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* Background and Aims The lowlands of South America appear to be remarkably important in the evolutionary
history of maize, due to new evidence that suggests that maize dispersed from Mexico and arrived in this region
in a state of partial domestication. This study aimed to identify dispersal patterns of maize genetic diversity in this
part of the continent.

* Methods A total of 170 maize accessions were characterized with 4398 single nucleotide polymorphisms
(SNPs) and analysed to determine if maize dispersal was associated with types of endosperm and indigenous lan-
guage families.

* Key Results Four genetic groups were identified in the discriminant analysis of principal components and
five groups in the cluster analysis (neighbour-joining method). The groups were structured according to the pre-
dominance of endosperm types (popcorn, floury, flint/semi-flint). Spatial principal component analysis of genetic
variation suggests different dispersal patterns for each endosperm type and can be associated with hypotheses of
expansions of different indigenous groups.

* Conclusions From a possible origin in Southwestern Amazonia, different maize dispersal routes emerged: (1)
towards Northern Amazonia, which continued towards the Caatinga and south-eastern Atlantic Forest (Floury);
(2) towards Southern Brazil, passing through the Cerrado and Southern Atlantic Forest reaching the Pampa region
(Floury); and (3) along the Atlantic Coast, following Tupi movements originating from two separate expansions:
one (Tupinamba) from north to south, and the other (Guarani) in the opposite direction, from south to north (flint,
floury and popcorn).
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INTRODUCTION

Maize (Zea mays subsp. mays L.) is a crop of considerable
economic and socio-cultural importance worldwide (FAO,
2018). Recent research has shown that its domestication was
more complex than previously thought (Vallebueno-Estrada
et al., 2016; Ramos-Madrigal et al., 2016), and suggested that
maize was dispersed from Mexico to lowland South America
in a state of partial domestication (Kistler et al., 2018 , 2020).
Domestication of maize started ~9000 years before the pre-
sent (BP) in Southern Mexico from populations of Zea mays
ssp. parviglumis (Matsuoka et al., 2002; Piperno et al., 2009;
Moreno-Letelier et al., 2020). Archaeological records show
that maize had already arrived in South America at least
~7150 years BP in Ecuador (Stothert, 1985; Pearsall and
Piperno, 1990), ~6850 years BP in the Amazonian lowlands

of Bolivia (Lombardo et al., 2020), ~6700 years BP in Peru
(Grobman et al., 2012), ~5300 years BP in Rondoénia, Brazil
(Hilbert et al., 2017), and ~4190 years BP in Uruguay (Iriarte
et al., 2004). In South America, the dispersal of maize in the
lowlands occurred independently of its dispersal throughout
the Andes (Freitas et al., 2003; Freitas and Bustamante, 2013).
Numerous studies have identified two large genetic groups,
the Andean group and the lowland group (Matsuoka et al.,
2002; Freitas et al., 2003; Lia et al., 2007; Vigouroux et al.,
2008; van Heerwaarden et al., 2011; Freitas and Bustamante,
2013; Bedoya et al., 2017). These studies suggested that maize
races from lowland South America are more closely related to
Central American races than to Andean races (Freitas et al.,
2003; Vigouroux et al., 2008; van Heerwaarden et al., 2011;
Freitas and Bustamante, 2013; Bedoya et al., 2017). However,
the old maize races in Mexico are not directly associated with
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races considered primitive in South America, which suggests
a long temporal separation between the races in these regions
(Bedoya et al., 2017).

The dispersal of maize across the Americas is associated
with many adaptive changes and occurred through exchanges
among human groups throughout the continent (Brieger et al.,
1958). Lowland South America, which encompasses areas with
altitudes below 1500 m (72 % of the South American con-
tinent), is considered a secondary centre of genetic diversity
for maize (Brieger et al., 1958; Paterniani and Goodman, 1977,
Kistler et al., 2018), within which Kistler et al. (2018) sug-
gested Southwestern Amazonia as a secondary improvement
centre for the partially domesticated crop. Indigenous landraces
of lowland South America (Caingang, Entrelacado, Lenha,
Moroti and Guarani Popcorns) are considered to best represent
pre-European-conquest maize (Brieger et al., 1958; Paterniani
and Goodman, 1977). The Entrelagcado landrace, typical of
Amazonia, may have been widely distributed (Grobman et al.,
1961), but collections in Amazonia are scarce (Brieger et al.,
1958; Paterniani and Goodman, 1977; Costa et al., 2021). The
interlacing character of the ears of this race was mentioned
as an ancestral character, which originated in Southwestern
Amazonia and dispersed to Eastern Amazonia (Brieger et al.,
1958). Entrelacado has floury endosperm and continues
to be used by traditional farmers and indigenous peoples
from pre-conquest times to the present day in Southwestern
Amazonia (Costa et al., 2021).

According to Goodman (1995), the different types of endo-
sperm, their uses and the preferences of farmers are related to
different stages of the maize domestication process. Some of
the earliest maize kernels resemble those of the popcorn type,
which suggests that the oldest maize was popcorn, with other
endosperm types, such as flint, floury, dent and sweet, appearing
later. Brieger et al. (1958) suggested that popcorn would cor-
respond to the first and oldest stage of domestication, since
popcorn has some ‘wild type’ characters, such as very small
and stiff grains, which are often pointed. These characteristics
would require stones for grinding or heat to roast or explode the
grains. Flint endosperm could represent the second stage of do-
mestication. The main difference between the flint and popcorn
types would be the size and, consequently, the proportional in-
crease in the volume of the inner core, containing soft endo-
sperm within the stiff shell. Floury endosperm was suggested
as the third stage of domestication and was of high value to
indigenous people because it is easily ground and cooked. Dent
endosperm would be a more modern maize type and has a good
yield for animal feed, which was not important for indigenous
people. It is believed that the different maize endosperms may
have originated independently at different times and in different
locations (Brieger et al., 1958; Goodman, 1995; Staller et al.,
2006). Goodman (1995) presented the geographical distribu-
tion of the principal maize races and endosperm types in the
Americas.

Studies of ancient DNA samples reveal that the sugaryl
(sul) allele related to the sweet endosperm type was dispersed
from Mexico and fixed in the Southwestern USA (Jaenicke-
Després et al., 2003; Fonseca et al., 2015). Maize’s initial dis-
persal in this region was about 4000 years BP and is likely to
have occurred along a highland route, followed by gene flow
from a lowland coastal maize beginning at least 2000 years BP
(Fonseca et al., 2015). Other studies on the dispersal of different
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maize endosperm types are scarce in the contemporary scien-
tific literature. Bracco et al. (2016) evaluated the genetic struc-
ture of lowland maize landraces in America and identified two
groups exclusive to lowland South America associated with the
floury and popcorn endosperm types. However, their study did
not present a representative sample involving the different bi-
omes of the region and these genetic groups were restricted to
Northeastern Argentina.

Based on linguistic data, maize became important to dif-
ferent prehistoric human groups at different times in the
Americas (Brown et al., 2014). In general, these findings agree
with previous information regarding the time of domestication
and routes of dispersal of the species (Matsuoka et al., 2002;
Piperno et al., 2009; Vigouroux et al., 2008; van Heerwaarden
et al.,2011; Bedoya et al., 2017; Kistler et al., 2018, 2020). In
lowland South America, the linguistic reconstruction suggested
that by 4400 years BP maize became important to the southern
Arawak speakers, in what is today southern Peru and adjacent
Brazil and Bolivia. Further east, in the upper Madeira River and
upper Tapajés River basins, linguistic reconstructions suggest
that speakers of other languages, including Tupi, considered
maize to be important between 3000 and 2000 years BP. To
speakers of southern Macro-Jé&, maize became important about
2000 years BP, in what is today central and southern Brazil
(Brown et al., 2014). These reconstructions provide sugges-
tions of when maize became important enough for a name to
be handed down across generations, but maize arrived in these
regions earlier, as shown by the archaeological finds.

The Arawak linguistic family is the largest in South America;
it appears to have originated in Southwestern Amazonia and
spread both into northern South America and the Caribbean,
and into southern South America (Walker and Ribeiro, 2011;
Aikhenvald, 2013). The Tupi linguistic family also origin-
ated in Southwestern Amazonia, and its territorial expansion
was primarily within Brazil (Migliazza, 1982; Schmitz, 1991;
Walker et al., 2012; Aikhenvald, 2013), as also pointed out by
other archaeological (Iriarte et al., 2016), linguistic (Ramallo
et al., 2013) and genetic (Ramallo er al., 2013; Castro e Silva
et al., 2020) studies. Maize became important to Tupi-Guarani
speakers at least 2000 years BP (Brown et al., 2014), and may
have been dispersed with them in what is today the Brazilian
territory. Like the Arawak expansion, the Tupi-Guarani repre-
sents one of the largest expansions of lowland South America,
extending over 4000 km, from Southwestern Amazonia to the
South American Atlantic coast (Migliazza, 1982; Schmitz,
1991; Walker et al., 2012; Iriarte et al., 2016). Genetic evidence
suggested an origin of the Macro-J& group in the Northern
Cerrado, a region between the Sdo Francisco and Tocantins
rivers, which expanded towards Southern Brazil (Ramallo
et al., 2013; Castro e Silva et al., 2020). Along the Atlantic
Coast, there appear to have been two separate expansions, one
from north to south by the Tupinamba, and the other in the op-
posite direction, from south to north by the Guarani (Iriarte
et al., 2016; Castro e Silva et al., 2020).

Hypotheses of domestication and dispersal of maize have been
addressed with different molecular markers, such as microsat-
ellites (simple-sequence repeats, SSRs) (Matsuoka et al., 2002;
Vigouroux et al., 2008; Mir et al., 2013; Bracco et al., 2016;
Bedoya et al., 2017), the alcohol dehydrogenase 2 (Adh2) gene
(Freitas et al., 2003; Freitas and Bustamante, 2013; Bustamante
et al., 2014) and single nucleotide polymorphisms (SNPs) (van
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Heerwaarden et al., 2011; Hufford er al., 2013; Fonseca et al.,
2015; Kistler et al., 2018, 2020; Moreno-Letelier et al., 2020).
The present study analysed the genetic diversity and structure
of native landraces of maize from lowland South America in
a larger sample, not explored in previous studies using SNP
markers, aiming to understand the patterns of dispersal in this
part of the continent, and to contribute to a better understanding
of the history of maize diversification. The hypotheses con-
sidered in this study are associated with the Arawak, Tupi (espe-
cially the Tupi-Guarani) and Macro-Jé expansions at different
times. From a possible origin in Southwestern Amazonia, we
hypothesize that different maize dispersal routes emerged: one
from Southern Amazonia towards Northern Amazonia, and the
other from Southern Amazonia towards Southern Brazil, and
later along the Atlantic Coast in both directions. We analysed
the geographical distribution of genetic variation aiming to de-
tect a greater genetic relationship between samples from the
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regions considered in each dispersal event included in our hy-
potheses. In addition, we gathered historical and archaeological
evidence of maize in lowland South America to support these
hypotheses, providing a basis for comparison for future his-
torical investigations and other genetic studies of local maize
populations.

MATERIAL AND METHODS

Plant material

In total, 170 maize accessions were used in this study (Fig. 1,;
Supplementary Data Table S1), of which 126 were from Brazil
(78 obtained from the germplasm bank of Embrapa Milho e
Sorgo; 48 from our recent collections), 42 from Uruguay (our
recent collections) and two commercial hybrids for com-
parison purposes (H1: DKB390PRO and H2: DOW2B587).
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FiG. 1. Geographical distribution of the 170 maize accessions from lowland South America used in this study organized by region (dashed ellipses), including 90
new collections (orange) and 78 accessions from the Embrapa Milho e Sorgo germplasm bank (black). Molecular characterization also included two commercial
hybrids. See Supplementary Data Table S1 for passport data.
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The Embrapa accessions were selected from passport data that
suggested that they are native races (Table S1) that represent
the types of endosperm expected in lowland South America
(flint, floury and popcorn). Dent maize was not included in this
study because it was introduced from North America in the
19th century (Paterniani and Goodman, 1977). An accession
corresponds to a distinct, uniquely identifiable sample of seeds
representing a cultivar or a population, which is maintained in
storage for conservation and use (FAO, 2021). The term ‘maize
races’ refers to groups of related populations with sufficient
morphological characteristics in common to allow their recog-
nition as a group (Anderson and Cutler, 1942), which occupy
a defined geographical region (Bird and Goodman, 1977) and
are associated with specific uses, many of which depend upon
endosperm type.

Field collections were conducted in six states in Brazil and
in five departments in Uruguay, including parts of five low-
land South American biomes (Amazonia, Cerrado, Caatinga,
Atlantic Forest and Pampa) (Supplementary Data Table S1).
The accessions were classified into regional groups (Fig. 1;
Table S1): Northern Amazonia, Southern Amazonia, Caatinga,
Cerrado, Southeastern Atlantic Forest, Southern Atlantic Forest
and Pampa.

In total, 133 accessions used in this study were character-
ized by type of endosperm, based on crop descriptors IBPGR,
1991) for our recent collections, and by consulting the passport
data of the accessions obtained from Embrapa’s germplasm
bank (Supplementary Data Table S1): 39 flint and Semi-Flint,
40 Floury, 44 popcorn, 10 Floury — Entrelacado. Thirty-seven
accessions were not characterized because they did not have
this information in their passport data.

This research was conducted between March 2016 and August
2020 and was approved by the Research Ethics Committee of
ESALQ/USP, by the National Research Ethics Commission
(CONEP), through CAAE process 60382016.2.0000.5395, the
National System of Biodiversity Information (SisBio) (regis-
tration no. 61447-1), and was registered in the National System
for the Management of Genetic Heritage and Associated
Traditional Knowledge (SisGen) (registration no. AD2EF0B).

Molecular characterization

Collected leaves were lyophilized and sent to the Genetic
Analysis Service for Agriculture (SAGA) laboratory at
the International Maize and Wheat Improvement Center
(CIMMYT), located in Mexico, where DNA extraction and
genotyping were performed. Genomic variance in maize is
higher within than between populations, which is common
in allogamous species (Dubreuil and Charcosset, 1998;
Reyes-Valdés et al., 2013; Gouda et al., 2020). Therefore, a
bulk sample of multiple individuals of a maize landrace can
be used to estimate genetic diversity more accurately, rather
than selecting and genotyping different individuals separately.
Studies with SSR markers showed that a bulk of 30 individuals
per accession represents an effective sample to estimate diver-
sity parameters and is highly accurate for estimating genetic
distances among the maize landraces, in addition to having a
much lower cost (Reif et al., 2005; Reyes-Valdés et al., 2013).
This sampling strategy has been evaluated and tested by the
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SeeD project (https://seedsofdiscovery.org/) using SNPs-al-
lele frequencies for the accessions belonging to the CIMMYT
Maize Germplasm Bank (unpublished), as well as by Silva
et al. (2020) and Arca et al. (2020;, 2021) using SNP data and a
bulk of 30 individuals per accession.

Thus, for this study the DNA was extracted from a bulk of
30 individuals per accession using a modified CTAB method
(Doyle and Doyle, 1990); a fragment of fresh young leaf col-
lected from each individual in the third week after planting
was used in the bulk. Molecular characterization involved
the use of DArTseq (Sansaloni et al., 2011; Al-Beyroutiova
et al., 2016), a sequencing-based technology, which has been
adopted by CIMMYT to genotype the accessions included in
its international maize germplasm bank. This method uses a
digestion process through a combination of two enzymes, a
frequent cut (Ps#I) and another rare cut (Nspl) enzyme; sub-
sequently, primers were added for fragment amplification, as
well as adaptors (barcodes) to allow the multiplexing of all
samples in a single sequencing run. After a PCR (polymerase
chain reaction) process, equimolar amounts of amplification
products from each sample were pooled by plate and multi-
plexing in a flow cell, followed by sequencing of fragments
using an Illumina Hiseq 2500 (www.illumina.com). SNP
markers were identified de novo by comparing the sequences
of fragments present in genomic representations (libraries)
obtained in this assay and processed later in the analytical
pipeline (DArTsoft14). Thus, SNP calling was done com-
pletely independently of any reference genome, which makes
this strategy an excellent resource to evaluate the genetic di-
versity of any species (Sansaloni et al., 2020).

A detailed description of the sequence capture, SNP
genotyping pipeline and its quality control can be found
in Petroli and Kilian (2019). The FASTQ files were quality
filtered using a Phred quality score of 30, which represents
a 99.9 % base call accuracy. Also, the average of reads per
marker (depth) was 1 893 270. A set of filtering parameters
was applied to select high-quality markers for this study:
Call Rate = 0.95 (proportion of samples for which the corres-
ponding marker information does not contain missing data);
RepAvg (proportion of replicated technical assay pairs for
which the marker score is consistent) > 0.85; AvgPIC (average
of the polymorphism information content of the reference and
SNP alleles) > 0.

Analytical methods

The selected SNPs are presented in Supplementary Data
Table S2, in which the genotypic scoring represents allelic
frequencies per accession. The genetic structure of the mo-
lecular data was assessed using discriminant analysis of prin-
cipal components (DAPC) with adegenet (Jombart, 2008)
for R (R Development Core Team, 2019). DAPC defines a
number of clusters and presents the genetic structure so that
variation is minimized within groups and maximized between
groups (Jombart et al., 2010). The optimal number of groups
was calculated using the K-means method and the Bayesian
Information Criterion (BIC), without considering the number
of groups a priori and not assuming that the groups meet the
assumptions of Hardy—Weinberg equilibrium between loci, as
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required by Structure (Pritchard et al., 2000). The relationship
between the groups identified by DAPC and the type of endo-
sperm was analysed with Fisher’s exact test (Fisher, 1935), at
5 % significance, using PAST v.4.0 (Hammer et al., 2001).
Cluster analysis with the neighbour-joining method (Saitou
and Nei, 1987) was used to show the genetic relationships
among 170 maize accessions, based on Nei’s genetic distances
(Nei, 1972), using ape (Paradis and Schiliep, 2018) for R (R
Development Core Team, 2019). The dendrogram was edited
in FigTree v.1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/).
For each k-means group used in DAPC, we performed a spatial
principal component analysis (sSPCA) (Jombart et al., 2008) to
investigate the spatial distributions of genetic variation, using
adegenet (Jombart, 2008) for R (R Development Core Team,
2019). This analysis uses a matrix with allele frequencies and
a spatial weighting matrix containing measurements of spa-
tial proximity among entities based on a connection network
to produce scores that summarize the spatial structure and the
genetic variability across geographical space (Jombart et al.,
2008). The connection networks were built with the K nearest
neighbours method considering K = 20, which allowed possible
connections on a regional scale. The spatial structure is based
on Moran’s Index that generates global (genetic similarity is
greater among samples from close regions) or local (genetic
similarity is greater among samples from distant regions) pat-
terns of spatial genetic structure (Jombart er al., 2008). The
significance of global and local structures was tested with
1000 permutations using the functions global.rtest() and local.
rtest(), respectively. Each significant component was repre-
sented independently using squares in greyscale, in which the
colour of squares is related to the sample’s position on the spe-
cific component, using the function s.value(). Interpolation of
the coordinates of each significant component was performed
with the interp() function from the akima package (Akima and
Gebhardt, 2021). In addition, for the synthetic projection of
all significant principal components that were retained in each
sPCA, we used the colorplot() function to summarize the spa-
tial gradient of genetic diversity based on the RGB (red green
blue) system.
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The distribution of major linguistic families (Eriksen, 2011)
was projected on the map to associate the indigenous groups
with the maize groups, with the assumption that 400 years after
European conquest there is still an association between geo-
graphical location of the sampling and the indigenous language
from these locations. The accessions were plotted on the map
using QGIS software (http://qgisbrasil.org) and were classified
according to the language family corresponding to their geo-
graphical location (Supplementary Data Table S1). We empha-
size that the frequencies of the observed language families of
our maize accessions may present bias due to a greater number
of collections carried out in specific areas.

The maize dispersal hypothesis map was prepared using
QGIS software (http://qgisbrasil.org), demonstrating the asso-
ciations of the genetic groups, linguistic data and archaeological
records. The frequencies of the DAPC groups were projected
on sector charts in the geographical regions, and the hypotheses
of maize dispersal suggested by the neighbour-joining dendro-
gram and sPCA plots were projected on the map. The archaeo-
logical records were based on the literature listed in Table 1.

We also compared our data with those of Kistler e al. (2018,
2020), who used whole genome sequencing of maize samples to
define five ancestral groups distributed throughout America, with
the aim of analysing which endosperm type predominated in each
ancestral group defined by the authors. Five accessions character-
ized by Kistler ez al. (2018, 2020) were also included in our study
(Supplementary Data Table S3), which allowed us to verify to
which ancestral groups these samples were related to.

RESULTS

Genetic diversity and structure of maize in lowland
South America

The molecular characterization resulted in 50 696 SNPs, among
which 4398 were selected after a strict quality control process
(Supplementary Data Table S2). The K-means method sug-
gested four genetic groups that were clearly separated in DAPC

TABLE 1. Date (years before present — BP), region and type of sample in the archaeological records of maize of lowland South America.

Date (years BP)  Region of origin Type of sample Reference(s)

~7150 Las Vegas, Equador (Pacific Coast) Phytoliths Stothert (1985), Pearsall and Piperno (1990)
~7000 Panama (Pacific Coast) Starch Piperno et al. (2000)
~6850 Llanos de Moxos, Bolivia (Southwestern Amazonia) Phytoliths Lombardo et al. (2020)
~6700 Llanos de Moxos, Bolivia (Southwestern Amazonia) Phytoliths Lombardo et al. (2020)
~6700 Paredones and Huaca Prieta, Peru (Pacific Coast) Ear, grain and straw Grobman et al. (2012)
~6500 Rogaguado Lake, Bolivia (Southwestern Amazonia) Pollen Brugger et al. (2016)
~6320 Lake Sauce, Peru (Peruvian Amazonia) Pollen Bush et al. (2016)
~6000 Ayauch Lake, Equador (Western Amazonia) Pollen and phytoliths ~ Bush ez al. (1989)
~5760 Par4, Brazil (Northern Amazonia) Pollen and phytoliths ~ Piperno (2011)

~5300 Ayauch Lake, Equador (Western Amazonia) Phytoliths Piperno (1990)

~5300 Upper Madeira River, Rondonia, Brazil (Southwestern Amazonia) ~ Phytoliths Hilbert et al. (2017)
~4690 + 40 Pefia Roja and Abejas, Colombia (Western Amazonia) Pollen Piperno (2011)

~4645 + 40 Araracuara, Colombia (Western Amazonia) Pollen Herrera et al. (1992)
~4190 + 40 Los Ajos, Rocha, Uruguay (Southeast Uruguay) Phytoliths and starch Iriarte et al. (2004)
~3350 Par4a, Brazil (Northern Amazonia) Pollen Bush et al. (2000)
~3000 to ~1500  Upper Madeira River (Southwestern Amazonia) Phytoliths and starch Watling et al. (2020)
~1390 = 40 Sao Francisco do Sul, Santa Catarina, Brazil (Southern Braszil) Starch Wesolowski et al. (2010)
~990 + 60 Janudria, Northern Minas Gerais, Brazil (Southeast Braszil) Ear, grain and straw Freitas et al. (2003)
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(Fig. 2A). The first two principal components explained 35.2 %
of the total genetic variation.

The DAPC groups were associated with the type of endo-
sperm (Table 2): Group G1 was dominated by popcorn; G2 by
Flint/Semi-Flint; G3 by Floury; and G4 by Floury, 62.5 % of
which belong to the Entrelacado race (Costa et al., 2021). The
two commercial hybrid cultivars were attributed to G2. Groups
G1 and G4 were more homogeneous with respect to the type
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of endosperm (96 % popcorn endosperm type and 94 % floury
endosperm type, respectively), while G2 and G3 were more
heterogeneous. This degree of homogeneity may explain the
isolation of these groups (G1 and G4) in relation to the others
in the DAPC (Fig. 2A). The predominant biomes in each group
suggest a connection between these regions (Fig. 2B). G1 was
present in the Pampa, Southern Atlantic Forest, Southeastern
Atlantic Forest and Cerrado; G2 in the Pampa, Southeastern
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TABLE 2. Frequency of endosperm types within the K-means
groups identified by the discriminant analysis of principal com-
ponents (DAPC) based on 4398 SNPs in 133 maize accessions.

Endosperm type  Group 1 Group 2 Group 3 Group 4

No. % No. % No. % N°. %
Popcorn 27 96 3 9 14 25 0 0
Flint/Semi-Flint 0 0 26 76 12 22 1 6
Floury 1 4 5 15 29 53 15 94
Total 28 100 34 100 55 100 16 100

Values in bold refer to the predominant endosperm types in the DAPC
groups.

“The lower number of accessions is because no information on the type of
endosperm was available for 35 accessions and two accessions are commercial
hybrids.

Atlantic Forest and Caatinga; G3 in all biomes; and G4 in
Southern Amazonia, Northern Amazonia and Cerrado.

The relationship between the 170 maize accessions is pre-
sented in an unrooted neighbour-joining dendrogram (Fig. 3),
considering that an unrooted dendrogram specifies the rela-
tionships among accessions and not their evolutionary origin
(Ridley, 2003; Barton et al., 2007). The analysis suggests the
existence of four clear clusters and one less clear (I) cluster;
the latter is difficult to interpret, although dominated by floury
endosperm (Fig. 3A). Three clusters (II, IV, V) are strongly
dominated by only one endosperm type, popcorn, floury and
flint, respectively. Cluster III is also dominated by floury, of
which the Entrelacado race is a particular type.

The relationship among endosperm clusters and regional
geographical groups (Fig. 3B) suggests that in lowland South
America no regional groups evolved in isolation. Nonetheless,
some clustering patterns between regions can be interpreted
as the result of dispersal processes. Specific regional groups
predominated in these clusters, forming regional blocks,
within which groups with frequencies >10 % were highlighted
(Supplementary Data Table S4).

The regional connections are also supported by the sPCA (Fig.
4). In G1 (popcorn) (Fig. 4A and B), the sPCA shows relation-
ships between the Pampa, Southern Atlantic Forest, Southeastern
Atlantic Forest and Cerrado, diverging from the Southern
Amazonia, Northern Amazonia and Caatinga. In G2 (flint and
semi-flint) (Fig. 4C-E), a greater similarity between Southern
Amazonia and Pampa is observed, diverging from the flint maize
distributed along the Atlantic Coast and Northern Amazonia. The
analysis carried out jointly for the groups dominated by floury
endosperm (G3 + G4) shows a significantly greater relationship
between Southern Amazonia and Northern Amazonia in the first
principal component (PC) (Fig. 4F), differing from the maize dis-
tributed along the Atlantic Coast; the second PC (Fig. 4G) shows
a greater similarity between Southern Amazonia and Pampa.
The synthetic projection (Fig. 4H) demonstrates stronger rela-
tionships among the following biomes: (1) Southern Amazonia
and Northern Amazonia; (2) Caatinga and Southeastern Atlantic
Forest; (3) Southern Atlantic Forest and Pampa; and (4) Cerrado,
which appears as a transition area between biomes. Interpolations
of the first to the third significant principal components of these
analyses are presented in Supplementary Data Fig. S1.
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The sPCAs considering the two groups dominated by Floury
endosperm separately (Supplementary Data Fig. S2) agreed
with the patterns described above. However, the spatial syn-
thetic projection of the PCs for G3 (floury) (Fig. 5A) identified
the largest number of distinct groups (at least six colours), within
which four were concentrated in the Atlantic Forest (Southern
and Southeastern) and the southern Cerrado, which may suggest
a diversification zone for this endosperm type. In this area, the
presence of three language families is also observed (Arawak,
Macro-Jé and Tupi), with one maize group (pink/purple) found
exclusively where these three language families converge (Fig.
5). The samples from this region are in a Cerrado area and are
apparently intermediate between the Northern (Amazonia) and
Southern (Atlantic Forest and Pampa) biomes. In the DAPC,
these samples are more closely related to Southern Amazonia.
On the other hand, in the neighbour-joining analysis they are in
group I'V and are more closely related to the Atlantic Forest and
Pampa, reinforcing their admixed ancestry.

Geographical distribution of maize genetic diversity in lowland
South America

In our sample, floury endosperm maize (G3) was the most
widely distributed type. The Entrelacado floury type (G4)
dominates in Amazonia and, somewhat less so, in the Cerrado.
Curiously, popcorn (G1) is absent from Southern Amazonia
and becomes very common in Southern Brazil, a region that
encompasses the Atlantic Forest and Pampa biomes. Flint
endosperm maize (G2) dominates in the Pampa and Southern
Atlantic Forest and is common in the Caatinga.

The maize accessions in this study were mapped to in-
digenous language families (Eriksen, 2011), assuming that
400 years after European conquest there is still an association
with these ethnic groups and maize. Taking into account that
our sampling was not representative of linguistic families, we
found that 38 % of the accessions were associated with the Tupi
language family, 24 % with Macro-Jé, 11 % with Arawak and
1 % with Pano. The G3 (Floury) group presented the greatest
richness of linguistic families (four). Groups G1, G2 and G4
were associated with the Arawak, Macro-Jé and Tupi families.

These analyses suggest several routes of maize dispersal that
appear to be associated with the Arawak, Tupi (especially the
Tupi-Guarani) and Macro-Jé expansions. Assuming an early
presence of maize in Southwestern Amazonia, different mi-
gratory routes dispersed from this area in different directions
(Fig. 6): (1) there was a dispersal towards northern and eastern
Amazonia, which continued along the Atlantic coast, entered
the Caatinga and south-eastern Atlantic Forest; (2) another dis-
persal occurred towards southern Brazil, passing through the
Cerrado, the southern Atlantic Forest and reaching the Pampa
region; and (3) along the Atlantic Coast, following Tupi move-
ments originating from two separate expansions: one from
north to south (Tupinamba), and the other in the opposite direc-
tion, from south to north (Guarani).

Regarding the comparison of our data with those of Kistler
et al. (2018, 2020) (Supplementary Data Table S3), these au-
thors classified the accessions into five ancestral groups: (1)
Andes and the Pacific coast, (2) Lowland South America, (3)


http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac049#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac049#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac049#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcac049#supplementary-data
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Fi1G. 3. Neighbour-joining dendrogram of 170 maize accessions characterized with 4398 SNPs using Nei’s (1972) genetic distance. (A) Colours according to the

K-means groups identified by the DAPC (Fig. 2). (B) Colours according to the regional geographical groups (Fig. 1). In each cluster the predominant endosperm

types and regional groups are highlighted around the dendrogram. The following regional groups were defined: Northern (N) Amazonia, Southern (S) Amazonia,
Caatinga, Cerrado, Southeastern (SE) Atlantic Forest, Southern (S) Atlantic Forest and Pampa. *Commercial hybrid accessions.
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FIG. 4. Spatial principal component analysis (sSPCA) of groups identified by the discriminant analysis of principal components (DAPC) based on 4398 SNPs in 170
maize accessions. Plots of significant global principal components of the genomic dataset were analysed. Each significant component is represented independently
using squares in greyscale; the intensity of grey is related to the sample’s position on the specific component. Synthetic projections summarize the representation
of the values along all the significant principal components for each group, using circles with an RGB (red green blue) colour gradient; similar shades of colour
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the first (B) significant component, using a colour gradient. Flint and Semi-Flint (G2): projections of accessions and their positions on the first (C) and the second
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FiG. 5. Spatial principal component analysis (SPCA) of the G3 (Floury) group identified by the discriminant analysis of principal components (DAPC) based on

4398 SNPs in 55 maize accessions. Synthetic projections summarize the representation of the values along all the significant components for each group, using cir-

cles with an RGB colour gradient. Similar shades of colour indicate close genetic relationships. Conversely, different colours indicate more divergent accessions.

Synthetic projection of the three (A) significant global components. Projections of accessions and their position on the third (B) significant global component.

Distributions of the most important indigenous linguistic families (Eriksen, 2011) in the highlighted region (C). The dotted circle suggests a diversification zone
for G3 and the arrow points to a zone of convergence of the Arawak, Macro-Jé and Tupi indigenous language families.

North America, (4) Highland Mexico and Central America, and
(5) Pan-American, spanning from northern Mexico into lowland
South America. From the five samples included in both studies,
three were 100 % classified in the Lowland South America an-
cestral group and were dominated by floury endosperm. These
samples originated from Southern Amazonia (two samples) and
Northern Amazonia (one sample). Another sample, of popcorn
endosperm, originating from the Cerrado biome, was classified
into the Lowland South America (82 %) and North American
(18 %) ancestral groups. Finally, a fifth accession of flint or
semi-flint endosperm, from Northern Amazonia, was classi-
fied in the Pan-American (67 %) and Lowland South America
(33 %) groups. Kistler et al. (2018, 2020) suggested that the
Lowland South America ancestral group was an older intro-
duction from South America (~6000 years BP) and the Pan-
American group was a more recent introduction (~2000 years
BP). The importance of the comparison of these studies is to
show that floury and popcorn endosperm types were predom-
inant in Lowland South America, while the flint endosperm
predominated in the Pan-American ancestral group, suggesting
that the floury and popcorn types were part of the older intro-
duction in South America, while the flint type arrived in a more
recent introduction.

DISCUSSION

Population dynamics and structure are key aspects for under-
standing the distribution of crop genetic diversity, shaped by a
complex set of evolutionary events involving ancestral human
populations and modern communities (Kistler et al., 2018,
2020). The present study expands our knowledge of the dis-
persal history of maize in lowland South America, involving a
broader sample than previously available, and proposed hypoth-
eses of dispersal of the species in the region. We have gathered
genetic, archaeological and historical evidence to support our
hypotheses, integrating them into a coherent history of maize
dispersion. Our analyses suggested that maize dispersal was as-
sociated with different types of endosperm. The interregional
connection patterns presented by the analyses suggest dispersal
by different indigenous groups (Walker and Ribeiro, 2011;
Walker et al., 2012; Ramallo er al., 2013; Iriarte et al., 2016;
Castro e Silva et al., 2020). The geographical distribution of the
linguistic families shows the main indigenous peoples report-
edly involved in the processes of maize dispersal in this region:
Tupi, Macro-Jé and Arawak. Furthermore, our data suggested
a probable zone of diversification, involving the Cerrado and
Atlantic Forest, in an area related to the Guarani (Tupi family)
expansion (Bustamante et al., 2014; Iriarte et al., 2016).
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FiG. 6. Frequencies of the maize genetic groups defined by discriminant analysis of principal components (DAPC; pie charts by regional group); hypotheses of

maize dispersal (arrows) suggested by the neighbour-joining dendrogram (interregional connections suggested by groups I, II, III, IV and V) and by the sPCA,

associated with the history of Arawak (Walker & Ribeiro, 2011), Tupi (Walker ef al., 2012; Iriarte et al., 2016; Castro e Silva et al., 2020) and Macro-Jé (Ramallo

et al., 2013; Castro e Silva ez al., 2020) expansions on map of the distributions of the six most important indigenous linguistic families (Eriksen, 2011); and the
archaeological records of maize (in years BP).

DAPC and cluster analyses suggest that maize dispersal was
associated with different types of endosperm. The G1 (pop-
corn) DAPC appeared in all regions of the research, except
in Southern Amazonia. Although the present study did not
sample any accessions of popcorn in Southwestern Amazonia,
popcorn was present in Peru by 6200 years BP (Grobman
et al., 2012). In the South of Brazil, popcorn was important to
the indigenous Guarani (Brieger et al., 1958; Paterniani and
Goodman, 1977). In Santa Catarina, a microcentre of maize
diversity was identified, with many popcorn landraces (Costa
et al., 2017; Silva et al., 2017). A recent study showed that
the expansion capacity or popping expansion pattern (the for-
mation of large flakes after the kernels explode in response
to heating) of popcorn landraces displayed a north—south geo-
graphical continuum, in which the average values increased
with geographical distance from the centre of origin in Mexico
(Silva et al., 2020). The highest averages were obtained for
the lowland groups of South America (Silva et al., 2020).
This evidence suggests that when popcorn arrived in South
America, it gained importance among the people who lived
there and was widely cultivated and, consequently, diversified.
The G2 group (Flint and Semi-flint) showed higher frequen-
cies along the Atlantic Coast and lower frequencies in the in-
terior, which corroborates the hypothesis of dispersal of the
Cateto flint maize race along the coast (Brieger et al., 1958;
Paterniani and Goodman, 1977; Goodman, 1995). G3 (pre-
dominantly Floury) had a wider dispersal and was distributed

in all regions of the study. Our findings agree with the proposal
for the geographical distribution of the endosperm types of
maize in South America presented by Goodman (1995), within
which the presence of floury maize was pointed out in the
lowland areas, with typical characteristics of the Entrelacado
race, in both Amazonia and the Cerrado. All indigenous maize
races (Caingang, Entrelacado, Lenha, Moroti and Guarani
Popcorns) are probably very similar to maize grown in the Pre-
Columbian era, and in the case of the Entrelacado race, their
occurrence exclusively in Amazonia was noted in previous
studies (Brieger et al., 1958; Paterniani and Goodman, 1977;
Costa et al., 2021). However, G4 (Entrelagado) also dispersed
out of Amazonia and arrived in the Cerrado.

Interregional connection patterns suggested by cluster
analysis and sPCA supported our hypothesis of maize dis-
persal. Cluster analysis showed a greater relationship between
Southern Amazonia, Northern Amazonia and the Atlantic Coast
(cluster I) of floury maize (G3). This same path was followed
by the expansion of Arawak (Walker and Ribeiro, 2011) and
Tupi (Tupinamba) (Iriarte er al., 2016; Castro e Silva et al.,
2020). sPCA also suggested a dispersal pattern for Flint (G2)
and Floury (G3 + G4) passing through the Cerrado, towards
the Pampa. Group V of the cluster analysis, with the highest
frequency of the flint and semi-flint grain types, showed a re-
lationship between the Pampa and Atlantic Forest. Brieger
et al. (1958) and Paterniani and Goodman (1977) suggested a
coastal migratory movement in the south-—north direction by
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the peoples of the Tupi linguistic family. The authors assumed
that the Cateto maize race, which has a flint-type endosperm,
is native to the Brazil-Argentina coastal region (Pampa biome),
where this group showed its maximum development, having
been cultivated by the indigenous peoples of the Atlantic Coast
of Argentina up to the Guianas (with dispersal in the south—
north direction).

Archaeological evidence shows that maize arrived in low-
land South America thousands of years ago and dispersed
across the region (Table 1,; Fig. 6). The oldest records identified
were 6850 years BP in Southwestern Amazonia (Lombardo
et al., 2020), which indicates that before the appearance of the
Arawak and Tupi groups there were people cultivating maize
in the region. Considering the oldest presence in this region,
we assume that this area corresponds to the origin of the spe-
cies’ dispersal routes, which also overlaps with the origin of
indigenous expansions considered in our hypotheses (Arawak,
Tupi). Archaeological records also point to the presence of
maize in the Pampa region, at least 4190 years BP (Iriarte et al.,
2004), which also suggests that an ancient movement occurred
from Southwestern Amazonia to the south. Considering these
linguistic families, the Tupi, Macro-Jé and Arawak were the
main indigenous peoples reportedly involved in the processes
of maize dispersal. Among these three groups, the Tupi lan-
guage family predominated (Supplementary Data Fig. S3).
Less frequently, the Macro-J& and Arawak presence was also
observed in all clusters, which may indicate only traces of
Macro-Jé and Arawak dispersal in these areas, since the regions
that involve the Macro-J€, Arawak and Tupi routes overlap.
These associations must be interpreted cautiously because few
germplasm collection expeditions use Indigenous language as
a priority descriptor and Tupi is the most common Indigenous
language in Brazil. Nonetheless, we suggest that the Tupi lan-
guage family was important in maize dispersal, as well as the
Arawak and Macro-Jé families, as also observed by Kistler et al.
(2018). According to these authors, several landraces and two
archaeogenomes (~700 years BP) located near Southwestern
Amazonia share alleles with Cerrado and Atlantic Forest maize.
This study also analysed the linguistic distribution of the word
‘maize’ for Arawak and Macro-Je groups, showing that the
genetic pattern observed is consistent with the Arawak and
Macro-Jé linguistic patterns that link maize cultivation in these
regions (Kistler et al., 2018).

In the synthetic projection of G3 (floury endosperm) in
the sPCA (Fig. 5), a probable zone of diversification was
suggested in an area that presents high biocultural diversity,
characterized by the presence of three indigenous linguistic
families and two biomes. This area involves a Guarani ex-
pansion zone, according to Bustamante et al. (2014) and
Iriarte et al. (2016). Bracco et al. (2016) identified two
genetic groups in lowland South America associated with
popcorn and floury endosperm types, with high divergence
between them, as observed in our study (Fig. 2A). The au-
thors assumed that these maize groups were grown by the
Guarani people (from the Tupi—Guarani linguistic family)
(Bracco et al., 2016), where floury maize and popcorn
were known as Moroti and Guarani Popcorns, respectively
(Paterniani and Goodman, 1977). The present study, with a
broader sampling, demonstrated the presence and distribu-
tion of floury and popcorn genetic groups in different biomes
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of the region. The data that we have compared to Kistler
et al. (2018, 2020) (Supplementary Data Table S3) showed
that the floury and popcorn endosperm types were related
to the older ‘Lowland South America’ ancestral group, and
the flint type to the ‘Pan-American’, the most recent group
that supposedly arrived later. This suggests that older maize
dispersal routes probably involved floury and popcorn, and
did not include flint. In addition, the fact that the G3 samples
belong to the Lowland South America group (100 %), one of
the oldest ancestral groups in South America (Kistler et al.,
2018, 2020), may be related to the greater variation in spatial
diversity observed within this group (Fig. 5). Kistler et al.
(2018, 2020) suggested a secondary improvement centre of
maize in Southwestern Amazonia, recognized as a centre
of domestication and diversification of cultivated species
already reported in other studies (Piperno, 2011; Clement
et al., 2016; Dequigiovanni et al., 2018; Lombardo et al.,
2020). Archaeobotanical studies found phytoliths and starch
in ceramics at 3000-1500 years BP in the upper Madeira
River region, Southwestern Amazonia (Watling ez al., 2020),
possibly involved with the Tupi expansion (Iriarte er al.,
2016; Castro e Silva et al., 2020), where the most repre-
sented species in ceramics was maize. Starch grains pro-
duced by soft (floury) and stiff (popcorn) endosperm maize
were found in these residues, implying that landraces with
different types of endosperm were being used in this period.
The damage present in the starch grains found in the cer-
amics indicates that the plants underwent different mech-
anical processes (e.g. milling) and heating (toasted and
boiled), which indicates the production and processing of
maize flour (Watling et al., 2020). Ethnobotanical research
also conducted in Southwestern Amazonia (Costa et al.,
2021) identified different typical uses of maize, such as fer-
mented drink (called chicha by the native peoples), in indi-
genous and riverside communities up to the present. Bracco
et al. (2016) noted that maize from central South America
constitutes a unique and locally adapted gene pool, and does
not represent just a region of contact between Andean and
Eastern South American races. These authors suggest that
this region played an important role in structuring the gen-
etic diversity of local races.

CONCLUSIONS

Our study expands knowledge of the evolutionary history of
maize in lowland South America and proposes hypotheses
of dispersal of the species associated with different types of
endosperm. Interregional patterns suggest dispersal in agree-
ment with the expansion of the Tupi, Macro-Jé and Arawak
indigenous groups. From a possible origin in Southwestern
Amazonia, different maize dispersal routes emerged: (1) to-
wards Northern Amazonia, which continued towards the
Caatinga and south-eastern Atlantic Forest (Floury); (2) towards
Southern Brazil, passing through the Cerrado and Southern
Atlantic Forest reaching the Pampa region (Floury); and (3)
along the Atlantic Coast, following Tupi migratory movements
and originating from two separate expansions: one from north
to south, and the other in the opposite direction, from south to
north (Flint, Floury and popcorn).
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SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: Passport
data of 170 maize accessions used in this study. Table S2: Allele
frequencies from SNP markers for 170 maize accessions. Table
S3: Accessions included in the study of Kistler et al., with five
of them also characterized in our study. Table S4: Frequency of
regional groups within the clusters identified by the neighbour-
joining dendrogram of 170 maize accessions characterized by
4398 SNPs, using Nei’s genetic distance. Fig. S1: Spatial prin-
cipal component analysis of groups identified by the discrim-
inant analysis of principal components based on 4398 SNPs
in 170 maize accessions. Fig. S2: Spatial principal component
analysis of groups identified by the discriminant analysis of
principal components based on 4398 SNPs in 55 and 16 maize
accessions. Fig. S3: Cluster analysis of 170 maize accessions
performed by the neighbour-joining method, based on 4398
SNP markers and Nei’s genetic distance.
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