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Patterns of Genetic Variation in Native America

DENNIS H. O'ROURKE,1 ANNE MOBARRY," AND BRIAN K. SUAREZ2

Abstract Allele frequencies from seven polymorphic red cell an-
tigen loci (ABO, Rh, MN, S, P, Duffy, and Diego) were examined
in 144 Native American populations. Mean genetic distances (Nei’s
D) and the fixation index Fsr are approximately equal for the North
and South American samples but arc reduced in the Central Amer-
ican geographic area. The relationship between genetic distance and
geographic distance differs markedly across geographic areas. The
correlation between geographic distance and genetic distance for the
North and Central American data is twice as large as that observed
for the South American samples. This geographic difference is con-
firmed in spatial autocorrelation analyses; no geographic structure
is apparent in the South American data but geographic structure is
prominent in North and Central American samples. These results
confirm earlier observations regarding differences between North and
South American gene frequency patterns.

Technological advances in two areas in the 1980s have provided new
tools for assessing genetic variability in human populations at a level of
resolution previously unattainable. Molecular biology restriction frag-
ment length polymorphisms (RFLPs) and DNA sequence data have pro-
duced new and important insights into human evolution [e.g., Cann et
al. (1987) and Di Rienzo and Wilson (1991)] and most recently have
begun to be used to examine the evolutionary dynamics and biological
history of Native American populations [e.g., Kidd et al. (1991), Wal-
lace (this issue), Ward et al. (1991), Paabo (1986), Paabo et al. (1988),
and Shearin et al. (1989)]. Simultaneous developments in computer tech-
nology, especially computer graphics, now permit visual display of com -
plex patterns of variation not obvious in traditional forms of statistical
analysis [e.g., Barnhill (1977, 1983), O’'Rourke et al. (1986), and Piazza
et al. (1981a)]. In conjunction with the new computer technologies, mul-
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tivariable and multivariate methods for analyzing spatial pattern in pop-
ulation data have also proved beneficial [e.g., Sokal and Oden (1978a,b),
Sokal and Wartenberg (1983), Sokal et al. (1986), Wartenberg (1985),
and Barbujani (1987)].

Despite the recent advances in molecular genetic methods and
markers, the most extensive genetic data on Native American popula-
tions for comparative purposes and for analysis by the newer analytical
techniques are the traditional markers, especially red cell antigens. Re-
cent summaries of variation in the highly polymorphic HLA loci (Black
1980, 1984, 1991; Black et al. 1983) and in the GM and KM systems
[e.g., Schanfield, (this issue)] are available and will not be dealt with
here.

Geography of Gene Frequencies

The earliest reports of gene frequency variation in Amerindian pop-
ulations are those of G.A. Matson and colleagues on the Blood, Black-
foot, Chilcotin, and other groups of Montana and Alberta, Canada (M at-
son and Schrader 1933; Matson et al. 1936; Matson 1938). Since then,
hundreds of reports of gene frequency variation in Amerindians of both
North and South America have appeared, including several interpretive
summaries (Spuhler 1979; Szathmary 1984; Salzano and Callegari-Jacques
1988; Black 1991; Barrantes et al. 1990; Crawford and Enciso 1982)
focusing on specific geographic regions or marker systems. This wealth
of genetic data, including the emerging data from RFLPs and DNA se-
guences, demonstrates the marked heterogeneity of Native American
populations.

In a series of earlier articles, we attempted (1) to define the geo-
graphic pattern of gene frequency variation in native North America
(Suarez, Crouse, and O’Rourke 1985; O'Rourke and Lichty 1989) and
South America (O’Rourke and Suarez 1985) and (2) to address some of
the hypotheses regarding evolutionary mechanisms that might have given
rise to the observed patterns (Suarez, O’'Rourke, and Crouse 1985;
O ’'Rourke et al. 1985). The method used to capture the geographic dis-
tribution of gene frequencies in these studies was that of synthetic gene
frequency maps (Menozzi et al. 1978; Piazza et al. 1981a; Suarez, Crouse,
and O 'Rourke 1985; O’'Rourke and Suarez 1985; O 'Rourke and Lichty
1989).

North America. In general, there are pronounced north-south clines
in red cell antigen frequencies in native North America [e.g., Suarez,
Crouse, and O 'Rourke (1985)]. For some loci this may be the result of
natural selection operating through mechanisms correlated with ecolog-
ical zones, as indicated by strong association with patterns of climatic
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variation (Piazza et al. 1981b; Ananthakrishnan and W alter 1972; O 'Rourke
et al. 1985), which also are characterized by latitudinal clines. For loci
that show no association with ecological or climatic factors such clinal
patterns must originate from other mechanisms, such as migration and
admixture.

Spuhler (1979) documented the correlation of North Amerindian
gene frequencies with language families, which might also impose a geo-
graphic pattern to the genetic variables. Recent work by Cavalli-Sforza
et al. (1988) on the role of language affinities relative to the evolution
of gene frequency patterns has occasioned considerable debate Le g-,
Bateman et al. (1990), Zegura et al. (1990), Nichols (1990), and Wiley
et al. (1990)]. Although not new, the study of the relationship between
linguistic variation and genetic diversity has seen renewed interest in
recent years.

Among all North American populations the Eskimo groups are clearly
genetically distinct from Amerind populations, principally through their
lower ABO*0 and higher ABO*A allele frequencies. This distinctiveness
is apparent in the visual patterning of synthetic gene frequency maps
(Suarez, Crouse, and O 'Rourke 1985; Menozzi et al. 1978) and in more
conventional forms of analysis and would seem to confirm the separate
and recent origin of Eskimo groups in the North American Arctic. Strong
clinal distributions for individual gene frequencies and principal com-
ponents of allele frequencies south of the Arctic were demonstrated through
spatial autocorrelation analysis (O 'Rourke and Lichty 1989).

The clear geographic (clinal) structure seen in gene frequency data
from northern North America is less clear in similar data on Central
American groups [see, e.g., Suarez, Crouse, and O 'Rourke (1985, Fig-
ures 2 and 3)J. In this regard the geographic patterning of gene frequency
data in Central America is intermediate between the patterns observed
for the North and South American continents taken individually.

South America. As is the case with North America, population ge-
netic studies of South America have a long and productive history. Three
reccnt works have attempted to summarize the patterns of genetic vari-
ation for the continent (Black 1991; Salzano and Callegari-Jacques 1988;
O ’Rourke and Suarez 1985). The results of these syntheses are not al-
together concordant. By constructing synthetic gene frequency maps from
red cell antigen frequencies, O 'Rourke and Suarez (1985) concluded that
there were no geographic trends in the South American gene frequency
data. Rather, they concluded that “the geography of gene frequencies in
South Amerindians seems to be irregular, nonpredictable and derived
principally from isolated populations drifting independently” (p. 24). In
contrast, Salzano and Callegari-Jacques (1988), using multiple regres-
sion methods and an expanded set of genetic markers, found significant
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north-south clines for some alleles. Similarly, O 'Rourke and Suarez (1985)
found no relationship between gene frequency distributions and local cli-
matic conditions, whereas Salzano and Callegari-Jacques (1988) reported
significant correlations between some gene frequencies and monthly tem-
perature range.

More recently, Black (1991) has argued for some geographic struc-
ture to allele frequencies of the HLA system in South Amerindian groups.
In this case he suggests that recent population history and linguistic af-
filiation are more important than generally accredited in previous anal-
yses of this type. Barrantes et al. (1990) also report geographic structure
in Central American gene frequency data and the important role of lin-
guistic diversity in this pattern.

These alternative inferences regarding the patterning of gene fre-
quency variation in South America indicate the complexity of South
Amerindian population genetics, emphasize the difference between North
and South America with respect to the geography of gene frequencies,
and suggest that additional analyses are warranted. The remainder of this
article focuses on a closer examination of the geographic patterning of
gene frequencies in Native American populations.

M ethods

The datacome from the seven red cell antigen loci used to construct
genetic maps in earlier publications (Suarez, Crouse, and O ’Rourke 1985;
O ’'Rourke and Suarez 1985). Inclusion of population samples in the anal-
ysis required sample sizes greater than 20 and reported frequencies for
at least 5 of the 7 systems examined (ABO, Rh, MN, S, P, Duffy, and
Diego). If there were missing data, geographic distances were calculated
between a population with a missing frequency and all other populations
and a distance weighted average was computed. This method assigns
greatest weight to geographically proximal populations and assumes little
contribution from distant ones. In the North American samples 29 pop-
ulations required the estimation of frequencies for a single system (Suarez,
Crouse, and O 'Rourke 1985), whereas in the South American samples
only 6 frequencies needed to be estimated (O 'Rourke and Suarez 1985).

For the present analyses 3 geographic areas are defined: North
America, with 44 populations (including 7 Eskimo samples); Central
America, with 30 groups; and South America, with 70 samples. The
geographic distinction between North America and Central America is
taken to be 22° north latitude. Figure 1 illustrates the geographic location
of the North and Central American samples, and Figure 2 gives the lo-
cation of the 70 South American populations.

Allele frequencies for the seven loci examined are used to compute
Nei’s (1985) genetic distance between all pairs of populations in each
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Figure 1. Geographic locations of 44 North American and 30 Central American populations
used in analysis.

of the three geographic regions. Nei’s genetic distance statistic is defined
as

D = Jxy! (IJxxJ kv)1l2) (1)

where JXy is the probability of randomly selecting an allele identical in
state from two separate populations (X and Y) and JXX and 3 vy are the
probabilities that two randomly sampled alleles from the same population
are identical. The genetic distances are related to the corresponding great
circle arc distances between samples by simple least-squares regression.

Spatial autocorrelation analysis was used to assess geographic
structure in the allele frequency data (Sokal and Oden 1978b; Sokal and
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Figure 2.  Geographic locations of 70 South American populations used in analysis..

W artenberg 1983; Sokal ct al. 1986). Moran’s 1, the measure of spatial
autocorrelation, is defined as

/= WifjZj/w 2 zj (2)

where n is the number of populations under analysis, W is the connec-
tivity matrix with elements w,, and the z terms represent the deviation
of the allele frequency of each population from the total population mean
for that frequency (CIliff and Ord 1981). Results of the autocorrelation
analyses arc presented as spatial correlograms with 12 distance classes.
The distance classes are equidistant and represent approximately 625 km
for each class.



Amerind Blood Group Patterns / 423

Table 1. Summary Statistics for Amerindian Genetic Data

North South Central
Statistic America America America
Number of populations 44 70 30
Mean genetic distance (Nei’s D) 0.055 0.062 0.029
Range 0.003-0.203 0.003-0.275 0.002-0.134
Fsr 0.0902 0.0906 0.0517
Correlation: Geographic vs. genetic
distance
Transformed data (squarc-root) 0.362 0.174 0.308
Untransformed data 0.331 0.127 0.319
Mantel permutation test
(untransformed data) 0.337" 0.128b 0.304c
a. p = 0.004.
b. p = 0.020.
c. p = 0.008.
Results

Genetic and Geographic Distances.  Summary statistics for the anal-
yses performed on the geographic and genetic distances are given in Ta-
ble 1. The qualitative comparison of genetic distances and fixation in-
dexes across the geographic areas is informative. Mean genetic distance
is slightly greater among the South American samples than among the
North American groups, indicating somewhat greater heterogeneity among
South Amerindians. Conversely, average genetic distances are notice-
ably smaller among the Central American samples. This pattern is also
reflected in the range of genetic distances by geographic area, where
South America has the greatest range of D values and Central America
has by far the most restricted range of genetic distances.

Similarly, the FST values show nearly the same pattern. Here, de-
gree of population differentiation appears to be nearly identical in North
and South America but reduced in Central America. This pattern is con-
cordant with that seen for genetic distances and is not unexpected, given
the smaller geographic area of Central America and the density of ob-
servations from this region.

The relationship between genetic and geographic distances between
pairs of North American populations is shown in Figure 3. Both axes of
Figure 3 have been transformed to the square-root of the original dis-
tances. This avoids clumping of points near the origin because of the
large number of population pairs that are geographically close and there-
fore have a relatively small genetic distance between them. The least-
squares regression line of the transformed variables is also shown in Fig-
ure 3. The visual impression of association between geographic and genetic
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Figure 3.  Scatter plot of square-root of geographic and genetic distances for North Amer-
indian populations. Solid line is fitted least-squares regression.

distance given by the distribution of points in Figure 3 is characterized
by a correlation of r = 0.362 on the transformed variables or r = 0.331
on the untransformed data (see Table 1).

In contrast, the relationship between geographic and genetic dis-
tance in South America is given in Figure 4. The points in the scatter
plot are more randomly distributed than those in Figure 3, and indeed
the least-squares regression line is nearly flat. The correlation defining
the relationship between the two distance measures among South Amer-
ican groups is r = 0.174 for the transformed data illustrated in Figure
4. Note that significance levels have not been assigned to the correlations
based on either the untransformed or the root-transformed data in Table
1. The number of pairwise comparisons far exceeds the available degrees
of freedom such that the requirement of independence of observations
is not met. Thus standard significance levels are not appropriate or
meaningful.

The Mantel permutation procedure (Mantel 1967), however, does
permit evaluation of such significance levels (Legendre and Fortin 1989),
and these are also provided in Table 1 for the untransformed distance
values. The correlations obtained from the Mantel procedure are between
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Figure 4.  Scatter plot of squarc-root of geographic and genetic distances for South Amer-
indian populations. Solid line is fitted least-squares regression.

the triangular genetic and geographic distance matrices. Note that the
relatively low correlation for the South American distances is statistically
significant at the a = 0.02 level; the correlation for the North American
matrices is larger and, despite the substantially smaller number of sam-
ples, statistically significant at the a = 0.004 level. Irrespective of the
significance levels, the magnitude of difference between the measures of
distance association in North America versus South America suggests
that substantial differences in genetic structure are present.

As noted earlier, synthetic gene frequency maps suggest that the
geographic distribution of gene frequencies in Central America differs
from geographic patterns to the north and shares some similarities with
the South American continent. Accordingly, 30 Central American pop-
ulations located south of 22° north latitude through Panama were ex-
amined. Results of the distance analysis on these groups are displayed
in Figure 5.

As illustrated in Figure 5, the relationship between geographic dis-
tance and genetic distance in Central America is intermediate between
the two major continental samples, although the Central American pat-
tern is more similar to the North American pattern. The correlation be-
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Figure S.  Scatter plot of square-root of geographic and genetic distances for Central Amer-
indian populations. Solid line is fitted least-squarcs regression.

tween the root-transformed geographic and genetic distances (r = 0.308)
for these Central American populations more nearly approximates the
value obtained in the North American samples than in the South Amer-
ican populations (Table 1). The Mantel permutation test on the Central
American data also indicates a significant association between genetics
and geography in these data.

' - i
Discussion

The results raise two issues regarding patterns of genetic variation
in Native America: (1) the minimal association between genetic and geo-
graphic distances among South Amerindian populations compared with
North and Central American groups and (2) the origin of disparate results
regarding gene frequency clines in South America by different investi-
gators. It is useful to consider these issues in reverse order.

In our earlier work (O’'Rourke and Suarez 1985) we found little
evidence for gene frequency clines in South American red cell antigen
frequencies. Conversely, Salzano and Callegari-Jacques (1988) report
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Figure 6.  Spatial correlograms for (A) RH*R1, (B) RH*R2, (C) Di* and (D) FY*A allele

frequencies observed in South Amerindian populations.

prominent clines for specific alleles on the continent. There are several
reasons for this discrepancy. First, Salzano and Callegari-Jacques used
a slightly expanded series of markers, and the strongest evidence for
clines in allele frequencies occur for those loci not included in our data
(e.g., Lewis and GC).
port clines for the RH*R1 and RH*R2 alleles of the RH system, for the
D uffy and,

tions, for the Diego locus.

Nevertheless, Salzano and Callegari-Jacques re-

locus, after pooling multiple samples from single popula-

Although we found evidence for clinal distributions for these vari-
ables in North America (Suarez, Crouse, and O ’'Rourke 1985; O 'Rourke
and Lichty 1989), neither synthetic gene frequency maps nor the ob-
served relationship between genetic and geographic distance (Figure 4
and Table 1) based on our data suggests similar patterns in South Amer-
ica. Figure 6 presents spatial correlograms for the two RH alleles and
alleles for Duffy and Diego over 12 equidistant distance classes.

As expected, the correlograms for the two RH alleles (Figures 6A ,B)
are similar. For RH*R1 Moran’s | is statistically significant at 6 distance

classes (1, 3, 5, 6, 10, and 11), whereas for RH*R2 only 5 values reach
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significance (1, 3, 5, 10, and 11). More important, the clinal pattern of
statistically significant positive values at short distances and monotoni-
cally decreasing values to large negative ones at greater distances is ab-
sent. Hence there is no evidence for clinal distribution of these alleles
in the sample populations.

The correlograms for the Duffy and Diego alleles (Figures 6C-D)
are equally interesting. Neither presents any evidence of clinal distri-
bution but, for Duffy in particular, the correlograms suggest extreme
heterogeneity of allele frequencies over geographic space. It is worth
noting that in Salzano and Callegari-Jacques’s (1988) multiple regression
analyses of allele frequencies on latitude and longitude, variation at the
Duffy locus was significantly associated with latitude when all samples
were included in the analysis but was significantly associated with lon-
gitude when multiple reports from the same group were pooled. Diego
frequencies were found to be significantly associated with longitude only
in the pooled sample analysis. This reversal of implied clinal direction
for the Duffy frequencies suggests caution in interpreting geographic pat-
tern from these analytical methods. Indeed, a constant problem of as-
sessing patterns of geographic variation in biological characters is the
spatial distribution of the samples (O’'Rourke and Lichty 1989). This is
particularly true of South American gene frequencies.

In South America reported frequencies for most markers form a
geographic C on the continent (see Figure 2). There is a relatively dense
series of samples across the equatorial north of the continent in the Am-
azon and Orinoco river basins, a similar grouping of samples running
north to south along the Andes, and, finally, a group of samples spanning
northern Argentina, Paraguay, and southern Brazil. For most marker sys-
tems, data outside this genetic arc are simply not available. Such non-
uniformity of sample distribution is not generally observed in North
American samples but can be an analytical problem when examining
South American data. Regression using latitude and/or longitude and
allele frequencies may be particularly susceptible to this distributional
anomaly. The nondirectional spatial autocorrelation method is one ap-
proach to circumvent the problem, and the results prove consistent with
inferences made from the surfaces generated in synthetic gene frequency
maps.

It should be noted that the geographic and spatial analyses pre-
sented here are also sensitive to sample distribution changes. For ex-
ample, if the North American and Central American groups are com-
bined into a single sample, as was done in earlier analyses [cf. Suarez,
Crouse, and O 'Rourke (1985) and O 'Rourke et al. (1985)], the observed
correlation between geographic and genetic distances is r = 0.50, a highly
statistically significant value. This is an increase of 50% over the ob-
served correlation between distance matrices in these samples treated
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separately (see Table 1). Moreover, similar analyses performed on a sub-
set of the South American groups for which local climatic data are avail-
able resulted in a correlation between geographic and genetic distances
of only r = 0.09, a nonsignificant value by the Mantel test. Although
the correlations varied widely in these analyses, as did the observed sig-
nificance levels, the basic inference remains the same: There is little
evidence for geographic structure in South Amerindian gene frequency
data. This is not true for corresponding data in North America.

In this context, the analyses presented here and those of Salzano
and Callegari-Jacques (1988) can be viewed as complementary rather
than conflicting. Salzano and Callegari-Jacques found some evidence for
geographic structure in specific allele frequencies, whereas we do not.
However, the sensitivity of these analyses to sample composition may
be the principal factor in this difference. Any investigation of patterns
of gene frequency variation over broad geographic areas must weigh the
importance of maximizing the number of samples versus the number of
markers. Salzano and Callegari-Jacques (1988) examined variation in a
larger series of genetic systems at the expense of number of populations
sampled, whereas we examined fewer marker loci in exchange for in-
creasing the number of population samples and hence the geographic
representation of the continent. It is important to note that Salzano and
Callegari-Jacques (1988) do not find widespread evidence of geographic
structure in their data. Rather, they observe geographic structure for only
a few select allele frequencies. Thus the basic inference of minimal geo-
graphic structure in allele frequency among South Amerindian groups
appears to be essentially concordant across different analytical approaches.

The demonstrated lack of correspondence between geographic and
genetic distances in the South American data is of considerable theoret-
ical interest and import. Population genetic theory predicts a decline in
genetic identity with increasing geographic distance (Wright 1943; Ma-
Iscot 1969). Such isolation by distance is not apparent in the South
American data, although it is apparent for the same allele frequencies in
North America and Central America. Why should such a situation obtain
in only one geographic region?

Several possible scenarios can be imagined. First, colonization of
the South American continent may be sufficiently recent that geographic
structure in gene frequencies simply has not had sufficient time to de-
velop, as it has in North America. This hypothesis has little to recom -
mend it because archeological data indicate an ancient presence on the
continent and there is no evidence of a more recent replacement migra-
tion. Second, migration among South American groups may be low such
that extreme differentiation occurs between adjacent groups and drift re-
sults in similarity between unrelated populations at great distances. Al-
though plausible and consistent with our earlier conclusion that on a con-



430 / O’ROURKE ET AL.

tinental scale South America appears to be a collection of populations
drifting independently (O’Rourke and Suarez 1985), this scenario is
problematic as well. There is little evidence that migration has been at-
tenuated among South Amerindians and considerable evidence that travel
along river systems has, in fact, enhanced communication between groups.
Indeed, it is surprising that comparatively recent protohistoric migrations
(e.g., the Quechua out of the Andean region and Tupi speakers in south-
eastern South America) have not resulted in detectable clines reflecting
those movements.

Nevertheless, isolation and resultant drift may be relevant to the
observed pattern. If the peopling of the New World is viewed as pro-
ceeding from north to south, the geographic constriction that is Central
America would have become relatively more densely populated early in
the southward migration of colonizing peoples. Such an increase in pop-
ulation in Central America may have resulted in a blockage to further
migrants entering South America from the north (R.H. Ward, personal
communication, 1991). Thus drift operating on those few small migrant
groups to South America before the blockage may have contributed to
the spatial heterogeneity observed in modern populations of South
Amerindians.

Recent evidence suggests that extreme genetic diversity between
lineages in founding populations may be expected (Ward et al. 1991).
The postulated small number of founders for Native America [e.g., W al-
lace and Torroni (this issue) and Schurr et al. (1990)] may be more ap-
propriate for the colonizers of South America than for the New World
in general [cf. Ward et al. (1991)]. This scenario of early Central Amer-
ican population density and subsequent differentiation coupled with the
linearity of the Central American landmass would be consistent with the
association among allele frequencies, geography, and linguistic affinity
among the Chibchan speakers reported by Barrantes et al. (1990). As
noted earlier, the degree of differentiation between populations is ap-
proximately equivalent throughout North America and South America
but slightly depressed for the Central American groups, as indicated by
the Fst values in Table 1. This is not particularly unexpected, given the
smaller geographic area of Central America, particularly in the context
of an early increase in population density.

One further character that may influence gene frequency patterns
must also be mentioned. A number of researchers have noted the rela-
tionship between genetic variation and linguistic affinity [Spuhler 1979;
Crawford and Enciso 1982; Salzano and Callegari-Jacques 1988; Cavalli-
Sforza et al. 1988; Black 1991; but see Black et al. (1983)]. Given the
tremendous linguistic diversity in native South America, the role of lan-
guage on gene frequency variation may be substantial. In a preliminary
analysis Mobarry (1991) found that discriminant function analysis of these
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South Amerindian gene frequencies results in nearly 85% of populations
being correctly classified by language family. Moreover, this high per-
centage of correct classification is not improved and is usually eroded
by inclusion of additional variables, such as geographic location or mea-
sures of local ecology [cf. O’Rourke and Suarez (1985)]. Such prelim-
inary results suggest a fair correspondence between gene frequency vari-
ation and language in these data.

Finally, it is worth noting that only red cell antigen frequencies
have been treated here. Geographic patterning in the GM, KM, or highly
polymorphic HLA systems might lead to alternative inferences. This em-
phasizes the genetic diversity in Native American populations, the com -
plexity of the evolutionary mechanisms that structure this variation, and
the need for increasingly detailed work to clarify the action of alternative
evolutionary scenarios. It is likely that the power of the emerging mo-
lecular markers for resolving questions of anthropological and evolu-
tionary interest will lead the way in resolving a number of long-standing
problems in this area. Identifying a common set of molecular markers
informative in Native American groups that can be assessed in all sam-
ples will hasten progress in understanding the evolutionary genetics of
Amerindian populations.
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