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gene pool and outcrossing nature, and global trade in maize 
led to difficulty understanding exactly where the diversity 
of many of the local maize landraces originated. This is par-
ticularly true in Africa and Asia, where historical accounts 
are scarce or contradictory. Knowledge of post-domestica-
tion movements of maize around the world would assist in 
germplasm conservation and plant breeding efforts. To this 
end, we used SSR markers to genotype multiple individu-
als from hundreds of representative landraces from around 
the world. Applying a multidisciplinary approach combin-
ing genetic, linguistic, and historical data, we reconstructed 
possible patterns of maize diffusion throughout the world 
from American “contribution” centers, which we propose 
reflect the origins of maize worldwide. These results shed 

Abstract  Maize was first domesticated in a restricted val-
ley in south-central Mexico. It was diffused throughout the 
Americas over thousands of years, and following the dis-
covery of the New World by Columbus, was introduced into 
Europe. Trade and colonization introduced it further into all 
parts of the world to which it could adapt. Repeated intro-
ductions, local selection and adaptation, a highly diverse 
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new light on introductions of maize into Africa and Asia. 
By providing a first globally comprehensive genetic char-
acterization of landraces using markers appropriate to this 
evolutionary time frame, we explore the post-domestication 
evolutionary history of maize and highlight original diver-
sity sources that may be tapped for plant improvement in 
different regions of the world.

Introduction

Maize (Zea mays ssp. mays L.) domestication began 
around 9,000 BP in a restricted valley in south-central 
Mexico (Matsuoka et  al. 2002), but has evolved into the 
crop with the third highest cultivation area (Leff et  al. 
2004) and second highest production (http://faostat.fao
.org) worldwide. As a critical staple and the most geo-
graphically ubiquitous cereal (Leff et al. 2004), maize has 
been the focus of numerous genetic and genomic studies 
on domestication (Matsuoka et al. 2002; van Heerwaarden 
et  al. 2011), diversity (Camus-Kulandaivelu et  al. 2006; 
Dubreuil et  al. 2006; Vigouroux et  al. 2008) and plant 
improvement (Duvick 2005; Menkir et al. 2006; Witcombe 
et al. 2003). Maize was first spread throughout the Ameri-
cas over thousands of years, allowing progressive adapta-
tion to new environments and a gradual evolution of hun-
dreds of landraces, or farmer’s varieties. These tend to be 
low yielding, but contain more phenotypic and genetic 
variation than improved modern varieties (Liu et al. 2003; 
Vigouroux et al. 2008; Warburton et al. 2008), and repre-
sent an extended “center” of maize diversity (Matsuoka 
et  al. 2002; van Heerwaarden et  al. 2011). In contrast, 
historical diffusion out of the Americas by early explorers 
was rapid and subsequent adaptation and selection by local 
farmers, repeatedly around the world, led to the creation of 
hundreds of new landraces in the past 500 years (Dubreuil 
et al. 2006).

Knowledge of post-domestication movements of 
maize around the world would assist in germplasm con-
servation and plant breeding efforts, to identify genetic 
groups which may not yet have been considered with 
recent breeding approaches and which may deserve spe-
cific evaluation. This is particularly true in countries with 
smaller maize improvement programs and where maize 
is a more recent introduction. In some cases, knowledge 

of diversity organization is instrumental in organizing 
complementary heterotic groups and guiding crosses in 
regions where hybrid breeding is recent, such as in many 
Asian countries (Pray 2006). However, the tangled web 
of global exchanges of maize germplasm and the lack of 
precise historical documentation, particularly for intro-
ductions into Africa and Asia, have made it difficult to 
understand relationships among landraces. Meanwhile, 
the absence of genetic studies at a truly global level, 
with representative populations from all inhabited conti-
nents, makes it more difficult to identify variation in these 
genetic resources that may be crucial to conserving and 
exploiting them for the efficient production and manage-
ment of new varieties (Vigouroux et al. 2008). Identifying 
the evolutionary sources of genetic diversity from within 
the Americas and then evaluating the American genetic 
ancestry of non-American landraces would allow patterns 
of maize migrations out of the Americas and into the rest 
of the world to be inferred. Matching the original diver-
sity, sources of maize landraces from many countries will 
in turn highlight the most closely related (and probably 
most similarly adapted) sources of new diversity that can 
be tapped to expand the genetic pool for breeders in any 
given environment.

Maize is highly heterogenous, and most of the diver-
sity is partitioned within each population, rather than 
between populations (Warburton et al. 2008). Many char-
acterization studies of maize have used only one, or at 
most two or three, individuals to characterize each popu-
lation. Unless a very high number of markers are used, 
this strategy has the potential to miss much of the within 
population variation present in the populations under 
study. To overcome this limitation, a bulking strategy 
has been used, where 15 individuals per population were 
analyzed simultaneously (Dubreuil et  al. 2006). Hyper-
variable SSR markers, which have the best signature for 
this time scale (Ellegren 2000), can be used to charac-
terize the diversity within maize landrace populations. 
Combined with a bulking strategy, SSRs allow the use 
of fewer markers for a complete genetic characterization 
(Hamblin et al. 2007). SSRs also do not suffer from the 
ascertainment bias that Single Nucleotide Polymorphism 
(SNP) markers do.

The purpose of this study was to contribute to recon-
struction of the genetic footprints of maize origins world-
wide. To do so, we genotyped multiple individuals from 
799 different landrace accessions sampled from across the 
globe with SSR markers to compare diversity and evalu-
ate the contribution of different American genetic groups 
to those cultivated in other regions of the world. Based on 
this genetic information and also historical and linguis-
tic records, we propose a number of hypotheses on main 
migration routes that moved maize into new continents 
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from original sources of diversity in the maize center of 
origin, providing a comparison basis for future historical 
investigations and genetic studies of maize landraces based 
on other marker types.

Materials and methods

Plant materials

A total of 11,985 maize plants, from 784 different lan-
drace populations represented by 799 accessions, were 
sampled for genetic characterization. This sampling cov-
ered most of the range of maize over the Americas (258 
accessions), Africa (237), the Middle East (13), Europe 
(148) and Asia (143) (Fig. 1) (Monfreda et al. 2008), and 
was thus expected to represent the global landrace gene 
pool. This sample included 269 American and European 
maize accessions previously analyzed with SSR markers 
(Camus-Kulandaivelu et  al. 2006). In addition, one teo-
sinte (Zea perennis accession Piedra Ancha from Mex-
ico) was included as an outgroup to be consistent with 
prior studies of this type. For each maize accession, 15 
plants were analyzed. All accessions were part of institu-
tional collections. Complete passport data are detailed in  
Table S1.

Molecular analyses

DNA was extracted from lyophilized leaf tissue collected 
from individual 3-week-old plants grown in the green-
house, using a CTAB method, and quantified (see details 

from http://www.cimmyt.org/english/docs/manual/proto-
cols/abc_amgl.pdf). Each accession was analyzed as a bulk 
of DNA from 15 individual plants, mixed in equal amounts 
as described in Reif et al. (2005) and Dubreuil et al. (2006). 
To confirm the characterization of the landraces presented 
here, we compared our findings to the outcomes of a previ-
ous study of American landraces based on a large number 
of SNP markers, but only one individual per accession (van 
Heerwaarden et al. 2011).

All accessions were genotyped with 17 unlinked SSR 
markers (Table S2) that had good reproducibility in 
allele size determination. All genotyping reactions were 
performed following standard PCR amplification proto-
cols (Dubreuil et  al. 2006), using appropriate controls 
to enable the incorporation of the preexisting Ameri-
can and European data from Camus-Kulandaivelu et al. 
(2006) into this study. Fluorescently labeled PCR prod-
ucts were separated on a Li-Cor® sequencer as described 
in Camus-Kulandaivelu et  al. (2006). Images were pro-
cessed using the One-Dscan v. 2.05 software (Scanalyt-
ics, Fairfax, VA) to estimate fragment sizes and band 
intensities from peak height. For each DNA bulk, allele 
frequencies were estimated from the intensity of the 
bands corresponding to alleles after filtering the back-
ground noise resulting from persistent stuttering phe-
nomena of SSR amplification using the deconvolution 
method (Dubreuil et  al. 2006). Homogeneity in allele 
calling between gels was guaranteed by allele standards 
and the re-analysis of accessions from different gels 
together. In very rare cases, alleles displaying close sizes 
and not systematically discernible were pooled (i.e., 
classed as equivalent).

Fig. 1   Geographic origin of the 799 maize landrace accessions included in the study; each landrace represented with a red dot. Countries with 
only negligible maize cultivation (according to Leff et al. 2004) are shaded

http://www.cimmyt.org/english/docs/manual/protocols/abc_amgl.pdf
http://www.cimmyt.org/english/docs/manual/protocols/abc_amgl.pdf
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Population structure analyses

Maize population structure was inferred based on two 
methods, one using Bayesian clustering algorithms and 
the second proposing a multivariate analysis that does not 
require data to meet Hardy-Weinberg expectations or link-
age equilibrium to exist between loci (Jombart et al. 2008; 
Jombart et al. 2009; Jombart et al. 2010). We chose to use 
both methods to assess the various assumptions and criti-
cisms of each method when interpreting the results.

The Bayesian clustering analysis was carried out using 
the STRUCTURE 2.2 program (Pritchard et al. 2000) with 
a simulated matrix of five individual genotypes per maize 
accession to satisfy allele frequencies and Hardy-Weinberg 
equilibrium assumptions with the R statistical software 
package (R Development Core Team 2012). Potential bias 
of accession clustering when using simulated individuals 
was discounted by comparing our results with previous 
results based on individual genotypes (Vigouroux et  al. 
2008) for American landraces. Analyses were performed 
assuming independent allele frequencies among clusters, 
an admixture model, and 1,000,000 iterations following a 
burn-in period of 500,000 iterations. Five replicates were 
performed for each cluster K, from 2 to Kmax. The small-
est K value that captured most of the structure in the data 
before the log likelihood curve leveled off was retained 
(Fig. S1A). The contributions of each cluster to each acces-
sion genome (mean admixture proportions Q1 to K) were 
estimated by averaging admixture proportions over the cor-
responding five simulated individuals. Each cluster con-
tained all “representative accessions”, those displaying Q 
values higher than a threshold of 80  %; other accessions 
were referred to as “admixed accessions”. The optimal K 
value was also used to identify “biologically sensible clus-
ters”, i.e., clusters identified by at least few accessions 
related by pedigree, origin, or breeding program.

STRUCTURE was first run on only the American acces-
sions (K = 1 to Kmax = 11) to identify “American genetic 
clusters”, which are those that could have contributed to the 
genetic background of non-American landraces. To docu-
ment the diffusion process of maize out of the Americas, a 
STRUCTURE “contribution” analysis was then performed 
on the entire dataset. In this case, a priori information based 
on the American clustering result was added (Pritchard 
et  al. 2000) to allow the ancestry estimation for non-
American landraces (Murgia et  al. 2006). We allowed for 
some misclassification of American individuals by setting 
the Migrprior option to 0.01. Mean admixture proportions 
were estimated for each accession; for each non-American 
accession, these were considered as reflecting accession 
origin(s). Population structure patterns were geographically 
mapped by coloring accessions according to their ances-
try in each specific cluster (i.e., according to their mean 

admixture proportions for that cluster), using the rgdal and 
sp packages of R.

The second method used to identify genetic patterns 
relied on Principal Component Analysis. As an alternative 
to Bayesian clustering algorithms (van Heerwaarden et al. 
2011; Pray 2006), it is free of assumptions about underly-
ing population genetic models and can be applied to any 
type of genetic data, without having to simulate individual 
genotypes. The analysis was performed on the global data-
set using the dapc function implemented in the R package 
“Adegenet” (Jombart 2008). This method, called DAPC, 
relies on a PCA data transformation step, followed by a 
discriminant analysis on the retained principal compo-
nents to partition genetic variation into a between-group 
and a within-group component, minimizing variation of 
the within-group component. To account for more cryptic 
spatial patterns of genetic structure across the landscape, 
a spatial Principal Component analysis (sPCA) was also 
run for each continent independently, using the spca func-
tion of Adegenet, which is particularly adapted to complex 
situations such as hierarchical clustering or genetic clines 
(Jombart et al. 2008; Gautier et al. 2010). While the PCA 
optimization criterion only accounts for genetic variance, 
the sPCA includes also spatial autocorrelation measured by 
Moran’s I index. This is obtained via a neighbor network 
that connects geographically closed populations to a model 
of spatial structure among populations. For a thorough 
description of this method see Jombart et al. 2008.

The global dataset was analyzed with DAPC without 
any prior grouping information. From the preliminary 
PCA data transformation, 120 principal components were 
retained, which accounted for 94  % of the total variabil-
ity, and this was followed by a Discriminant Analysis. To 
identify the best supported number of clusters, we used the 
successive K-means clustering procedure as implemented 
in the find. cluster function of Adegenet, with increasing 
number of clusters (K from 1 to 50). With each increasing 
value of K, different clustering solutions were compared 
using the Bayesian Information Criterion (BIC), where the 
optimal clustering solution should correspond to the low-
est BIC value (Fig. S1B). Because of the large number of 
populations analyzed and the complexity of interpretation 
of the DAPC plot, we projected the PC components on a 
geographic map using the function colorplot of Adegenet. 
This function summarizes up to three PC components at 
the time by recoding each population score as intensities 
of a given color channel of the RGB system: red for the 
first PC, green for the second PC and blue for the third. 
Each color-recoded population score was then plotted onto 
a map using population geographical coordinates. sPCA 
results for the first three sPC axes were also projected 
on geographic maps (Fig. S2A–D) using a bubble chart 
representation.
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Phylogenetic analyses

Phylogenetic analyses were performed over (1) all maize 
accessions and (2) the representative maize accessions of 
the STRUCTURE clusters as defined in the American and 
contribution analyses, respectively. Analyses were based 
on pairwise distances estimated between accessions from 
the allele frequencies using the natural log transforma-
tion of the proportion of shared alleles, which is free from 
the assumptions of the mutation model (Matsuoka et  al. 
2002). We only considered the representative accessions 
in the second analysis to limit the blurring effect of strong 
admixture on the phylogenetic signals and to reduce the 
computational time. Trees were constructed using Phylip 
3.69 (Felsenstein 2005) with neighbor joining and the Fitch 
algorithm according to Matsuoka et al. (2002) and Vigour-
oux et al. (2008), using a Z. perennis accession as outgroup. 
Statistical significance of tree topology was estimated by 
bootstrap re-sampling among loci 1,000 times (Felsen-
stein 1985). Limited statistical significance was found for 
trees based on representative accessions from clusters, and 
thus the same accession matrix was also used to construct 
phylogenetic networks using the Neighbor-Net algorithm 
in SplitsTree 4.11.3 (Huson and Bryant 2006) to enable a 
more realistic inference of the complex maize evolution-
ary history (Bryant and Moulton 2004). On Neighbor-Net 
graphs, each split between groups of accessions is visual-
ized by parallel lines, whose length reflects their weight. 
The major phylogenetic signals are thus displayed together 
with the conflicts resulting from reticulation, and visualized 
as boxes. In each box, line lengths thus indicate support for 
two competing patterns of phylogenetic relationships.

Genetic diversity analyses

Allele richness (A) was reported for each locus and over all 
loci; values were averaged over all accessions (Aa) and cal-
culated for each continent. Nei’s unbiased genetic diversity 
was estimated following the method of Pons and Chaouche 
(1995) for meta-populations subdivided into a large num-
ber of populations (considering each accession as a popula-
tion). Total diversity was computed at each locus (ht) over 
all maize accessions (Table S2). Mean population diversity 
(Hk), total genetic diversity (Ht) and between-population 
differentiation (Gst) were estimated over all loci and all 
accessions. Parameters were calculated for each continent, 
and Gst values were estimated for all pairs of continents. 
The significance of the differentiation between continents 
was tested by comparing the Gst values with 1,000 simu-
lated Gst values obtained assuming no genetic differentia-
tion by random permutations of accessions between con-
tinents or clusters, respectively (Sokal and Rohlf 1995). 
Partitioning of maize SSR diversity was estimated for each 

continent and significance of continent comparisons were 
performed using a Wilcoxon signed-rank test using the 
package Statistica 6.1 (StatSoft, France).

Results

Cluster analyses and genetic variation in American 
Landraces

The Bayesian clustering software STRUCTURE  2.2 was 
initially used to infer population structure in American lan-
draces only, to identify major clusters in the maize center 
of diversity (Fig. S3). In Vigouroux et al. (2008), an analy-
sis of 350 American maize races indicated that K = 4 was 
the optimal clustering model. In our analysis of 258 acces-
sions at K = 4, 61 % of the American accessions showed 
admixed origins (i.e., the four clusters contributed <80 % to 
the genetic diversity of these accessions), which was higher 
than that reported by Vigouroux et al. (2008). The admixed 
accessions identified at K = 4 were mainly from three geo-
graphical zones: the southern end of the Great Plains of the 
United States, the northern part of South America (Colum-
bia and Venezuela) and the middle part of South America 
(Bolivia, Paraguay and southeastern Brazil). These acces-
sions were gradually assigned to a specific cluster when 
the K values were increased. At K = 6 (Fig. S3E), two dis-
tinct South American clusters formed from what was a sin-
gle cluster at K = 5 (Fig. S3D), and many of the admixed 
accessions joined one of these two. Seven clusters captured 
most of the structure in the data before the log likelihood 
curve reached a plateau (Fig. S1A, Fig. S3F). For this 
K = 7 value, in North America, the Northern US flints were 
distinguished from the Corn Belt dents which we referred 
to as the “Middle North-America” group. At K  =  6 and 
K  =  7, the separate “Mexican Highlands” group encom-
passes the Southern Dents.

In this seven-cluster model, significant genetic differ-
entiation was found among clusters (Gst 0.10–0.33, all 
P < 0.001, Table 1). We kept the names of the four clus-
ters also identified by Vigouroux et al. (2008) as they had 
reported: “Northern US flints”, “Mexican highlands”, 
“Tropical lowlands” and “Andes”. We called the remain-
ing three clusters “Middle North-American”, “Northern 
South-American”, and “Middle South-American”, based 
on their geographic origins. Residual admixture was still 
observed for 63  % of American accessions, which may 
reveal a true composite ancestry of accessions from dif-
ferent clusters reflecting gene exchanges. On the other 
hand, it may reflect the difficulty of using STRUCTURE 
to identify additional cluster(s) in the case of continu-
ous allele frequency gradation between populations 
(Vigouroux et  al. 2008), and/or too limited sample size 



2676	 Theor Appl Genet (2013) 126:2671–2682

1 3

(Rosenberg et  al. 2002). The seven clusters identified 
clear geographic patterns (Fig. 2), including strong latitu-
dinal differences and contrasting mean elevations (North-
ern US flints 270  m, Middle North-America 406  m, 
Mexican highlands 1517  m, Tropical lowlands 76  m, 
Northern South-America 928  m, Middle South-America 
392  m, and Andes 2279  m). The same pattern was also 
identified by sPCA analysis of American accessions (Fig. 
S2A) and in the phylogenetic analysis of these acces-
sions (Fig. S4), as well as previous suggestions that dif-
ferent environmental conditions have shaped the genetic 
composition of maize landraces (Vigouroux et  al. 2008; 
Ducrocq et al. 2008).

Diversity and phylogenetic analysis of global maize 
landraces

Overall genetic diversity in the study was very high 
(Table 2), and while there was significant genetic differen-
tiation between continents, many of the alleles were shared 
between geographical regions (Table 2). The mean popula-
tion diversity (Hk) calculated for each continent was higher 
in North America and diminished progressively eastwards 
with the smallest value in Asia (Table  2). The opposite 
trend occurred for genetic differentiation among acces-
sions (Gst), where values were higher in Asia and dimin-
ished westward toward the Americas. The neighbor-joining 
tree based on the pairwise distances between the whole set 
of maize accessions often displayed tree branching that 
reflected the common origin of accessions (Fig. 3; Fig. S4). 
Nevertheless, inference of global diffusion of maize from 
this tree remained overly complex, as many clades joined 
accessions from diverse geographical origins and the global 
tree branching remained of difficult interpretation. Many of 
the accessions displaying multiple American contributions 
or with diverse entries would be due to hybrid ancestry. 
The Pyrenean accessions displaying predominantly North-
ern South-American ancestry and the Galician accessions 
displaying Northern US flint ancestry are a case in point, as 
these accessions are hybrids of the two parental American 
ancestral clusters. We were nevertheless able to draw bet-
ter conclusions from the phylogenetic networks constructed 
from genetic distances within each diffusion route, which 
largely supported the STRUCTURE results and both were 
used in creating potential genetic routes of diffusion of 
maize landraces, as discussed below.

A global STRUCTURE analysis of all accessions, using 
the seven American clusters as prior information, was per-
formed to infer their genetic contribution to the non-Amer-
ican landraces. This over-simplification does not infer total 
global population structure, but was done to identify main 
trends of maize diffusion. Because maize has experienced 
a series of repeated introductions over the last 400  years 
at most, analysis of allele frequency gradients, such as 

Fig. 2   Geographical location of the seven STRUCTURE clusters 
identified in the Americas (K = 7). Each of the 258 accessions from 
the Americas is colored according to their major ancestry (mean 
admixture proportion Q) in one of the seven clusters only when Q 
exceeds 60 %. Size of the circles is proportional to the variation in 
ancestry according to STRUCTURE

Table 1   Pairwise genetic differentiation between the seven maize clusters defined in the American STRUCTURE analysis (Gst, expressed in per-
centage) estimated over all loci

* Refer to significant values (P < 0.001)

Clusters Tropical  
lowlands

Northern  
South-America

Middle  
South-America

Northern  
US flints

Mexican  
highlands

Middle  
North-America

Northern South-America 14.95* – – – – –

Middle South-America 17.60* 12.35* – – – –

Northern US flints 26.58* 26.61* 27.43* – – –

Mexican highlands 14.28* 16.57* 15.34* 22.35* – –

Middle North-America 12.39* 18.80* 17.28* 16.19* 10.28* –

Andes 18.54* 14.16* 11.33* 32.72* 18.71* 22.56*
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presented by Van Etten and Hijmans (2010) was not appro-
priate. In this “contribution analysis”, most accessions 
(70 %) received contributions from multiple ancestral clus-
ters (admixed-ancestry) (Table S3), but the predominant 
contribution of each ancestral cluster was geographically 
highly delimited (Fig. S5).

DAPC analysis of the global dataset was run to verify 
the STRUCTURE “contribution” results. Based on the 

Bayesian Information Criterion, we retained 15 clusters 
for the analysis (Fig. S1B), representing the minimum 
number of clusters after which the BIC either increased or 
decreased by only a negligible amount. The DAPC analy-
sis showed that most of the genetic diversity was summa-
rized by the first three principal components (Fig.  4) and 
the genetic partition obtained closely resembled the one 
identified by STRUCTURE. The first principal component 

Fig. 3   Global phylogeny of 799 
maize landraces. Phylogenetic 
relationships between maize 
accessions were calculated 
based on the log-transformed 
proportion of shared alleles 
and visualized using Neighbor-
Joining algorithm. A teosinte 
accession of Z. perennis was 
used as outgroup. Accessions 
were colored according to their 
major ancestry as defined in the 
STRUCTURE contribution anal-
ysis (K = 7), and labeled with 
an asterisk indicating ancestry 
within that STRUCTURE cluster 
of at least 80 %. For the major 
phylogenetic clusters, the main 
origins of the accessions are 
mentioned, with italics referring 
to less frequent origins

Table 2   Partition of maize diversity measured by SSRs

a  Total number of alleles for 17 SSRs
b  Percentage of American alleles represented
c  Mean genetic diversity per accession estimated over all loci, ± standard error (SE)
d  Genetic differentiation among accessions within each area
‡   Total genetic diversity estimated over all loci, over all accessions for each area, ± standard error (SE). No significant variation was found for 
the contrast of America versus Europe, Asia and Africa/Middle East, nor for the contrast of global accessions versus Europe, Asia, Africa/Middle 
East. (pairwise Wilcoxon signed-rank test, all P > 0.05)

Area Accession  
number

Aa AA
b

(%)
Ht ± SE‡ Hk ± SEc Gd

st

World 799 174 – 0.596 ± 0.003 0.409 ± 0.001 0.313

 America 258 153 – 0.596 ± 0.003 0.443 ± 0.003 0.257

 Europe-Asia-Africa/ 
Middle East

541 149 83.66 0.589 ± 0.002 0.393 ± 0.002 0.333

  Europe 148 110 69.93 0.585 ± 0.003 0.411 ± 0.004 0.300

  Asia 143 118 66.01 0.550 ± 0.004 0.376 ± 0.004 0.316

  Africa/Middle East 250 117 73.20 0.568 ± 0.003 0.392 ± 0.003 0.310
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(red channel, Fig. 4) clearly differentiated flint germplasm 
from North America and Northern Europe from the rest of 
the world. The second principal component (green chan-
nel, Fig.  4) identified a cluster of accessions from West-
ern Africa, Colombia and Middle South America, it also 
included some Italian and Pyrenean accessions. Finally, 
the third component (blue channel, Fig. 4) grouped Tropi-
cal and Mexican accessions with those from Southern Asia, 
and included accessions from Southern Spain and Eastern 
Africa. Accessions from the Andes appear as a separate 
group. The large number of accessions with mixed propor-
tion of colors reflects the large admixed genetic component 
of most accessions, in accordance with the STRUCTURE 
analysis.

The sPCA run for each continent (combining North 
and South America in one analysis) to better understand 
the geographic pattern of local genetic structuring are pre-
sented in Fig. S2A–D. In the Americas, sPCA supported a 
strong geographic component in the organization of maize 
diversity, with clines of genetic differentiation diffus-
ing northward and southward from Central America (Fig. 
S2A, axis 1 and 2). A genetic clustering of Mexican acces-
sions and the Andean accessions are revealed by axis 3 
(Fig. S2A). In Europe, a different origin of Northern and 
Southern European accessions was suggested by the clearly 
delineated spatial pattern of this maize diversity (Fig. S2B, 
axis 1). Contrasting genetic groups were also identified in 
the Iberian Peninsula (Fig. S2B, axis 1–3), suggesting mul-
tiple introductions and perhaps admixture of accessions 
from this area. In Africa, populations that are geographi-
cally near but genetically distinct (Fig. S2C, axis 1–3) 
made the identification of a clear geographical pattern for 

the continent very difficult. In Asia, the sPCA revealed the 
existence of a clear separation of Western Asian accessions 
with the existence of a genetic gradient eastward (Fig. S2D, 
axis 1); the separation of Eastern/Northeastern Asian acces-
sions with a genetic gradient westward (Fig. S2D, axis 2); 
and the separation of accessions from Southeast Asia with 
a contribution toward the northeast and, to a lesser extent, 
toward the west (Fig. S2D, axis 3).

Discussion

Both the STRUCTURE and the DAPC clustering patterns 
presented here are congruent with the pattern of genetic 
structure of American Landraces inferred from SNP mark-
ers and principal components analysis reported recently 
(van Heerwaarden et al. 2011). All clusters were geographi-
cally well defined (Fig. S3F) and corresponded to regions 
or races previously identified as important intermediaries in 
the American maize evolution (Leff et al. 2004; van Heer-
waarden et al. 2011; Vigouroux et al. 2008). Maize genetic 
origins in the Americas have been extensively studied, but 
the history of maize outside of the Americas is very recent, 
starting with the discovery of the American Continent in 
1492. Things moved very rapidly from that point; maize 
quickly became an important staple crop worldwide, and 
dispersal followed human colonization and trade. Conse-
quently, maize diffused rapidly and repeated maize founder 
events occurred outside the Americas, leading to a reduc-
tion of genetic diversity within populations and to an 
increased differentiation among populations. This has been 
documented in European introductions of maize (Rebourg 

Fig. 4   World-wide projections of the colorplot synthesizing acces-
sion’s coordinates on the first three DAPC components. Each dot cor-
responds to a population analyzed in the study. Each principal com-

ponent is represented as intensity of a given color channel; the first 
PC is shown in red, the second PC in green and the third PC in blue. 
The inset indicates the eigenvalues of the DAPC
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et  al. 2003), and is extended in this study to Africa and 
Asia.

Genetics meets history: reconstruction of maize diffusion 
out of the Americas

In light of the clustering results and combining histori-
cal and linguistic data, we have attempted a hypotheti-
cal reconstruction of maize diffusion out of the Americas 
(Fig. 5), but we are aware that this is necessarily an over-
simplification of the overall events that shaped maize world 
genetic diversity. Previously documented diffusion of 
Northern US flints through Europe from northern France 
eastwards starting in the sixteenth century is confirmed in 
our analysis, as well as their strong contribution, through 
hybridization, to Pyrenean-Galician landraces (Dubreuil 
et  al. 2006; Camus-Kulandaivelu et  al. 2006) (Figs.  4, 5; 
Fig. S2B, Fig. S5A). The predominance of Northern US 
flints in the admixed-ancestry of Portuguese landraces in 
our data suggests a hybrid origin and perhaps a second 
independent introduction of Northern US flint populations 
into Portugal, possibly via Portuguese expeditions in North 
America in the early sixteenth century (Harrisse 2006). It is 
probable that multiple Northern US flint introductions into 
Europe occurred, as supported by the scattering of Ameri-
can accessions throughout the phylogenetic network (Fig. 
S6A), and by the relatively high genetic diversity present in 
Europe compared to the Africa and Asia continents.

In the Middle East and Eastern Africa, maize intro-
ductions trace back to the Middle North-American maize 
source (Figs.  4, 5; Fig. S5B). This apparently disagree 
with reports of early diffusion of Caribbean maize through 
Southern Europe into Egypt (presumably in 1517) and 
onwards throughout eastern Africa (e.g., in Ethiopia in 
1623) (Portères 1955). Unless the current study did not 
sufficiently sample Caribbean germplasm, and the related 
materials simply were not included in the sample, the 
route identified here is probably more recent than those 
documented by Portères (1955), leading to a replacement 
of early Caribbean introductions by the more productive 
twentieth century US varieties. Phylogenetic clustering 
(Fig. S6B) confirms the distinct introduction of Middle 
North-American material into Eastern Africa rather than 
diffusion from the Middle East. The same ancestral cluster 
was evidently introduced into Northeastern China as well 
(Figs. 4, 5; Fig. S5B) where historical data on maize ori-
gins are scarce.

Ancestry from the Mexican highlands cluster was found 
throughout Eastern Asia, especially along the coasts, sug-
gesting maritime introduction(s) (Figs. 4, 5; Fig. S5C). In 
agreement with historical hypotheses (Chacornac-Rault 
2004), phylogenetic clustering (Fig. S6C) suggests an ini-
tial introduction into Indonesia, diffusing northwards and 
toward Japan. This agrees with reports of Portuguese intro-
ductions as early as 1496 (Chacornac-Rault 2004) or colo-
nization of the Philippines by Spain in the sixteenth century 

Fig. 5   Hypothetical reconstruction of major routes of maize diffu-
sion out of the Americas combining STRUCTURE clustering results 
and historical data. Each of the 541 non-American accessions and 
96 representative American accessions is colored according to their 

major ancestry Q in one of the seven American ancestral clusters (see 
legend) applying a cutoff of Q ≥ 50 %. The size of the circles is pro-
portional to the variation in ancestry. Hatched arrows stand for his-
torically unresolved diffusion routes (see text)
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(Zaide and Zaide 2004). The Mexican contribution identi-
fied here seems more congruent with a Spanish introduc-
tion of maize into Eastern Asia, possibly replacing earlier 
Portuguese introductions. An analysis of landraces from 
the Philippines (lacking in this study) is needed to further 
investigate this potential point of introduction.

The Tropical lowlands cluster contributed to southern 
Spanish maize (Figs.  4, 5; Fig. S5D), in agreement with 
reports that Columbus returned to Spain in 1493 with 
maize from the Caribbean (Anghiera 1907; Dubreuil et al. 
2006). Tropical lowland ancestry also occurs in Moroc-
can landraces, perhaps via Spain. However, this is not 
supported by linguistic studies on Moroccan maize names 
(Chastanet 1998), which instead suggest an Egyptian-medi-
ated origin of maize. As mentioned previously, an early 
introduction of Tropical lowland landraces into Egypt may 
have occurred, only to be later replaced by Middle North-
American materials, which is supported by our data. Tropi-
cal lowland ancestry was also detected in western Asia 
from Nepal to Afghanistan. Although maize is recorded 
in this region from the late sixteenth century, its origin is 
obscure (Desjardins et al. 2004). Phylogenetic analysis and 
sPCA analysis (Fig. S2D, Fig. S6D,) support a common 
origin for the western Asian landraces, with a certain level 
of sub-clustering within each country. Such a scenario is 
congruent with diffusion via overland routes from Europe 
and the Middle East (e.g., the Silk Road) and linguistic 
data support a role of Arabic traders in the introduction of 
maize into Western Asia (Desjardins et al. 2004). Tropical 
lowland ancestry decreases southeastwards through Asia, 
where Mexican ancestry becomes predominant, making 
Asia the contact zone between these two diffusion routes, 
as supported by the clustering pattern identified by sPCA.

The Northern South-American cluster represents an 
unexpected second contribution to southern European lan-
draces. This is revealed by ancestry found in some Pyr-
enean, Italian, southern Spanish and Galician landraces, 
exceeding the contribution of the Tropical lowlands clus-
ter (Figs.  4, 5; Fig. S5E), and is historically supported. 
In 1514, maize was sent to the Papal court in Italy by the 
Portuguese, who were established in Colombia (Janick 
and Caneva 2005). In Spain and France, this contribution 
may stem from the Spanish colonization of Colombia in 
the early sixteenth century (Heers 1991). Some Northern 
South-American and Middle South-American contributions 
to western sub-Saharan African landraces are identified by 
both clustering analyses (Figs. 4, 5; Fig. S5E–F). This prob-
ably reflects overland diffusion of two independent Portu-
guese maize introductions as a cheap staple food for slaves 
in Sao Tome and in the Cape Verde islands, two key transit 
points in the Portuguese slave trade between Africa and the 
Americas (Portères 1955; Juhé-Beaulaton 1998; Madeira 
Santos and Ferraz Torrão 1998). In Cape Verde, historical 

and linguistic data support the cultivation of maize intro-
duced from Brazil (the Middle South-American cluster) 
after the sixteenth century (Madeira Santos and Ferraz Tor-
rão 1998). In Sao Tome, the same study reports cultivation 
of Caribbean maize by 1534, but our genetic data indicate 
maize from Northern South-America instead. This apparent 
incongruence may be due to a common confusion in maize 
names (Juhé-Beaulaton 1998; Madeira Santos and Fer-
raz Torrão 1998), and since Colombia played a major role 
in the Portuguese slave trade, the probability is high that 
maize was sent to Africa from there. Maize diffusion to the 
African mainland probably occurred first from Sao Tome, 
where it was cultivated earlier (Madeira Santos and Fer-
raz Torrão 1998). In the phylogenetic analysis, the absence 
of strong geographical clustering of Sao Tome (Fig. S6E) 
and Cape Verde (Fig. S6F) derived accessions suggests 
long-distance diffusions, congruent with local human trade 
and movements (Campbell and Tishkoff 2008). We also 
detected a small Middle South-American contribution in a 
few eastern Asian landraces (Figs. 4, 5; Fig. S5F), congru-
ent with sixteenth century Portuguese expeditions in East-
ern Asia (Lach and Van Kley 1994).

Finally, the Andean ancestral cluster showed no clear 
evidence of direct diffusion out of the Americas (Figs. 4, 5; 
Fig. S5G). This may be due to its relative geographical iso-
lation from main trading routes of the sixteenth century, as 
well as its adaptation to extreme environmental conditions, 
making its landraces less productive outside their ecologi-
cal niches (Gouesnard et  al. 2002); this continues to be a 
problem today, and Andean maize is rarely used as a source 
of maize breeding material.

In addition to these global genetic trends, a few lan-
draces were found to display different ancestry than their 
geographical neighbors (e.g., one Mexican-like population 
in Nigeria, one Andean-like population in Central Amer-
ica). This may be interpreted as modern point introduc-
tions, although stochasticity of STRUCTURE analysis (Vig-
ouroux et  al. 2008) and sampling errors cannot be ruled 
out. In particular, Northern US flint contribution in the 
southernmost part of South America is likely due to recent 
introductions as reported by Timothy et al. (1961) and was 
also found in the study of Vigouroux et al. (2008).

Conclusions

Cluster analyses of American accessions support clear 
geographical patterns and was also confirmed by Fitch 
and Neighbor-Net phylogenetic representations (Fig. S4). 
These patterns are probably the result of demographic and 
adaptive events accompanying maize expansion north and 
south from its domestication center in Mexico (Vigouroux 
et  al. 2008; Ducrocq et  al. 2008). From our dataset, we 
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identified seven genetic clusters, which we considered the 
possible “contribution sources” from which non-American 
landraces originated, thus offering a first representation of 
maize diffusion out of the Americas.

The problems presented by hybrid ancestry in hierarchi-
cal bifurcating phylogenetic representations were resolved 
in this study using two complementary clustering analyses 
(STRUCTURE and DAPC), which are better adapted to elu-
cidate complex evolutionary scenarios. Beyond confirming 
the key role of Northern US flints in maize adaptation to 
temperate climate outside America, both clustering meth-
ods identified introductions of Northern South-American 
origins into Europe, in addition to those from tropical low-
land and Northern Flint origins previously hypothesized 
by Dubreuil et  al. (2006). This study highlighted for the 
first time Tropical lowland and Mexican origins of Asian 
landraces, and their contact zone. In Africa, both methods 
highlighted contributions from the Northern South-Amer-
ican, the Tropical lowlands, and the Middle South-Amer-
ican clusters, partially replaced by more recent introduc-
tions of Middle North-American origins.

Overall, our findings were highly congruent with recent 
reports on American maize history, but also further clarified 
the patterns of maize diffusion after its domestication. Our 
study reveals a complex history of maize diffusion out of 
the Americas. In Europe, Asia and Africa, landraces from 
distinct American origins coexist. In each of the three con-
tinents, this pattern accounts for the substantial genetic dif-
ferentiation found among accessions (Gst ~ 0.30–0.32) and 
certainly contributed to the transfer of a large proportion of 
the American genetic diversity worldwide. These transfer 
patterns can be used to direct the search and use of adap-
tive characters and guide breeding programs, particularly to 
expand the genetic base of narrow breeding pools (Good-
man 1999) and organize hybrid breeding into complemen-
tary heterotic groups (Pray 2006).
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