regard to the topography of South
America, two very different interpretations come to mind. One interpretation is
that the overall distribution of gene frequencies in these tribal populations is simply
due to the average effects of migration and relative isolation over a long period of
time. Hence tribes in the center of the distribution will tend to receive more migrants
and accordingly deviate less from the overall mean. This interpretation suggests that
the initial patterns of gene frequency distributions due to such factors as coloniza-
tion and the fission-fusion process eventually become obliterated.

The second interpretation is that these patterns are relics of the original pattern
of colonization of South America. If so, three alternative colonization patterns can
be postulated. One envisions a primary migratory thrust around the northern foot-
hills of the Andes, in Colombia, with increasing diversification as man moved out
from this corridor. Another sees the original intruders as splitting into two streams in
Colombia, one following the Atlantic and the other the Pacific Coast, with recon-
stitution of the “original” gene pool when offshoots of these two streams met in
central South America. Both of these explanations overlook the barrier to migra-
tion created by the Andes: the Aymara, Cayapa, and Quechua tribes are west of
the Andes. The third pattern, and the one we favor, visualizes the peopling of
South America in three streams, two following the coasts and one directed centrally.
There then ensued a process of intertribal exchange, most extensive in the central
region of South America, which most nearly erased the results of this diversification
in central South America. No matter which of these explanations proves correct, the
Yanomama stand as an enigma. The present data are so scanty that any further
speculation seems premature. There are at least another 20 tribes in South America
which can be brought into the context of both of the types of analysis which have
been pursued. Hopefully, the finer delineation they will permit, together with lin-
guistic and cultural data, will lead to an improved understanding of human evolu-
tion in South America and, by example, elsewhere.

SUMMARY

In this paper we present the results of blood group typings for a total of 33 vil-
lages distributed among five South American Indian tribes—Yanomama (21 vil-
lages), Makiritare (eight villages), Macushi (two villages), Piaroa (one village), and
Wapishana (one village). These new results for the Yanomama and Makiritare
tribes have been combined with those previously reported to allow a better apprecia-
tion of the distribution of allelic frequencies in the tribes.

The relationship of the Yanomama to other South American Indian tribes is in-
vestigated using data on six polymorphic loci (Rh, MNS, Fy, Jk, Di, Hp). By use
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of four genetic measures (two of genetic relationship and two of genetic diversity),
we demonstrate that the Yanomama are genetically unique among a sample of 20
South American tribes. In addition, the Yanomama show somewhat less genetic
diversity for the six loci analyzed than the average South American tribe. Taken
together, these results indicate a rather long period of isolation for the population
antecedent to the Yanomama—perhaps since the time of entry of man into the
South American continent. The pattern of genetic relationships and genetic diver-
sity for the 20 tribes is consistent with the hypothesis that evolution in South
America proceeded by a process of fission-fusion leading to isolation of subpopula-
tions with subsequent genetic differentiation as a consequence of population isola-
tion. The uniqueness of the Yanomama appears to stem entirely from such a process,
there being no evidence of any selective differential for the loci analyzed.
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