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     Between fi ve and ten thousand years ago, humans domesti-
cated virtually all major crop species currently used in modern 
agriculture. During this process, cultivated plants underwent 
domestication bottlenecks ( Tanksley and McCouch , 1997  ) that 
generally reduced their gene diversity relative to their wild an-
cestors. After domestication, cultivated plants spread from 
their center of origin with the spread of agriculture and agricul-
tural societies. For example, maize ( Zea mays  L. subsp.  mays ) 
was fi rst domesticated in southern Mexico from teosinte 
( Z. mays  L. subsp.  parviglumis ) between 6000 – 10 000 years 
ago ( Matsuoka et al., 2002 ), but then spread to North America 
and South America. During this expansion, maize became 
adapted to diverse climates and soil types such as the deserts of 
the southwestern United States and the high elevations of the 
Andes mountains. Plant morphology also diversifi ed greatly 
during this process. For example, ear shape varies from grenade 
shaped in much of the Andean maize to long and slender in 
races from the northern United States. 

 During the spread of maize cultivation, different maize lin-
eages acquired distinct genetic and morphological characteris-
tics. Sets of plants sharing particular characteristics have been 
classifi ed into races. Members of a race have pronounced simi-
larities not only in morphological phenotype and geographical 
distribution, but also in genetic, cytological, physiological, and 
agronomic characteristics (Wellhausen et al., 1952; McClin-
tock et al., 1981). A race has been locally sown year after year, 

and its diversity has been dynamically maintained by local 
farmers. With the occurrence of modern agriculture, new vari-
eties have been introduced, often originating from crosses 
among elite inbred lines. These new varieties as a group usually 
contain less genetic diversity but also have higher yields; thus, 
they have replaced old local races in some places (S á nchez G. 
et al., 2000a). As a result of this encroachment, diversity that 
was previously dynamically maintained by traditional farming 
methods could be lost, possibly impairing the future develop-
ment and improvement of the domesticated plant. 

 A global analysis of maize race genetic diversity is a fi rst step 
to understand its organization and how its geographical distribu-
tion has been shaped during maize domestication and dissemina-
tion. Initial work on the genetic relationships between races was 
based upon chromosomal knob morphology (McClintock et al., 
1981). However, knobs are associated with meiotic drive ( Buckler 
et al., 1999 ) and thus may have undergone convergent selection. 
Isozyme markers were employed in subsequent studies, usually 
focusing on a particular country or area (e.g.,  Doebley 
et al., 1985, 1986 ;  Bretting et al., 1990 ; S á nchez G. et al., 2000a, 
2006). A global analysis of isozyme diversity at 23 genetic loci 
in 1080 accessions from more than 300 races of maize from the 
Americas was conducted by S á nchez G. et al. (2000b). In this 
study, focusing on genetic diversity rather than on phylogenetic 
relationships and dispersal history, allelic diversity was concen-
trated in Mesoamerica, and expected heterozygosity was lowest 
within northern fl int and Andean races. 

 In addition to studies with isozymes, several studies of 
maize races have been carried out at the DNA level. In their 
microsatellite-based study of the origin of maize,  Matsuoka et 
al. (2002)  examined a broad sample of 193 race accessions 
covering its entire pre-Columbian distribution and developed 
a scenario for the spread of maize through the Americas. Mic-
rosatellite markers have also been used in a fi ne-scale study of 
the genetic structure of maize races in the Valley of Oaxaca, 
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more of the populations. The method employs a Markov chain Monte Carlo 
algorithm to estimate the allele frequencies in each of the  K  populations and, for 
each individual, the proportion of its genome derived from each population 
( q K  ). We assumed that all loci were independent and in linkage equilibrium, and 
we did not use any prior information about the origin of each plant. We rou-
tinely employed 1 000 000 iterations for estimation after a burn-in period of 
30 000 iterations. We set Alphapropsd, the standard deviation of the distribu-
tion from which proposals for the admixture proportion are drawn, at 0.50 to 
allow better mixing. At least fi ve independent runs were assessed each time for 
each fi xed number of clusters greater than one. For this analysis, we employed 
only loci with less than 10% missing data (84 loci). The run with the maximum 
likelihood was used to assign plants to clusters. We also calculated  Δ  K  for each 
value of  K  (except for the maximum  K  tested), according to  Evanno et al. 
(2005) . We attributed a plant to a given cluster when the proportion of its ge-
nome in the cluster ( q K  ) was higher than an arbitrary cutoff value of 80%, the 
same threshold employed in previous studies ( Liu et al., 2003 ;  Fukunaga et al., 
2005 ). After the fi rst analysis including all plants, additional Structure analyses 
were performed to detect possible substructure within each of the main clusters 
detected. In this case, because of the narrower genetic base within a cluster, 
allele frequencies were allowed to be correlated among the subclusters. Al-
though differentiation between subclusters within a cluster as quantifi ed by  F  ST  
was low (between 2.9 and 5.3%, see Results), the large number of loci employed 

Mexico ( Pressoir and Berthaud, 2004a ) and in a study of Mex-
ican races ( Reif et al., 2006 ). Both microsatellite ( Lia et al., 
2007 ) and DNA sequence ( Freitas et al., 2003 ;  Jaenicke-
Depr é s et al., 2003 ) data have been employed in studies of 
maize archeological specimens. Finally, microsatellite allele 
frequencies were analyzed in bulk DNA samples from each of 
144 maize race accessions from throughout the Americas, 
with the primary purposes of controlling for genetic structure 
in an association analysis of the  dwarf8  gene ( Camus-Kulan-
daivelu et al., 2006 ) and elucidating the origin of European 
maize races ( Dubreuil et al., 2006 ). 

 However, a comprehensive analysis of the maize races of the 
Americas at the DNA level is still missing. To provide such an 
analysis, we have supplemented the maize race portion of the 
data set of  Matsuoka et al. (2002)  by adding genotypes for 752 
additional accessions for a common set of 96 microsatellite 
loci. This new, combined data set, consisting of genotypes for 
964 plants from 945 accessions, covers almost all known races 
of maize in the Americas. Our aim is to provide a complete 
picture of the organization of maize race genetic diversity in the 
Americas to further elucidate the historical, pre-Columbian, 
spread of maize throughout this region. In addition, we seek to 
characterize the extent and patterns of more recent, post-Co-
lumbian, translocations of race germplasm. 

 MATERIALS AND METHODS 

 Plant materials and SSR loci —   To the maize race portion of the data set of 
 Matsuoka et al. (2002) , we added 771 additional maize plants from 752 addi-
tional accessions. Hence, the full maize race data set analyzed here encom-
passed 964 individual maize plants from 945 different accessions, chosen to 
cover the pre-Columbian range of maize. These 945 different accessions cor-
respond to 310 different races, race cultivars, or tribes. The sampled accessions 
encompass almost all of the approximately 350 described races in the Ameri-
cas, originating from geographic locations ranging from the south of Chile to 
Canada and from the Andean mountains to the Caribbean islands ( Fig. 1 ). How-
ever, corn belt dents were not included in this study because they are more re-
cent in origin. The 310 races were each represented by between one and 14 
sampled accessions. In turn, 926 of the 945 accessions were represented by 
DNA from a single plant, with the remaining 19 accessions represented by two 
plants. In addition, fi ve  Z. mays  subsp.  parviglumis  plants from the Balsas River 
Basin, where maize domestication is thought to have occurred ( Matsuoka et al., 
2002 ), were included to serve as an outgroup in the phylogenetic analyses (de-
scribed later). Passport data for all plants, with descriptions of the main collec-
tions that were the ultimate sources of the studied germplasm, are available in 
Appendix S1 (see Supplemental Data with the online version of this article). 

 We used 96 microsatellite or simple sequence repeat (SSR) loci in this 
study, distributed throughout the genome (http://www.maizegdb.org/ssr.php). 
Genotyping was performed at Celera AgGen (Davis, California, USA). The 
genotyping methods were as previously published ( Matsuoka et al., 2002 ). We 
used the same set of SSRs as in  Matsuoka et al. (2002) , except for three mark-
ers (bnlg1288, bnlg1931 and phi096) that were excluded because they had 
 > 15% missing data in the full data set. The list of SSRs employed, their repeat 
type and maize chromosomal bin location are provided in Appendix S2 (see 
Supplemental Data with the online version of this article). The primer se-
quences are available at the website MaizeGDB (http://www.maizegdb.org/ssr.
php). The full data set analyzed here is available online from the website at 
http://www.panzea.org/data_sets.html. The overall rate of missing data in this 
data set is 5.2%. 

 Analysis of genetic relatedness between accessions —   Model-based clus-
tering —   For the analysis of population structure and detection of hybrids, we 
used the program Structure 2.1, which implements a Bayesian, model-based 
clustering algorithm ( Pritchard et al., 2000 ). In this analysis, genotyped indi-
viduals are allocated to a predetermined number of populations ( K ) in a manner 
that minimizes Hardy – Weinberg and linkage disequilibrium within each popu-
lation; individuals are also allowed to be products of admixture between two or 

 Fig. 1.   Geographical distribution of the comprehensive set of maize 
( Zea mays  subsp.  mays ) race accessions analyzed in this study. The color 
scheme matches that of the phylogeny in  Fig. 4A . The distinction between 
Andean accessions (blue) in Columbia from northern South American ac-
cessions (green) in that country was based upon elevation (cutoff: 1750 m 
a.s.l.). Similarly, a 1100 m a.s.l. cutoff distinguished Andean accessions in 
western Bolivia and western Argentina from those of lowland Middle 
South America (brown). Forty-seven accessions (representing 48 of the 
964 maize plants sampled) lacked latitudinal and longitudinal coordinates 
and are not shown on the map.   
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implemented in PowerMarker ( Liu and Muse,  2005  ). The analysis was per-
formed for sample sizes varying from 10 to 300, with one run per sample size. 
We also determined the minimum number of plants needed to capture 50% and 
80% of the total number of sampled alleles. Twenty independent runs were 
performed to assess the minimum sample size and to determine which acces-
sions should be included to reach the 50% and 80% targets. 

 RESULTS 

 Structure analysis   —      In the Structure analysis for all 964 sam-
pled plants, the number of clusters ( K ) was varied from one to 
six, with 10 replicate runs performed for all  K  values except  K  = 1, 
where only one run was performed (because only one outcome is 
possible in this case). The highest likelihood was obtained when 
 K  was set to four. Beyond  K  = 4, the likelihood decreased slightly 
and then stayed constant ( Fig. 2 ). Hence, there was no diffi culty 
determining the  K  value with the maximum likelihood ( K  = 4). 
However, using the method of  Evanno et al. (2005) , maximal  Δ  K  
occurred at  K  = 2 ( Fig. 2 ), with the next largest peak at  K  = 4. At 
 K  = 2, maize races were divided into Andean vs. non-Andean 
races. Because the large Andean group is one of the most diver-
gent (see phlyogenetic results) and we are also interested in the 
natural groupings of maize races from outside of the Andes, we 
selected the  K  value with the maximal likelihood ( K  = 4) over 
that with maximal  Δ  K  ( K  = 2). Furthermore, the large number of 
loci employed in this analysis, leading to fi rm rejection of the null 
hypothesis of no structure, seems to cause  Δ  K  to be artifactually 
maximal at  K  = 2 (discussed more later). 

 With the arbitrary cutoff value of 80% ancestry for assign-
ment, 544 plants (56%) were attributed to one of the four clus-
ters: 235 plants to an Andean cluster, 187 plants to a tropical 
lowland cluster, 87 plants to a highland Mexican cluster and 35 
plants to a northern United States (US) cluster. The average al-
titudes of the accessions assigned to the four clusters are 2200 m, 
570 m, 1850 m, and 330 m a.s.l., respectively. A geographical 
representation of the Structure results ( Fig. 3 ) highlights the 
geographical basis of the four detected clusters. 

 A large number of plants (420) appeared to have ancestry 
from more than one cluster, having  q K   values of less than 80% 
for all four clusters. These mixed-ancestry plants included 35 of 
the 38 plants from southwestern US accessions (races from Ari-
zona and New Mexico). The vast majority (32) of the 38 south-
western US plants appeared to have roughly equal mixtures of 
highland Mexican and northern US ancestry ( q K   between 25% 
and 75% for both clusters), with very little or no ancestry in the 
other two clusters ( q K    <  15%). Furthermore, varieties of the 
southeastern United States (undersampled in this study) tended 
to have mixed northern US (northern fl int) and tropical lowland 
ancestry ( q K   between 30% and 70% for both clusters). Regions 
of apparent mixed-ancestry are clearly visible on the map in 
 Fig. 3 : the mixed highland Mexican and northern US ancestry 
of the southwestern US races can be seen by comparing  Fig. 3A 
and 3D , while the mixed tropical lowland and northern US an-
cestry of the southeastern US races can be seen by comparing 
 Fig. 3B and 3D . Moreover, plotting the Structure results on 
these maps allowed us to confi rm that germplasm from some 
races has been translocated: there is evidence of northern US 
ancestry in some races of Chile and Argentina ( Fig. 3D ). Ac-
cessions from the Chilean and Argentinean races Dulce Golden 
Bantam, Dulce Evergreen, Cristalino Norte ñ o, and Cateto Su-
lino Precoce were assigned to the North American cluster. 
Translocation of northern US germplasm to Chile was previ-
ously documented (Timothy et al., 1961). 

in this analysis (84 loci) should allow the detection of subtly differing subclus-
ters, if they do exist. 

  Phylogenetic analysis  —     A phylogenetic tree of individual plants was con-
structed based on the natural log transformation of the proportion of shared al-
leles distance (lnPSAD), calculated using the program PowerMarker ( Liu and 
Muse, 2005 ). The phylogenetic tree was constructed using the neighbor joining 
algorithm implemented in the computer program PHYLIP ( Felsenstein, 2005 ); 
this algorithm was used because of its high computational speed, a necessity in 
light of the large number of plants studied. A second phylogenetic tree was also 
constructed to show the relationships among the subclusters of plants identifi ed 
by Structure, based upon a matrix of Nei ’ s genetic distance ( Nei, 1972 ) be-
tween subclusters, calculated by PHYLIP. This second dendrogram was con-
structed using the FITCH algorithm in PHYLIP, which provides a more 
accurate representation of the distance matrix at the cost of slower computa-
tional speed relative to neighbor joining ( Felsenstein, 2005 ); because there 
were a limited number of subclusters, computational speed was not a limitation 
in this case. Nei ’ s genetic distance was employed instead of lnPSAD for this 
second dendrogram because it is a more appropriate measure of the divergence 
of populations (as opposed to the dissimilarity of individuals). Bootstrap sup-
port for this second tree was determined by resampling loci 1000 times. Both 
dendrograms were formatted and colored with the aid of the program TreeDyn 
( Chevenet et al., 2006 ). 

 Map construction  —    To illustrate the Structure results, we created geograph-
ical maps using the programs ArcView and ArcView Spatial Analyst (ESRI). 
Separate maps were constructed for each main cluster identifi ed by Structure. 
Spatial analyses were performed on the basis of a grid consisting of 50  ×  50 km 
cells; this chosen cell size was a compromise between fi neness of resolution 
and computational burden. First, for each cell containing one or more sampled 
plants, the  q K   estimates of the plants were averaged. The cell average was then 
projected onto a circle having the cell midpoint as its center and a radius of 
500 km. This radius was chosen because it fi lled in the main maize growing 
areas nicely, without the resulting maps appearing too coarse. Final projected 
cell values were then recalculated as averages of all of the circles within which 
each cell midpoint fell. 

 Genetic diversity analysis   —     The genetic diversity parameters number of al-
leles (i.e., allelic richness), frequency of the most frequent allele, and gene diver-
sity were compared among the main clusters identifi ed by Structure, using only 
those plants that were assigned to each cluster. To compare the number of alleles 
and the frequency of the most frequent allele among groups (clusters) of differ-
ent sizes, we used a rarefaction method similar to that of  Petit et al. (1998) . For 
clusters other than the smallest cluster, the average number of alleles (or the 
frequency of the most frequent allele) for each locus in each cluster was calcu-
lated as the mean of a thousand resamplings at the smallest cluster sample size 
(i.e., the number of plants assigned to the smallest cluster). Because gene diver-
sity (i.e., expected heterozygosity) is far less sensitive to sample size ( Petit et al., 
1998 ), rarefaction was not used for this statistic. Diversity measures (number of 
alleles and frequency of the most frequent allele after rarefaction and  “ raw ”  gene 
diversity) were then compared between each pair of groups using a Wilcoxon 
signed-rank test, with diversity measures for the two groups paired across loci; 
this test was carried out with the software SYSTAT (Cranes Software Interna-
tional, San Jose, California, USA). Analysis of molecular variance (AMOVA; 
 Excoffi er et al., 1992 ;  Excoffi er, 2007 ) was performed using the program Arle-
quin ( Excoffi er et al., 2005 ); statistical signifi cance of each variance component 
was assessed based upon 10c000 permutations of the data. 

 Mantel tests  —    Mantel tests ( Smouse et al., 1986 ) were performed comparing 
the matrix of genetic distance (lnPSAD) between individual plants with three 
other matrices. The fi rst was a matrix of geographical distances calculated from 
latitude and longitude of each sampled accession (where available). The second 
was a matrix of differences of altitude between accessions. Finally, a matrix 
based upon race names was constructed by assigning a value of zero if two plants 
had the exact same race name or one otherwise. All possible pairwise combina-
tions of matrices not involving the genetic distance matrix were also tested. For 
each pair of matrices, the statistical signifi cance of their correlation was deter-
mined from 1000 permutations of the rows and columns of one of the matrices. 

 Core sets   —     To fi nd the optimal,  “ core set ”  of individuals of a given sample 
size that capture a maximal number of alleles, we used a line selection algo-
rithm based upon simulated annealing that is described in  Liu et al. (2003)  and 
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SSR loci and thus had much lower power to reject  K  = 1. Hence, 
they likely do not apply to this study. 

 Phylogenetic analysis   —      The phylogenetic analysis based 
upon individual plants ( Fig. 4A ) resulted in a cogent scenario 
for maize race evolution. Races from Mexico are basal, being 
most closely related to the outgroup,  Z. mays  subsp.  parviglu-
mis . Furthermore, the tree clearly indicates that southwestern 
US races (from Arizona and New Mexico) were derived from 
Mexican races and that northern US races were in turn derived 
from the southwestern US races. Also, the dendrogram indicates 
that maize expanded into northern South America from Central 
America, then into the Caribbean from northern South America, 
most likely via Trinidad and Tobago. Most accessions from the 
Yucatan Peninsula grouped in the Mexican clade, rather than in 
the northern South American or Caribbean clades (results not 
shown); hence, the possibility that maize was fi rst brought to the 
Caribbean from Yucatan does not seem to be supported by the 
tree. Races of the Andes appear to have been derived from those 

 Substructure analysis   —      The results from the substructure 
analysis, allocating races within each of the four major clusters 
into subclusters, are provided in Appendix S3 (see Supplemen-
tal Data with the online version of this article). Notably, the  Δ  K  
method of  Evanno et al. (2005)   always  favored  K  = 2, just as in 
the main structure analysis in which all sample plants were in-
cluded (described earlier). This was in contrast to the maximal 
likelihood, which had a distinct peak in each analysis for a spe-
cifi c  K  greater than two. Maximal  Δ  K  at  K  = 2 hence appears to 
be an artifact resulting from markedly low likelihoods for  K  = 1 
in all cases. The large number of loci we employed in these 
analyses (84 loci) seems to have provided tremendous power to 
reject the null hypothesis of no structure within either the entire 
set of studied plants or within each main cluster. Hence the like-
lihoods for  K  = 1 were always extremely low relative to those 
for other values of  K . Because the Evanno method focuses ex-
clusively on the change in slope, this caused  Δ  K  to be artifi -
cially maximal at  K  = 2 in all cases. The simulations upon which 
the  Evanno et al. (2005)  method is based employed only 5 or 10 

 Fig. 2.   Plots of (A) the log likelihood, and (B)  Δ  K , from the Structure analysis of the full set of sampled plants. For the log likelihood plots, only the 
maximum log likelihood from among the ten replicate runs performed at each  K  is plotted (except for  K  = 1, where only one run was performed).   

 Fig. 3.   Geographical representation of maize race ancestral composition estimated by the program Structure. A map is shown for each of the four main 
clusters detected, on which with the percentage of ancestry in that cluster ( q ) is plotted: (A) highland Mexican, (B) tropical lowland, (C) Andean, and (D) 
northern US.   
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 It would appear from the individual-based tree that races of 
the southeastern United States are predominantly middle South 
American in ancestry; however, this is most likely an artifact 
resulting from post-Columbian translocation of southeastern 
US germplasm to Brazil and its subsequent introgression into 
Brazilian material (discussed later). Two southeastern US ac-
cessions are better classifi ed as northern fl int, and three north-
ern US accessions appear to be better classifi ed as southeastern 
US; beyond this, however, northern fl int ancestry in races of the 
southeastern US is not apparent from the tree (in contrast to the 
Structure results — discussed later). 

 Although an initial, a priori attempt was made to subdivide 
races from Mexico and Guatemala into seven separate geographi-
cal and altitudinal subgroups (consisting of Guatemalan highlands, 
Guatemalan lowlands, central Mexican highlands, northern Mexi-
can highlands, lowland northwest Mexico, lowland northeast 
Mexico, and the Yucatan Peninsula), these subgroups did not re-
solve into separate clades in this dendrogram. Hence, Mexican 
and Guatemalan races are colored the same (cyan) in  Fig. 4A , and 
this individual-based tree was not informative with regard to the 
precise geographical location within Mexico where the initial do-
mestication and diversifi cation of maize took place. However, this 
question has already been addressed by  Matsuoka et al. (2002) , 
using a much larger sample of teosinte accessions (and a more 
focused sample of maize races). Although  Dubreuil et al. (2006)  
were able to resolve two groups of Mexican races with SSRs — the 
Mexican pyramidal and northern groups previously resolved with 
isozymes (S á nchez G. et al., 2000a) — their SSR results indicated 
that they are weakly distinguished at the DNA level. 

of northern South America, and races of lowland middle South 
America (Bolivia, Argentina, Paraguay, and Uruguay), in turn, 
appear to have been derived from those of the Andes. 

 Several post-Columbian translocations of maize races are 
apparent on the individual-based tree ( Fig. 4A ). The races of 
central Chile, though geographically isolated ( Fig. 1 ), appear 
from the individual-based tree to have diverse origins: two 
separate Chilean clades descended from Andes material and, 
as found in the Structure analysis, most of the remaining 
Chilean accessions appear to have descended from material 
translocated from the northern United States. These long dis-
tance translocations most likely occurred after European 
colonization. The two accessions of the Columbian race Maiz 
Dulce both grouped with the Caribbean material, and hence 
possibly represent a translocation from the Caribbean to the 
Andes region. Similarly, other Andean races that grouped 
near the Caribbean material in the northern South American 
clade often include Cubano in their name, which verifi es that 
they do indeed represent translocations. Cuban maize is 
thought to have been spread widely by agricultural extension 
agents before World War II (D. H. Timothy, North Carolina 
State University, personal communication). Some Mexican 
Yucatan and Middle South American accessions also grouped 
with the northern South American/Caribbean clade; it is 
probable that once all of the maize race regions were estab-
lished, germplasm exchange began to occur at zones of sec-
ondary contact (e.g., between Middle South America and 
northern South American, and between the Yucatan Penin-
sula and the Caribbean). 

 Fig. 4.   Phylogenies of maize races. (A) Individual plant neighbor joining dendrogram based upon the log-transformed proportion of shared alleles 
between individuals, colored according to the geographical origin of each accession, using the color scheme in  Fig. 1 . (B) The same dendrogram as in A, 
but recolored according to the four main race clusters identifi ed by the program Structure, with individuals of mixed ancestry in gray. (C) FITCH dendro-
gram showing the evolutionary relationships among the 18 subclusters identifi ed by Structure, based upon  Nei ’ s (1972)  genetic distance between subclus-
ters. Races from the southwestern United States were also included as an additional taxon. Clades with greater than 85% bootstrap support are indicated. 
Both dendrograms were rooted with a teosinte outgroup consisting of fi ve  Zea mays  subsp.  parviglumis  plants (black).   
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S3.1 in online Appendix S3 in Supplemental Data). The re-
mainder of the accessions in the middle South American clade 
in  Fig. 4A  were classifi ed by Structure as having mixed Andean 
and tropical lowland ancestry (and hence are gray in  Fig. 4B ). 
Together, the phylogenetic and Structure results indicate that 
the middle South American region is a zone of secondary 
contact between Andes material from the west and tropical 
lowland/northern South America material that arrived via 
the Brazilian coast. Phylogenetic analysis alone is ill suited 
to uncovering the reticulate pattern of evolution expected to 
result from this type of introgression pattern, because in a 
bifurcating dendrogram, the admixed material will often appear 
to have been derived from one or the other source population, 
but not both. In such cases, Structure analysis is comple-
mentary. 

 Comparison of phylogenetic and Structure results   —      To fa-
cilitate comparison of the results of the individual-based phylo-
genetic analysis with those of the Structure analysis, the 
individual-based tree presented in  Fig. 4A  was recolored to re-
fl ect the four main clusters found by Structure, with individuals 
of apparent mixed ancestry being colored gray ( Fig. 4B ). The 
two analyses agreed in most respects and provided comple-
mentary information where they differed. The main difference 
was that some of the Middle South American accessions, brown 
in  Fig. 4A , were classifi ed with the tropical lowland cluster by 
Structure and hence are green in  Fig. 4B . All these middle 
South American accessions were placed in the Brazilian sub-
cluster of the tropical lowlands by Structure: this particular 
green clade in  Fig. 4B  is composed of 21 of the 24 accessions 
in the Brazilian subcluster in the substructure analysis (Table 

 Fig. 4.   Continued. 
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ever, their relative concordance on a wide range of maize acces-
sions, most of which are represented here by single-plant 
samples is remarkable. Furthermore, the two analyses do fully 
concur with respect to placement of the southwestern US races. 
The intermediate phylogenetic position of the southwestern 
races between the Mexican and northern fl int races is concor-
dant with their classifi cation by Structure as admixed highland 
Mexican and northern fl int. 

 To further place the Structure results into an evolutionary 
context, we constructed a FITCH tree based on Nei ’ s genetic 
distance between the subclusters discerned by Structure ( Fig. 
4C ; the results of the subclustering analysis upon which the 
dendrogram in  Fig. 4C  is based are presented in online supple-
mentary Appendix S3). Accessions from the southwestern US 
were included as an additional taxon on this second dendro-
gram to further test if races from the northern US directly de-
scended from those in the southwestern US. This FITCH tree 
clearly indicates that the southwestern races are intermediary 
between the highland Mexican and northern US races, with 
100% bootstrap support of the grouping of the southwestern US 
races with the northern US races. Furthermore, the subclusters 
grouped together into main clusters in exactly the manner ex-
pected from the Structure results, with strong bootstrap support 
in most cases. The scenario in which the tropical lowland races 
descended from the lowland races of Mexico, while races of the 
Andes in turn descended from those of the tropical lowlands 
was again supported. Although the dendrogram suggests that 
tropical lowland maize and highland Mexican maize descended 
from a common ancestor, this ancestral maize is clearly more 
similar to highland Mexican maize than tropical lowland maize. 
Likewise, Andean maize appears to have descended from an 
ancestral population that is quite similar to current tropical low-
land maize. Founder effects upon the formation of the south-
western US, northern US, and Andes groups are evident as long 
branches on this tree and are associated with somewhat reduced 
genetic diversity (discussed later). 

 Diversity analysis between clusters   —      Based on the 96 loci, 
the average gene diversity for the entire sample of 964 plants 
was 0.83. In total, 3752 alleles, or an average of 39 alleles per 
locus, were detected. To understand how diversity during maize 
diversifi cation has evolved, we compared gene diversity and 
allelic richness between the four different main clusters identi-
fi ed in the Structure analysis ( Table 1 ), using the Wilcoxon 
signed-rank test. 

 Gene diversity and number of alleles   —      The gene diversity of 
the highland Mexican cluster was slightly higher than that of the 
tropical lowland cluster ( Table 1 ), but the difference was not sig-
nifi cant (  P   = 0.31). In contrast, the gene diversity of the Andean 
cluster was lower than that of both the tropical lowland 
(  P    <  0.001) and highland Mexican (  P    <  0.001) clusters. Simi-
larly, the gene diversity of the northern US cluster was lower 
than that of both the highland Mexican (  P    <  0.001) and tropical 
lowland (  P    <  0.001) clusters but not signifi cantly different from 
that of the Andean cluster (  P   = 0.28). A similar trend was observed 
for the average number of alleles per locus (after rarefaction). 
Allelic richness was highest in the highland Mexican cluster 
followed by the tropical lowland cluster, but was not signifi -
cantly different between these two ( P  = 0.17). Allelic richness 
of the Andean cluster was lower that that of both the highland 
Mexican (  P   < 0.001) and tropical lowland (  P    <  0.001) clusters, 
but higher than that of the northern US cluster (  P   = 0.005). 

 Complementary information was also provided by the Struc-
ture results and the individual-based phylogenetic analysis in 
regard to the ancestry of races of the southeastern U.S and sub-
sequent translocation of some of that material. Although most 
accessions of the southeastern US races (except for two) were 
placed within the middle South American clade in the individ-
ual-based phylogeny, the Structure results indicated that these 
same accessions are comprised of mixed tropical lowland and 
northern fl int ancestry. When the Structure results and the phy-
logenetic results are considered together along with historical 
information on the history of southeastern US and Brazilian 
maize races, the following scenario emerges. Southeastern US 
races were initially formed as a mixture of northern fl int and 
tropical lowland genetic material, with the tropical lowland 
material most likely coming from lowland Mexico or the Ca-
ribbean ( Brown and Anderson, 1948 ;  Doebley et al., 1988 ; 
 Goodman and Brown, 1988 ). Subsequently, after the Civil 
War, southeastern US maize races were brought to Brazil by 
immigrants from the southern US ( Brieger et al., 1958 ;  Pater-
niani and Goodman, 1978 ; S á nchez G. et al., 2007), and were 
then introgressed into preexisting Brazilian germplasm, thus 
explaining the seemingly anomalous affi nity of southern US 
races with Brazilian and middle South American material in 
the individual-based dendrogram ( Fig. 4A ). The limitations of 
bifurcating dendrograms for describing hybridization and ad-
mixture (reticulate evolution) and our very limited sample of 
southeastern US accessions probably contributed to this appar-
ent anomaly. Hence, it would be interesting to revisit the his-
tory of southeastern US races and their relationship with 
northern fl int, tropical lowland, and Brazilian germplasm in a 
future study with a more comprehensive sampling of south-
eastern US accessions (to the extent that existing germplasm 
collections allow). Notably, middle South American acces-
sions that fell  within  the southeastern US clade in the individ-
ual-based dendrogram (brown taxa within the predominantly 
yellow clade in  Fig. 4A ) belonged to the races Canario de Ocho 
(from Argentina), Dente Branco Riograndense (from Brazil) 
and Hickory King (from Brazil), all known to be closely re-
lated to US races (S á nchez G. et al., 2007). In addition, three 
accessions of Dentado Comercial from Chile and a single ac-
cession of Cristalino Grande from Chile all fell within the 
southeastern US clade (gray taxa within the predominantly 
yellow clade in  Fig. 4A ), indicating that not only northern fl int 
material, but also southeastern US germplasm was translocated 
to Chile. 

 Although some accessions from Mexico and Guatemala (from 
races such as Bofo, Celaya, Comiteco, Conejo, Dzit Bacal, Jala, 
Mixe ñ o, Nal-Tel, Negro de Tierra Caliente, Olot ó n, Rat ó n, Ser-
rano Mixe, Tabloncillo, Tehua, Tepecintle, Tuxpe ñ o, Zamorano 
Amarillo, and Zapalote Grande) were placed inside the northern 
South American clade in the phylogenetic analysis (cyan-col-
ored taxa within the predominantly green clade in  Fig. 4A ), the 
Structure results suggested that additional low elevation acces-
sions from Mexico and Guatemala (from races such as Conejo, 
Dzit Bacal, Motozinteco, Nal-Tel, Negro de Tierra Caliente, 
Olotillo, Olot ó n, Tepecintle, Tuxpe ñ o, Vande ñ o and Zapalote 
Chico) also belong in the tropical lowland cluster (green taxa in 
 Fig. 4B  that, in  Fig. 4A , are cyan and fall within the predomi-
nantly cyan-colored Mexican and Guatemalan clade). Beyond a 
certain degree of stochasticity inherent in both methods, we 
have no explanation for this particular discrepancy. Neither 
technique deals well with hybridization, and both treat poorly 
represented taxa less well than widely represented types. How-
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were correlated both with altitude ( R  = 0.165,  P   <  0.001) and 
with geographical distance ( R  = 0.068,  P   <  0.001). Genetic dis-
tance was also correlated both with altitude ( R  = 0.044,  P   <  
0.001) and with geographical distance ( R  = 0.41,  P   <  0.001). 
The latter correlation between geographical and genetic dis-
tance was by far the strongest of those tested. To further char-
acterize this correlation, we calculated the average genetic 
distance for all pairs of plants falling within each 100-km dis-
tance class ( Fig. 7 A  ). Average genetic distance increased 
steadily as a function of geographical distance and then began 
to plateau at around 4000 km. This isolation by distance pattern 
was well described by the polynomial function:  y  =  − 5  ×  10  − 9  x  2  
+ 8.5  ×  10  − 5  x  + 1.4, where  x  is the geographic distance class and 
 y  is the average genetic distance ( R  2  = 0.98). A fi ner scale anal-
ysis was also performed for distances up to 300 km, using a 
shorter distance class interval of 10 km ( Fig. 7 B  ). Here, genetic 
distance rapidly increased between zero and 50 km and then 
increased more slowly. This fi ner scale pattern of isolation by 
distance was well described by the logarithmic function:  y  = 
0.032 ⋅ ln x  + 1.28, again where  x  is the geographic distance class 
and  y  is the average genetic distance ( R  2  = 0.71). 

 Core sets   —      In the total sample of 964 plants, 3752 different 
alleles were observed. For sample sizes varying from 10 to 300, 
we identifi ed, for each sample size, the combination of plants 
that would capture the maximum number of alleles from our 
total sample ( Fig. 8 ). This range of sample sizes was chosen to 
give an overall sense of the shape of the curve, but ignoring 
extremely small ( < 10) or extremely large sample sizes ( > 300). 
The smallest sample set that accounted for 50% of the total 
number of alleles consisted of only 41 accessions ( Table 3 ). So 
with only 4.2% of the total sample of plants, we could capture 
50% of the total number of alleles sampled. The ancestral con-
tribution of the different clusters to this sample set was 34%, 
32%, 18% and 16% from the highland Mexican, tropical low-
land, Andean, and northern US clusters, respectively. To obtain 
a sample representing 80% of the total number of 3752 alleles, 
we needed a larger sample of 172 accessions ( Table 3 ). The 
ancestral contribution to this larger sample was 35%, 34%, 21% 
and 10% from the four clusters, respectively. 

 DISCUSSION 

 This study describes genetic diversity and structure in a com-
prehensive sample of New World maize races, the vast majority 

Likewise, the northern US cluster had less allelic diversity than 
both the highland Mexican (  P    <  0.001) and tropical lowland (  P    <  
0.001) clusters. 

 Frequency of the most frequent allele   —      A larger proportion 
of loci had high frequency ( > 0.5) alleles in the Andean cluster 
than in either the highland Mexican (  P    <  0.001) or the tropical 
lowland (  P    <  0.001) clusters ( Table 1 ,  Fig. 5 ). No difference 
was detected between the Andean and the northern US clusters 
(  P   = 0.78) nor between the tropical lowland and highland Mexi-
can clusters (  P   = 0.41). The northern US cluster had a larger 
number of loci with high frequency alleles than either the high-
land Mexican cluster (  P    <  0.001) or the tropical lowland cluster 
(  P    <  0.001). 

 AMOVA   —      The analysis of molecular variance ( Table 2 ) in-
dicated that a low percentage of variation was partitioned either 
among races or among clusters: only 7.6 and 7.5%, respec-
tively. Only 3.2% of the variation was attributed to differences 
among subclusters within clusters. A high level of variation 
was observed among plants within either races or subclusters 
(24 and 28%, respectively), but most of the variation was found 
within plants (62 – 68%). The high diversity within clusters was 
associated with large and signifi cant  F  IS  inside each cluster:  F  IS  
was 0.33, 0.33, 0.29, and 0.44 for the highland Mexican, tropi-
cal lowland, Andean, and northern US clusters, respectively 
( Table 1 ). However, partitioning each cluster into the subclus-
ters uncovered by the Structure analysis accounted for only 
small proportions of this diversity:  F  ST  after partitioning each 
cluster into subclusters was 0.029, 0.039, 0.027, and 0.053 for 
the highland Mexican, tropical lowland, Andean, and northern 
US clusters, respectively ( Table 1 ). Differentiation among the 
four clusters as measured by pairwise  F  ST  was also relatively 
modest: 0.037 between the highland Mexican and Andean clus-
ters, 0.063 between the Andean and tropical lowland clusters, 
and 0.025 between the highland Mexican and tropical lowland 
clusters. Differentiation was higher between the northern US 
cluster and the three other clusters (Andeans, highland Mexi-
can, and tropical lowland) with  F  ST  estimates of 0.148, 0.116 
and 0.175, respectively. 

 Mantel tests   —      The relationships uncovered by the pairwise 
Mantel tests are summarized in  Fig. 6 . A low but signifi cant 
correlation was observed between the genetic distance and race 
name matrices ( R  = 0.065,  P   <  0.001). As expected, race names, 
originally defi ned by eco-geographical and cultural criteria, 

  Table  1. Diversity of the four main clusters of maize races. 

Cluster No. of plants Gene diversity (SE) Number of alleles (SE) a 
Percentage of loci with 

common allele frequency  > 0.5 a F IS  b F ST  c 

Highland Mexican 87 0.814 (0.012) A 14.9 (0.68) A 0.11 A 0.334 0.0291
Tropical lowland 187 0.803 (0.014) A 14.4 (0.69) A 0.17 A 0.333 0.0394
Andean 235 0.706 (0.023) B 12.4 (0.81) B 0.38 B 0.294 0.0268
Northern U.S. 35 0.718 (0.015) B 10.6 (0.53) C 0.34 B 0.444 0.0528

Notes: The four clusters were defi ned using the software Structure. Standard errors were calculated across loci. Values with different letters differ 
signifi cantly different from each other based upon pairwise Wilcoxon signed-rank tests.

 a Mean values from 1000 resamples of 35 plants per cluster. Standard errors (calculated across loci) in parentheses.
 b Calculated for each cluster separately, treating each as a single population. Based upon bootstrapping 10 000 times across loci, all four  F  IS  estimates 

were signifi cantly different from zero ( P   <  0.01).
 c Calculated for each cluster separately, after subdivision into the subclusters identifi ed by Structure (see Table S3.1 in Appendix S3 in Supplemental 

Data with online version of article). Based upon bootstrapping 10 000 times across loci, all four  F  ST  estimates were signifi cantly different from zero ( P   <  
0.01).
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of which have been in existence since pre-Columbian times. 
Given that a signifi cant amount of post-Columbian germplasm 
exchange has undoubtedly occurred ( Goodman and Brown, 
1988 ), we used the program Structure in an attempt to recover the 
sets of contemporary accessions that are most representative of 
the main clusters of original races. Four main clusters of races 

 Fig. 5.   Histograms of the frequency of the most common allele at 96 microsatellite loci in each of the four main race clusters identifi ed by Structure: 
(A) highland Mexican, (B) tropical lowland, (C) Andean and (D) northern US.   

  Table  2. Analyses of molecular variance for maize races of the 
Americas. 

Source of variation dfa Sum of squares
Variance 

components b 
Percentage of 

variation

Among races c 309 17733.0  Va 2.67 7.6
Among plants d  within races 654 26697.0  Vb 8.42 24.0
Within plants d 964 23125.0  Vc 23.99 68.4
Total 1927 67555.0 35.1

Among clusters e  3  1862.5  Va 2.96  7.5
Among subclusters f  within 

clusters
 14  1405.5  Vb 1.27  3.2

Among plants g  within 
subclusters

389 17093.8  Vc 11.04  27.7

Within plants g 407  9502.5  Vd 24.55  61.6%
Total 813 29864.3 39.84

 a df, degrees of freedom
 b Boldfaced values indicate signifi cant differences from zero at  P   <  

0.0001.
 c All 310 races sampled.
 d All 964 genotyped plants.
 e Four main clusters identifi ed by Structure analysis.
 f Eighteen subclusters identifi ed by Structure analysis.
 g Only plants that were assigned to a subcluster were included (407 

plants).

were identifi ed, corresponding to highland Mexican, tropical 
lowland, Andean, and northern US races. However, a large pro-
portion of plants (44%) appeared to have ancestry in more than 
one of these clusters, which may be a true refl ection of admixture 
between neighboring pre-Columbian clusters or instead be an ar-
tifact from the attempt to model discrete populations in the face 
of continuous gradation of allele frequencies (i.e., isolation by 
distance, with no obvious boundaries defi ning adjacent popula-
tions or groupings of races) ( Pritchard et al., 2000 ;  Rosenberg 
et al., 2002 ;  Serre and P ä  ä bo, 2004 ;  Barbujani and Belle, 2006 ). 
This latter interpretation would seem to be supported by the con-
tinuous distribution of maize races and by the clear pattern of 
isolation by distance observed in this study. However, the same 
isolation by distance pattern would have been observed if, once 
the main pre-Columbian race clusters were established, exten-
sive, human-mediated germplasm exchange occurred between 
them, mainly in the transitional zones between neighboring clus-
ters. Long-distance wind pollination may have also contributed 
to the blurring of previously established boundaries and thus to 
the prevalent mixed-ancestry observed here. 

 Scenario for maize expansion   —      The results of our phylo-
genetic analyses are generally concordant with the scenario 
of pre-Columbian maize expansion previously proposed by 
 Matsuoka et al. (2002) . In this scenario, northwards expan-
sion occurred as follows: maize spread into northern Mexico 
from its origin of domestication in the Balsas Basin of south-
western Mexico, then into the southwestern US from northern 
Mexico, and fi nally into the northern US and Canada from 
the southwestern US. Our phylogenetic results clearly showed 
that the northern US races were derived from those of the 
southwestern US. Our Structure results support this scenario 
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by indicating that the southwestern US races are intermediate 
to the highland Mexican and northern US races. 

 For the pre-Columbian southward expansion of maize, our 
phylogenetic results support the following scenario. From the 
highlands of Mexico, maize spread to the lowland tropics of 
Mexico, then in turn to Guatemala, Colombia, and Venezuela. 
The Caribbean was then populated from South America via 
Trinidad and Tobago, and the Andes were populated from 
Colombia. We uncovered no evidence to suggest that Andean 
maize descended from the high elevation maize of Guatemala; 
for example, the multiple accessions sampled of the high eleva-
tion Andean race Monta ñ a did not cluster with their suspected 
Guatemalan counterpart Olot ó n in the individual-based dendro-
gram ( Fig. 4A ), suggesting that adaptation to high elevation had 
to be acquired de novo in the Andes. The geographically iso-
lated races of central Chile were initially derived from races of 
the Andes, perhaps in two separate events. Combined interpre-
tation of our Structure and phylogenetic results indicate that 
lowland middle South America (Bolivia, Argentina, Paraguay, 
and Uruguay) is the contact zone in which races originating 
from the Andes have interbred with those from the east coast of 
South America. This scenario is concordant with that proposed 
by  Freitas et al. (2003) , who, based upon the analysis of se-
quence data from the  alcohol dehydrogenase 2  gene, proposed 
that maize spread into South America via two routes, a highland 
route along the Andes and a lowland route along the northeast 
coast. Middle South America appears to be the meeting ground 
of these two expansions. Andean origin of some Argentinean 
races is also supported by the results of  Lia et al. (2007) , 
who found that archeological specimens from northwestern 
Argentina possessed alleles specifi c to Andean races at three 
microsatellite loci. Furthermore, Andean genetic signatures in 
some lowland middle South American races have been ob-
served by McClintock et al. (1981) and by S á nchez G. et al 
(2007). 

 To this pre-Columbian historical scenario of maize race col-
onization, numerous post-Columbian movements must be 
added. Northern US ancestry is apparent in some Chilean and 
Argentinean races (such as Dulce Golden Bantam, Dulce Ever-
green, Cristalino Norte ñ o and Cateto Sulino Precoce), resulting 
from the relatively recent introduction to Chile and Argentina 
of northern US races adapted to high latitudes (Timothy et al., 
1961). Partial northern US ancestry in races from Chile was 

 Fig. 6.   Mantel test results for correlations between genetic distance, 
altitude, race, and geographical distance. All correlations were highly sig-
nifi cant ( P   <  0.001) except for that between altitude and geographical dis-
tance (dashed arrow;  P   >  0.05).   

 Fig. 7.   Relationship between the genetic and geographical distance 
between plants. For each successive distance class, the average genetic dis-
tance (log transform of the proportion of shared alleles) for all pairs of 
plants falling within that class is plotted. (A) Distance classes of 100 km 
covering the entire distance spectrum; the polynomial curve that best fi ts 
the data ( y  =  − 5  ×  10  − 9  x  2  + 8.5  ×  10  − 5  x  + 1.4;  R  2  = 0.98) is shown. (B) Finer-
scale analysis of plant pairs separated by less than 300 km, with 10 km 
distance classes; the logarithmic curve that best fi ts the data ( y  = 0.032 ⋅ ln x  + 
1.28;  R  2  = 0.71) is shown.   

also reported by  Dubreuil et al. (2006) . In the Structure analy-
sis, races of the southeastern US appeared to be of mixed tropi-
cal lowland and northern US ancestry. The most likely scenario 
is that southeastern US races are a mixture of northern fl int germ-
plasm and races imported from the lowland east coast of 
Mexico and/or from the Caribbean ( Doebley et al., 1988 ; 
 Goodman and Brown, 1988 ). Furthermore, grouping of most of 
the southeastern US races sampled herein with those of lowland 
middle South America in the individual plant phylogenetic 
analysis most likely resulted from the importation of southeast-
ern US races into Brazil after the Civil War by immigrant farm-
ers from the United States ( Brieger et al., 1958 ;  Paterniani and 
Goodman, 1978 ; S á nchez G. et al., 2007) and their subsequent 
introgression into middle South American material. Accessions 
from the Brazilian and Argentinean races Dente Branco 
Riograndense, Hickory King and Canario de Ocho group  within  
the southeastern US clade in the phylogenetic analysis and thus, 
of the studied accessions, are the most closely related to the 
original US imports (see also S á nchez G. et al., 2007). In addition, 
this genetic analysis confi rmed that races with Cubano in their 
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within-race expected heterozygosity to be lowest in northern 
fl int and Andean races. Genetic diversity was likely lost during 
maize expansion from Mexico into South and North America as 
a result of serial founder effects. Furthermore, bottlenecks as-
sociated with adaptation to new climates and soils may have led 
to additional, genome-wide reductions of diversity. Maize was 
fi rst cultivated in the southwestern United States around 1000 
BC ( Fritz, 1995 ). Widespread cultivation of maize in the north-
ern United States is thought to have begun much later, in ap-
proximately AD   900 ( Fritz, 1995 ). These late introductions 
may have been partially due to the diffi culties in adapting maize 
fi rst to the dry southwestern environments, then to the short 
growing seasons and long day lengths of northern latitudes. The 
northern US cluster was the most divergent because it was 
highly differentiated from the three other clusters ( F  ST  from 
0.116 to 0.175). High divergence of northern fl int accessions 
was previously documented using isozyme data ( Doebley et al., 
1986 ). In contrast, genetic diversity levels were not signifi cantly 
different between the highland Mexican and tropical lowland 
clusters. However, both genetic diversity and the number of al-
leles were lower in the tropical lowland cluster vs. the highland 
Mexican cluster. The observation that genetic diversity is high-
est in the highlands of Mexico is consistent with the proposed 
origin of maize in this region ( Matsuoka et al., 2002 ). Interest-
ingly, the expansion of maize into the lowland tropics seems 
not to have been associated with signifi cant founder effects or 
selection bottlenecks. It seems either that historical maize intro-
ductions into these areas were large enough to mitigate these 
potential erosive effects on diversity or that subsequent gene 
fl ow and new mutations have replenished much of the diversity 
that was initially lost. 

 Race name, geographical location, and genetic distance   —      
Two plants sharing the exact same race or cultivar name tend to 
be more genetically related than two randomly sampled plants, 
as indicated by the signifi cant Mantel test comparing race name 
and genetic distance. However, the correlation between race 
name and genetic distance was weak ( R  = 0.058). This weak 
correlation was also refl ected by the frequent placement of dif-
ferent accessions of the same race into different subclusters by 

names that are now present in the Andes region were indeed 
translocated there from Cuba. Finally, the race Alem á n from 
Peru was classifi ed by Structure as belonging to the tropical 
lowland cluster and was placed by the phylogenetic analysis in 
the northern South American clade. This race is known to 
have been brought to Peru from either lowland Mexico or 
the Caribbean by German settlers ( Grobman et al., 1961 ); though 
based on only a single Alem á n plant, our results support this 
scenario. 

 Comparative genetic diversity   —      Northern US and Andean 
races contain less genetic diversity than do highland Mexican 
and tropical lowland races, as measured either by allelic rich-
ness, gene diversity, or the average frequency of the most fre-
quent allele at each locus. Similarly, S á nchez G. et al. (2000b) 
found isozyme allelic diversity to be highest in Mexico and 

 Fig. 8.   The maximum number of alleles that can be captured for a 
given number of sampled accessions, as determined by the line selection 
algorithm from the computer program PowerMarker ( Liu and Muse,  2005  ). 
Dotted arrows indicate the minimum number of accessions needed to cap-
ture (a) 50% and (b) 80% of the total number of alleles found in this study.   

  Table  3. Core sets of accessions capturing 50% and 80% of the total allelic diversity found in this study of maize races of the Americas. 

Sample size Number of alleles a Accession numbers

41 1876 (50%) BOV 755, BOV 968, BOV 968, BOV1071, BOV1132, CAQ 327, CHH 254, CHI 334, CHI 449, CHS 114, DGO 123, ECU 326, 
ECU 330, ECU 626, GRO 176, GUA 280, GUA 4, GUA 476, JAL 43, MEX 5, MEX 72, MT I, NAY 16, NAY 198, NAY 32, OAX 
70, PI213733, PI213801, PI218130, PI218142, PI218148, PI218167, PI311243, PI401754, PIU 2, SON 105, TAM 3, VEN 733, 
VER 128, YUC 148, ZAC 12

172 3002 
 (80%)

AGS 7, ANC 181, ANC 184, ARG III, ARG VI, ARQ 22, AYA 22, BOV 396, BOV 438, BOV 712, BOV 743, BOV 755, BOV 
992, BOV1000, BOV1132, BOY 453, CAQ 327, CHH 131, CHH 180, CHH 218, CHH 254, CHH 256, CHI 302, CHI 361, CHI 
362, CHI 446, CHO 311, CHS 114, CHS 31, CHS 38, CHS 52, CHS 521, CHS 53, CHS 684, CHS 687, CHS 695, COA 36, COL. 
COMP. M.D., CUN 480, ECU 321, ECU 326, ECU 330, ECU 413, ECU 422, ECU 427, ECU 531, ECU 573, ECU 595, ECU 604, 
ECU 630, ECU 701, ECU 860, ECU 891, ECU 894, ECU 923, ECU 929, ECU 942, GRO 176, GRO 383, GTO 191, GTO 69, GTO 
88, GUA 101, GUA 111, GUA 134, GUA 159, GUA 161, GUA 27, GUA 280, GUA 3, GUA 369, GUA 373, GUA 391, GUA 410, 
GUA 456, GUA 522, GUA 597, GUA 863, JAL 100, JAL 102, JAL 141, JAL 142, JAL 146, JAL 154, JAL 43, JAL 54, JAL 71, JAL 
753, JAL 78, LBQ 17, LBQ 5, LIB 16, LIB 24, LIM 34, LIM 50, LOR 9, MAG 408, MAG 443, MEX 108, MEX 48, MEX 5, MIC 
214, MOR 17, MOR 99, MT I, NAR 315, NAR 521, NAY 16, NAY 198, NAY 203, NAY 32, NAY 41, NAY 46, OAX 177, OAX 
298, OAX 51, OAX 565, OAX 570, OAX 70, PAG I, PI213731, PI213733, PI213741, PI213774, PI213801, PI213807, PI214279, 
PI217410, PI217411, PI217480, PI218130, PI218131, PI218133, PI218136, PI218142, PI218148, PI218151, PI218167, PI218187, 
PI317679, PI401757, PI483087, PIU 115, PIU 92, PUE 109, PUE 27, PUE 552, PUE 591, PUN 6, QOO 39, QRO 2, SIN 61, SON 
117, SP XI, TLA 251, URG VI, VEN 409, VEN 442, VEN 445, VEN 481, VEN 529, VEN 604, VEN 736, VEN 760, VEN 843, 
VEN 874, VER 311, YUC 148, YUC 7, ZAC 12, ZAC 210, ZAC 4

 a Percentage of total sample of alleles captured in parentheses.
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 Analysis of molecular variance showed that there is low dif-
ferentiation between races or between clusters (from 7 to 8%). 
The vast majority of the genetic diversity lies within races (i.e., 
among and within accessions of a race). However, the inbreed-
ing coeffi cient ( F  IS ) is high inside each cluster suggesting fi ner 
population structure — i.e., a Walhund effect — within each clus-
ter. Given the large geographical areas occupied by each of the 
four race clusters, such within-cluster Walhund effects are not 
surprising: random mating could not be expected to occur at 
such scales. Moreover, the manner in which seed collections 
are regenerated, which decreases polymorphism over time, may 
also have contributed to the high  F  IS  observed; on the other 
hand, many of the accessions (e.g., those sourced from the Na-
tional Research Council, or 177 of the 945 accessions), were 
regenerated only once. In addition, signifi cant heterozygote de-
fi ciencies have been observed at the fi eld scale in a traditional 
farming system and have been attributed to fl owering time het-
erogeneity among plants within a fi eld, leading to assortative 
mating ( Pressoir and Berthaud, 2004a ). 

 Defi nition of core set sample —    We observed a large num-
ber of alleles in our full sample of 964 plants, with an average 
of 39 alleles per locus. We have defi ned two core set samples 
of accessions representing the minimum number of accessions 
needed to capture 50% and 80% of the total number of alleles 
present in our full sample. Fifty percent of the alleles would be 
captured by a small sample of only 41 accessions (note, how-
ever, that if one wished to capture 50% of the alleles present in 
the complete gene bank of maize races, and not just in our 
sample of 964 plants, a much larger sample than 41 accessions 
would be needed). The tropical lowland and highland Mexican 
clusters contributed the most to this core set of 41 accessions 
capturing 50% of our sampled alleles. This is not surprising 
since these two clusters were the most genetically diverse. 
Based upon allelic diversity ( Table 1 ), the four clusters, high-
land Mexican, tropical lowland, Andean and northern US, 
would be expected to make up 28%, 28%, 24%, and 20% of 
the accessions in the core sets, respectively; however the ac-
tual contributions of the four clusters to the core set of 41 
plants were 34%, 32%, 18% and 16%, respectively. Hence, it 
is clear that the tropical lowland and highland Mexican clus-
ters are overrepresented. This suggests that individual plants 
that contain combinations of multiple rare alleles across loci 
are more easily found in more diverse populations. The extent 
to which maximal capture of rare microsatellite allele variants 
will correlate with maximal capture of alleles of potential ag-
ronomic importance is an open question. Nonetheless, it is 
clear from this analysis that maize germplasm from highland 
Mexico and the tropical lowlands contains the most genetic 
diversity.  Liu et al. (2003)  have shown that maize inbred line 
genetic diversity mainly originated from tropical lowland, 
northern fl int and southern dent germplasm. Hence, the high 
diversity present in races from the highlands of Mexico is un-
derrepresented in maize inbred lines ( Liu et al., 2003 ). More-
over, there is as much diversity in the Andean cluster as in the 
northern United States. From these results, it is clear that 
maize diversity is under-utilized in elite inbred lines. Hence, 
there is vast potential for maize race germplasm to act as a 
source of novel alleles for the future improvement of elite 
maize, provided that modern breeding techniques can be used 
to overcome the susceptibility of highland germplasm to the 
heat and and fungal pathogens present in lowland environ-
ments ( Goodman, 2004 ). 

Structure. These results indicate that, although race names are 
somewhat informative regarding shared ancestry, only a small 
amount of information is carried in a race name. When maize 
races were initially classifi ed ( Anderson and Cutler, 1942 ; Well-
hausen et al., 1952, 1957;  Hatheway, 1957 ; Roberts et al., 1957; 
 Brieger et al., 1958 ; Ram í rez et al., 1960;  Brown, 1960 ;  Grob-
man et al., 1961 ; Timothy et al., 1961,  1963 ;  Grant et al., 1963 ), 
morphological and ecological similarities were the main consid-
erations. The weak correlation between race name and genetic 
distance may thus be a refl ection of a low correlation between 
genetic distance at microsatellites and morphological distance. In 
addition, errors or variance in the attribution of race names (i.e., 
slightly different names for the same race or the same name for 
different races) may have also weakened the correlation. In the 
future, joint analysis of existing morphological, isozyme, and mi-
crosatellite data — and possibly new single nucleotide polymor-
phism and sequence data — may potentially lead to a better 
classifi cation of maize into more clearly defi ned races and may 
shed additional light on its evolutionary and dispersal history (or 
confi rm the results reported here). 

 In contrast to race name and genetic distance, a much higher 
correlation was detected between geographical and genetic dis-
tance, indicating that there is a strong geographical component 
to the organization of genetic diversity at the continental scale. 
This strong geographical component is illustrated in our ances-
try maps for the four different clusters ( Fig. 3 ), the high corre-
lation between genetic distance and geographical distance ( Fig. 
6 ) and the clear pattern of increasing genetic distance as a func-
tion of geographical distance ( Fig. 7 ). This clear geographical 
pattern undoubtedly resulted from the progressive diffusion of 
maize culture from Mexico to South and North America after 
maize domestication. At the broad scale of hundreds to thou-
sands of kilometers ( Fig. 7 A  ), genetic distance increases gradu-
ally, but steadily. In contrast, at a fi ner scale of less than 300 km 
( Fig. 7 B  ), genetic distance between individuals increases dra-
matically between zero and 50 km, and then only gradually 
beyond that. Hence, 50 km seems to be, on average, the approxi-
mate scale at which local seed exchange occurs among maize 
farmers, which — together with gene fl ow via pollen — prevents 
further differentiation. However, the scale of local germplasm 
exchange likely varies a great deal among regions, depending 
on the prevalence of local geographical and cultural barriers. 
Seed exchange must be far more restricted in the Andes region, 
with its wildly fl uctuating topography, than in the tropical low-
land plains. Nevertheless, very low differentiation among race 
populations at microsatellite loci has been observed at a similar 
scale in a traditional agricultural system in Oaxaca, Mexico 
( Pressoir and Berthaud, 2004a ). Interestingly, the low micro-
satellite marker differentiation observed in the  Pressoir and 
Berthaud (2004a)  study was associated with strong genetic dif-
ferentiation at morphological and quantitative traits at the same 
spatial scale, based upon samples from the same populations 
( Pressoir and Berthaud, 2004b ). These results suggest that 
farmers play a critical role, via artifi cial selection for ear char-
acteristics, in maintaining morphological differences between 
races at the local scale, in the face of extensive gene fl ow via 
seed exchange among farmers and neighboring villages. Simi-
lar observations of the important role that traditional Mexican 
farmers play in maintaining the desirable characteristics of cul-
tivated varieties of squash in the face of extensive gene fl ow 
were made by  Montes-Hern á ndez et al. (2005) . These fi ndings 
may explain the low correlation between genetic distance at 
microsatellites and race name observed here. 
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