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Archaeological findings show the extent of primitive
characteristics of maize in South America

Flaviane Malaquias Costa'*, Rafael Vidal?, Natalia Carolina de Almeida Silva®,
Elizabeth Ann Veasey1, Fabio de Oliveira Freitas**, Maria Imaculada Zucchi**

Scientific research has suggested that maize spread from Mexico and arrived in lowland South America in a state
of partial domestication. However, archaeological samples with primitive morphological characteristics that cor-
roborate this finding have not been recorded in the region thus far. Unexpectedly, many samples were identified
in the Peruacu Valley with characteristics never previously observed in South America. These archaeological sam-
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ples with primitive characteristics, which are the focus of this work, represent the furthest records from the center
of origin of the species and the longest duration of the maintenance of such characteristics (between 1010 and
570 years before present). The findings of this study, including archaeological samples, native races, and samples
of teosinte, attest to a long history of maize diversification in lowland South America.

INTRODUCTION
Maize (Zea mays spp. mays L.) is a cereal of great importance for
global food security (I), and hypotheses about its domestication and
diversification have been the subject of discussion since the 19th century
(2-15). The lowland South America encompass regions with eleva-
tions less than 1500 m and exhibit extensive genetic diversity of
maize (10, 16-22). Recent research has shown that the process of
maize domestication is more complex than previously understood
(23, 24), suggesting that maize was dispersed from the Rio Balsas
Valley, Mexico, after beginning its domestication from populations
of parviglumis, about ~9000 years before present (BP), and arrived in
Southwestern Amazonia (Fig. 1) in a state of partial domestication
(8). However, there is a shortage of macrobotanical remains in gen-
eral in the earliest time periods of maize cultivation. Archaeological
records, mainly in the forms of phytoliths, pollen, and starch, dem-
onstrated the presence of maize for at least 6800 years BP (25) in
different locations of lowland South America (25-35). Archaeologi-
cal samples of cobs, ears, and grains are scarce in the region. How-
ever, a large number of samples were found in the Peruacu Valley,
state of Minas Gerais (MG), Brazil (Fig. 1), with characteristics never
previously observed in South America; these samples are the focus of
the present study. We considered the hypothesis that maize popula-
tions that arrived in lowland South America still had primitive char-
acteristics and later diversified, giving rise to different native races.
We determined that primitive traits were preserved and spread to
locations far from the secondary center of maize diversification in
southwestern Amazonia, where they were maintained for long peri-
ods of time, lasting at least until very close to the arrival of the first
European settlers.

The species Z. mays comprises four subspecies: Z. mays L. ssp.
mays, which is referred to as maize, Z. mays L. ssp. parviglumis,
Z. mays L. ssp. mexicana, and Z. mays L. ssp. huehuetenangensis (14,
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15). The wild relatives of maize can be called teosinte. Other hypoth-
eses also suggest that a second dispersal event of maize hybridized
with mexicana arrived in South America after ~6000 years BP and
present evidence that this hybridization may have conferred agro-
nomic advantages to maize, such as increased ear size and the number
of grains per row (13). Samples of maize cobs, cob fragments, straw,
and maize stigma were identified in the Peruagu Valley (Fig. 1). The
Peruagu Valley is home to many caves, within which archaeological
remains and human bones have been found, which indicate the
presence of humans for at least 10,000 years BP (36-38), with crops
appearing in the area around 2000 years BP (3, 8, 39).

To explore the study’s hypothesis, we performed an assay that
involved the morphological characterization of archaeological sam-
ples of maize and modern samples of teosinte and the molecular
characterization of accessions representing native races of maize.
The following archaeological samples were characterized using
qualitative and quantitative descriptors: (i) 282 fragments of ears/
cobs (Fig. 1, tables S1 and S2, and data S1), (ii) 12 grains (Fig. 1 and
data S2), and (iii) two ears (Fig. 1 and data S3). In addition, we char-
acterized 22 modern teosinte samples (data S4) preserved in the
Peabody Museum of Archeology and Ethnology, Harvard Universi-
ty (Peabody number: 2001.1.396) to obtain comparative parameters
for the archaeological data. The ear/cob shape was estimated based
on the archaeological samples of ear/cob fragments and samples of
teosinte, considering the criteria presented in table S3. In addition,
the length (cm), base diameter (mm), row number, and number of
grains/row of these same samples were characterized. The race clas-
sification of the two archaeological ears was performed based on the
characterization of 14 morphological descriptors of the crop, con-
sidered key to the classification of maize races (table S4) (18, 20, 40).
Maize races are defined as groups of related populations with suffi-
cient morphological characteristics in common to allow their recog-
nition as a group (41). These groups occupy a defined geographical
region (40) and are associated with specific uses (18, 20, 22).

RESULTS

The characterization of the 282 ear/cob fragments and of the teo-
sinte samples showed evident diversity (tables S1 and S2 and Fig. 1),
within which we highlight the amplitude of the minimum, average,

10f9

202 ‘9T Jequueldss uo o|red 0es ap apeps.eAlln 18 BI0°80Us 105" MMM//:ST1Y WO papeo|umoq


mailto:flavianemcosta@​hotmail.​com
mailto:fabio.​freitas@​embrapa.​br
mailto:fabio.​freitas@​embrapa.​br
mailto:mizucchi@​sp.​gov.​br
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adn1466&domain=pdf&date_stamp=2024-09-04

SCIENCE ADVANCES | RESEARCH ARTICLE

A
Balsas :
Valley B Fragment of cobs, ears, straw and stigma
.~9000
e o o o ¢ @ @ © g (GG oY
C Grain Floury endosperm
~7000
~4690
~4645
~7150
6000 Sc:]thwesfem
5300 mazonia ~5760
~6700
~6320
~1010~630
~860 ®_s57(
Peruagu
Valley
(IJ 2000 4000 km
~1390
~4190
‘: :{:
J g
¥ 1< 4
7 ®

v

A1

Primitive ear/cob trait Fully domesticated maize ear/cob

Fig. 1. Geographical distribution of archaeological records of maize throughout the Americas. (A) Geographical location of Rio Balsas Valley, Southwestern Amazonia,
Peruacu Valley and archaeological records of maize (in years BP) (table S5) across the Americas. (B) Fragments of cobs, ears, straw, and stigma from archaeological samples
of maize from Peruacu Valley, Minas Gerais (MG). (C) Grains and floury endosperm in archaeological maize samples from Peruacu Valley, MG. (D) Maize ears characterized
for the classification of races in archaeological samples from Peruacu Valley, MG. (E) Samples with primitive traits and typical ears/cobs of fully domesticated maize from
archaeological samples from Peruacu Valley, MG. The photos of the ears are presented on the same scale for each item [(A), (B), (C), (D) and (E)]. Photo credits: Flaviane

Malaquias Costa, Universidade de Sao Paulo.

and maximum number of rows for archaeological samples 4, 12, and
18, respectively, and the number of grains/row for samples 4, 13, and
40. For the teosinte samples, the minimum, average, and maximum
number of rows were 2, 4, and 8, respectively, and the numbers of
grains/row were 6, 12, and 27. As for the shape of the archeological
ear/cob, for the whole fragments, the conical shape was predomi-
nant (71%), and for teosinte, the cylindrical shape predominated
(55%) (table S2). A “primitive” trait was considered to be cobs with
a row number less than eight because 95% of the teosinte samples
characterized had a row number of less than eight and because thus
far, no maize races with this feature have been found in lowland
South America (16-18, 20, 22, 42, 43), which indicates the absence
of this trait in modern maize races in the region. On the basis of this
parameter, 14 archaeological samples (5%) were identified with this
“primitive” characteristic (four and six rows) (table S6). The modern
maize races from lowland South America, characterized from 254
landraces, presented from eight to 26 rows per ear, with an average
of 12 rows (43).

Among the teosinte samples, there were two patterns in which 14
samples were classified as subgroup 1 and eight samples as subgroup
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2 (Fig. 2). Archaeological samples with primitive characteristics
from Peruacu Valley, MG, have morphological characteristics that
are more similar to teosinte samples with subgroup 2 (Fig. 2); these
samples could be understood as proto-maize (8). This study pres-
ents an important record of archaeological samples of maize with
primitive characteristics in lowland South America and, by dating
the samples, indicates that such primitive characteristics persisted
long after the introduction of maize in this area. These results agree
with those of other studies (8, 9), which suggest that the alleles of
maize domestication were not completely fixed when the species ar-
rived in the region.

The archaeological grains characterized in this study had a
floury endosperm, with variation in grain shape and pericarp color
(table S7 and Fig. 1). Approximately 300 maize races have been de-
scribed for the American continent (44). Of these, 40% have a floury
endosperm. The classification of maize races in Brazil (17) identified
15 races and 19 subraces of maize, among which four “indigenous
races,” namely, Entrelagado, Caingang, Avati Moroti, and Lenha,
have floury endosperm. To identify the relationship between the ac-
cessions and classify the maize races present in the archaeological
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Fig. 2. Morphological descriptors of the teosinte samples preserved in the Peabody Museum of Archeology and Ethnology, Harvard University. Ears of teosinte
classified as subgroups 1 (A) and 2 (B) and their predominant characteristics. (C) Number of rows and ear shapes of teosinte samples and archaeological samples of ears/
cobs with primitive characteristics from Peruagu Valley, MG. The photos of the ears are presented on the same scale for each item [(A) and (B)]. Photo credits: Flaviane

Malaquias Costa, Universidade de Sao Paulo.

samples based on the morphological data (table S4), we performed
principal coordinate analysis (PCoA) (Fig. 3) and cluster analysis
using a unrooted dendrogram (Fig. 3), which specifies the relation-
ships between the accessions without defining an evolutionary path
(45, 46). The PCoA explained 71.14% of the total variation in the
data using the first two principal coordinates. The contribution of
the variables in the PCs analysis is shown in fig. S1. The Entrelagado
maize race was the most closely related to the archaeological sam-
ples. In the analysis, when K = 2, the archaeological samples and all
representatives of the Entrelagado race were found in the same
group, and when K = 3 and K = 4, the archaeological samples and
Entrelagado were separated into two groups. When K = 4, the Avati
Moroti race was separated from the Caingang and Lenha races,
which were more closely related to each other in the other group.
The cluster analysis showed the formation of three groups, with a
consistent group composed of landraces of the Entrelacado race from
Southwestern Amazonia and from the literature (16, 17), which
was grouped with archaeological samples (found in the Cerrado/
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Caatinga biome, which is at least 2000 km away). The ROF1C variety
(a landrace conserved by a ribeirinho, traditional farmer that lives
along riversides, from Rondonia State, in Southwestern Amazonia)
was closer to the archaeological samples, and the other Entrelacado
accessions were closer to each other. This group of Amazonian maize
was isolated from other races of floury maize. The cluster analysis
showed that the archaeological samples were more closely related to
the Entrelagado race, which continues to be conserved in Southwestern
Amazonia by traditional farmers and indigenous peoples (18). In the
group formed by the Avati Moroti race, all samples from the Cerrado
ecoregion, one sample from the Atlantic Forest, and the Avati Moroti
race in the literature were more closely related to each other, forming
a subgroup; similarly, the samples from the Pampa ecoregion and
one sample from the Atlantic Forest formed another subgroup.
Another group was formed by the Caingang and Lenha races from
the Pampa and Atlantic Forest ecoregions.

The genomic characterization of 13 accessions representing the
floury maize races from lowland South America was performed using
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Fig. 3. Genetic structure of the floury maize races based on morphological and genomic data in the main lowland ecoregions of South America. (A) Principal
coordinate analysis (PCoA) was performed based on key descriptors for the classification of maize races from 22 maize accessions, with 20 accessions representing the

floury maize races of lowland South America and two archaeological samples of maize from Peruacu Valley, MG. The graphs generated considered the group numbers of

K=2,K=3,and K = 4. (B) Ward cluster analysis of the 22 maize accessions based on the Gower index, performed using morphometric descriptors of the maize races.
*Races of floury maize from Brazil described in the literature for lowland South America (76). (C) Cluster analysis of 13 accessions representing the floury maize races from

lowland South America performed by the neighbor-joining method based on 5313 SNP markers. (D) Main lowland ecoregions of South America (62, 63) and location of

the floury maize races. Photo credits: Flaviane Malaquias Costa, Universidade de Séo Paulo.

5013 single-nucleotide polymorphism (SNP) markers to analyze the
genetic relationship between the races. Cluster analysis based on the
neighbor-joining method and Nei’s genetic distances was performed
(47). The results obtained for the genomic data (Fig. 3) corroborated
the results of the cluster analysis that included morphological
data, where a stronger genetic relationship was observed between
the Entrelagado race and the Avati Moroti race, and a weaker rela-
tionship was observed with the Caingang and Lenha races. In addi-
tion, the Amazonian Entrelacado race was more isolated from the
other races, and the Avati Moroti was a larger and more widely
distributed group, occurring in the Cerrado, Atlantic Forest, and Pampa
ecoregions.

Another cluster analysis of the morphological data, including
the teosinte data, was performed with the aim of exploring the re-
lationship between the samples. This analysis was rooted in a two-
row teosinte sample. The similarity relationships presented by
the analysis suggest that the groups formed by the archaeological

Costa et al., Sci. Adv. 10, eadn1466 (2024) 4 September 2024

samples and the Entrelacado race are the most related to the teo-
sintes subgroup 2. In addition, in the sequences of the branches,
the Avati Moroti, Caingang, and Lenha appear (Fig. 4). The rela-
tionships observed in the analysis suggest the hypothesis that the
number of rows and grain size (length) increased throughout the
diversification process of these races, but we highlight that future
genetic analyses must be carried out to investigate and confirm
these hypotheses. The revolutionary transition of the two-row teo-
sinte to the maize with the highest number of rows during domes-
tication of the species markedly improved crop yields (48-50).
Also, loci associated with increased ear size and number of kernels
per row were detected when analyzing evidence of the hybridiza-
tion of maize with mexicana in the highlands of Mexico around
4000 years after the beginning of domestication and its subsequent
dispersal throughout the Americas (13). We consider that this ana-
lytical approach is not a phylogenetic analysis and has a restricted
number of variables. However, the analysis allowed us to explore
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Fig. 4. Similarity relationships between modern teosintes, archaeological samples from the Peruacu Valley, and floury maize races from lowland South America.
(A) Ward cluster analysis of 44 accessions (22 teosinte, two archaeological samples of maize from Peruacu Valley, MG, and 20 accessions representing the floury maize
races of lowland South America), based on the Gower index (57) of morphometric characteristics of maize races. *Races of floury maize from Brazil described in the scien-
tific literature for lowland South America (76). (B) Number of teosinte rows, archaeological samples of maize, and races of floury maize from lowland South America.
(C) Photographic record of teosinte ears (subgroups 1 and 2), archaeological samples of maize and representatives of the floury maize races of lowland South America.
The photos of the ears are presented at the same scale. Photo credits: Flaviane Malaquias Costa, Universidade de Séo Paulo. The photo of the Lenha race was presented by

Brieger et al. (17), Universidade de Sao Paulo.

the relationship between archaeological samples and native races
of floury maize from lowland South America.

DISCUSSION

The identification of samples with primitive morphological charac-
teristics in the region of Peruacu Valley, MG, raises the following
scientific questions: (i) How can the presence of samples with prim-
itive morphological characteristics millennia after the beginning of
domestication in Mexico be explained (2, 4, 5, 12)? (ii) How can the
presence of samples with primitive morphological characteristics
millennia after the diversification in Southwestern Amazonia (8, 19)
be explained? (iii) How can the presence of samples with primitive
morphological characteristics thousands of kilometers away from
these two geographic points (~7150 and ~ 2300 km, respectively)
and located in different ecoregions be explained? (iv) Would these
“more domesticated” and “more primitive” maize types have arrived
and evolved together in the Peruagu Valley, or were they part of
distinct introductions and migration routes? The present study
points to important evidence of the presence of primitive maize
much later than the time of domestication and in a very distant loca-
tion, which reinforces the need to deepen our understanding of this
topic. In particular, the results provide information and suggest a
future study, a potential application of archaeogenomics (3, 8, 9, 23,
24), including genome analysis of the 282 archaeological samples of
maize, which cover a temporal range of 500 to 1010 years BP (3, 8, 9,
39), to answer these questions.

Costa et al., Sci. Adv. 10, eadn1466 (2024) 4 September 2024

The archaeological ear samples analyzed in our study, the origin
of which is located in the Cerrado, were all grouped together with
the current samples collected in Amazonia. This result demonstrates
that time, geographical distance, and change in ecoregion during
the diffusion of maize in the past did not separate the archaeological
samples of maize found today in the Amazon region throughout
evolutionary history. Archaeological samples from Peruacu Valley,
with a morphology closer to that of domesticated maize, have al-
ready been genetically analyzed in another study, and a relationship
was found with maize samples from Southwestern Amazonia in
South America (8). These results corroborate the hypothesis that
maize dispersed in lowland South America (19) and reinforce the
finding that floury maize was dispersed from Amazonia to the
Cerrado, Atlantic Forest, and Pampa, subsequently diversifying into
different races.

This study allowed us to identify archaeological samples with
primitive characteristics in a region of lowland South America;
these samples have been found notably distant from the center of
origin of the species and showed a substantial recorded duration of
such primitive characteristics (between 1010 and 570 years BP),
demonstrating the diversity and importance of such archaeological
samples from Peruacu Valley, MG. These results refute the hypoth-
eses of single domestication for maize (2, 4, 6) and corroborate the
hypotheses of stratified domestication for maize (8, 9, 13). The study
also made it possible to analyze the relationships between archaeo-
logical samples and native races of floury maize from lowland South
America. The region comprises exclusive gene pools that evolved
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over millennia, which leads us to the conclusion that conservation
measures for the species on this continent should be a priority. The
archaeological samples, dated to between 570 and 1010 years BP,
were found far from the center of origin in Central America and
from the secondary center of diversification in Southwestern Ama-
zonia in a distinct ecoregion and have maintained morphologically
primitive characteristics. These findings draw our attention and
make us wonder what environmental and human/cultural compo-
nents led to the maintenance of these primitive characteristics over
such a long distance and for such a long time in the history of this
species and its relationship with humans.

MATERIALS AND METHODS

Materials

Details of the archaeological samples used in this study are given in
data S1 to S3. Modern teosinte (Peabody number: 2001.1.396) is
conserved at the Peabody Museum of Archeology and Ethnology,
Harvard University. Details of the teosinte are provided in data S4.
Modern maize landrace accessions, collected in traditional agricul-
tural contexts, were sampled in the collection of the “Workshops for
Maize Races Conservation” of the University of Sdo Paulo, Brazil,
and the Universidad da Republica, Uruguay. Details of the landraces
are provided in data S5 to S8.

The term “landraces” is used in this study to refer to local variet-
ies traditionally managed and reproduced by family farmers (10,
18-20). The term “maize races” refers to groups of related popula-
tions with sufficient morphological characteristics in common to
allow their recognition as a group (41), which occupy a defined geo-
graphical region (40) and are associated with particular social and
cultural contexts (18-22).

Methods
Dating the archaeological maize samples
Archaeological samples of maize were collected at the archaeologi-
cal rock shelter sites Lapa do Boquete and Lapa da Hora, located
in the Peruagu Valley, state of MG, Brazil (fig. S2). In these sites,
there are traces of continuous human occupation over the last
10,000 years BP, with crop species appearing from around 2000 and
remaining until 570 years BP, together with the presence of many
human cultural artifacts and traditions, including rock paintings
representing crops, which are rare around the world (fig. S3) (3, 8,
39). Samples of maize, beans, and cassava were found inside a kind
of basket, deliberately buried in pits, inside those caves. Crop re-
mains had been preserved by desiccation. Each of these baskets has
a different age along the period from 2000 to 500 years BP (8, 39).
Of the 282 samples of ear/cob fragments characterized in this
study, at least 186 have been dated (data S1). Radiocarbon dating
was carried out using two approaches: indirect dating (3) and direct
dating (8). Indirect dating was performed due to the large number
of samples found in the same basket by dating samples of charcoal
and Guariroba coconuts (Syagrus oleracea), which were stored in
the same place as the maize samples. The charcoal and Guariroba
coconut samples chosen for dating were selected because they were
very abundant in the baskets, and as the dating method is destruc-
tive, the maize samples were preserved. The indirect dating of the
samples was performed at the Center for Nuclear Energy in Agricul-
ture at the University of Sdo Paulo, using the radiocarbon dating
methodology by liquid scintillation spectrometry with benzene (3,
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51). The ages determined ranged from 1010 to 570 years BP. Direct
dating was carried out by Kistler et al. (8) using accelerator mass
spectrometry radiocarbon dating (52) of two archaeological maize
samples at Beta Analytic to validate the indirect dating and confirm
the previously identified dates. Calibration of the Beta Analytic
dates was performed in OxCal (51) using the SHCall3 calibration
curve (53).

Morphological characterization of archaeological samples of
maize and modern teosinte

The archaeological samples were characterized at the Brazilian Com-
pany for Agricultural Research, Genetic Resources and Biotechnology
(Embrapa Cenargen), in Brasilia, Brazil. There were 282 samples of ear/
cob fragments (Fig. 1 and data S1), 12 grain samples (Fig. 1 and data S2),
and two ear samples (Fig. 1 and data S3). In addition, 22 modern
samples recorded as teosinte (Peabody number: 2001.1.396, Data S4)
from the Peabody Museum of Archeology and Ethnology, Harvard
University, in Cambridge, Massachusetts, United States, were charac-
terized. The probable origin of these samples is Central America.
The passport data for these samples have restricted information
(how many plants they represent, where they were collected, and
what maize was nearby). Photographic records of archaeological
samples of maize and modern teosinte were obtained. The ear/cob
shape was estimated for the archaeological ear/cob fragments and
22 samples of modern teosinte, considering the criteria presented
in table S3. In addition, the length (cm), base diameter (mm), apical
diameter (mm), row number, and number of grains/row were char-
acterized for the fragments. A “primitive” trait was considered to be
cobs with a row number less than eight because 95% of the teosinte
samples characterized had a row number of less than eight and be-
cause thus far, no maize races with this feature have been found in
lowland South America (16-18, 20, 22, 42, 43), which indicates the
absence of this trait in modern maize races in the region.

For the characterization of the two archaeological samples of
ears, 14 morphological descriptors of the crop that are considered
key for the classification of maize races were considered (table S4)
(20, 22, 40). To preserve the archaeological samples, nondestructive
descriptors were considered, and in the case of destructive descrip-
tors, only one representative grain was used for characterization.
Statistical analyses aimed at classifying the races and
analyzing similarity relationships between floury maize from
lowland South America
Descriptive statistics were used to characterize the archaeological
samples of maize ear/cob fragments and modern teosinte. To classify
the maize races of the archaeological samples, the qualitative vari-
ables were obtained based on the absolute frequencies of each varia-
tion or category within a trait, and the highest frequency value
(mode) was adopted to characterize the variety for that variable. For
the quantitative variables, arithmetic means were obtained. The ape
package (54) for R software (55) was used for PCoA, and the smallest
convex polygon containing all the points of each group was estimat-
ed to explore the similarity relationships between the populations
and the identified groups. A principal component analysis was per-
formed using the factoextra package (56) in the R software to present
the contribution of the variables in the analysis (fig. S1). Cluster
analysis was performed using the Ward agglomerative method, and
the genetic distance was estimated using the Gower genetic similarity
index (57), which combines qualitative and quantitative variables.
The analysis was performed using R software (55), the vegan (58),
and cluster (59) packages.
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PCoA and cluster analysis were performed based on 14 key
descriptors for the classification of maize races, including data
from 22 maize accessions (data S5). The maize accessions included
in the analysis included 16 landraces of floury maize characterized
by (43), four floury maize races described for Brazil (Caingang,
Entrelagado, Lenha, and Moroti), whose data are available in the
literature (17, 18, 42), and two samples of archaeological maize
ears characterized in this study. Considering that an unrooted
dendrogram specifies the relationships between the accessions and
not their evolutionary origins (45, 46), cluster analysis without
roots was performed to validate the presence of clusters and clas-
sify the maize races cultivated in the past. In addition, cluster anal-
ysis was performed with data from samples of modern teosinte,
which rooted the analysis (considering the ancestry of the sam-
ples) based on 10 morphological descriptors (data S6) to discuss
the similarity relationships between modern teosintes, archaeo-
logical samples from the Peruagu Valley, and floury maize races
from lowland South America. The Harvard samples were used in
this study with the aim of obtaining a comparative reference pa-
rameter for the morphological characteristics analyzed in the
archaeological samples from the Peruagu Valley, since they have
characteristics that differ significantly from completely domesti-
cated maize. Cluster analysis was rooted in a two-row Harvard
teosinte sample, considered the most ancestral trait.

DNA extraction from plant material

Molecular characterization was performed on 13 accessions repre-
senting lowland South American floury maize races (data S7 and
S$8). DNA extraction from the landraces was performed by forming
a bulk of 30 individuals for each accession (60). Fresh young leaf
fragments measuring 1 to 1.5 cm® were collected in the third week
after planting. After collection, the leaves were freeze-dried and sent
to the Genetic Analysis Service for Agriculture (SAGA) laboratory
of the Centro Internacional de Mejoramiento de Maiz y Trigo (CIM-
MYT), located in Mexico, where DNA extraction was performed.
The samples were extracted using the modified CTAB method (61).
Markers of SNPs identified by the DartSeq technique

The molecular characterization of maize landraces to obtain SNP
markers (data S8) was performed using the DarTseq genotyping
technique developed by the Diversity Arrays Technology (DarT)
company (https://diversityarrays.com/technology-and-resources/
dartseq/dartseq-data-types/). The samples were processed, evaluat-
ed, and analyzed in the SAGA laboratory based on CIMMYT. The
first and most important step of this technique is the fragmentation
of the genomic complex, with the objective of developing genomic
libraries that represent the evaluated germplasm. A combination of
two enzymes was used in the digestion process, one with frequent
cutting (Pst I) and the other with rare cutting (Nsp I). Subsequently,
primers were added to amplify the fragments created, and adapters
(barcodes) were ligated for sample identification. The genomic li-
brary was sequenced on the Illumina HiSeq 2500 sequencer. The
sequences of each sample were aligned with a library of sequences
representative of a variety of previously processed maize genomes.
This process was performed by DarTsoft14 software, developed by
DarT. Thus, the analytical pipeline (DarTsoft14) identified SNP
markers completely independently of any reference genome. This
method makes DarTseq markers robust and practically free of any
verification bias faced by many other genotyping and SNP genera-
tion technologies, which is extremely important when evaluating
the genetic diversity of a population.

Costa et al., Sci. Adv. 10, eadn1466 (2024) 4 September 2024

Statistical analysis of molecular data

The molecular marker SNPs were obtained and filtered based on
the following criteria: call rate > 0.95 (proportion of samples for
which the corresponding marker information did not correspond
to missing data), RepAvg (proportion of pairs of replicated techni-
cal assays for which the marker score is consistent) > 0.85, and
AvgPIC (mean polymorphism information content of reference
alleles and SNP) > 0. To analyze the genetic relationship be-
tween races, cluster analysis was performed with the neighbor-
joining method based on the Nei genetic distances (47) using the
ape package (54) in the R program (55). The dendrogram was con-
structed and edited in FigTree v. 1.4.3 (http://tree.bio.ed.ac.uk/soft-
ware/figtree/).
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