
Article
The genomic origin of early maize in eastern North
America
Graphical abstract
Highlights
d Ancient maize genomes reveal eastward dispersal into

eastern North America

d Modern lineage of Northern Flint linked to 900-year-old

maize from the Ozarks

d Starch metabolic pathway was repeatedly under selection

during maize domestication
Ramos-Madrigal et al., 2025, Cell 188, 33–43
January 9, 2025ª 2024 Elsevier Inc. All rights are reserved, includi
text and data mining, AI training, and similar technologies.
https://doi.org/10.1016/j.cell.2024.11.003
Authors

Jazmı́n Ramos-Madrigal, Gayle J. Fritz,

Bryon Schroeder, ...,

Shyam Gopalakrishnan,

M. Thomas P. Gilbert, Nathan Wales

Correspondence
jazmin.madrigal@sund.ku.dk (J.R.-M.),
nathan.wales@york.ac.uk (N.W.)

In brief

Ancient maize genomes reveal recurrent

northward movements from its

domestication center, culminating in two

dispersals of US Southwest maize into

the Ozark rockshelters in eastern North

America. The 1,000-year-old maize

genomes from the Ozarks provide

insights into the origin of Northern Flints

and the selection history of the wx1 gene,

part of the starch metabolic pathway.
ng those for

ll

mailto:jazmin.madrigal@sund.ku.dk
mailto:nathan.wales@york.ac.uk
https://doi.org/10.1016/j.cell.2024.11.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2024.11.003&domain=pdf


ll
Article

The genomic origin of early maize
in eastern North America
Jazmı́n Ramos-Madrigal,1,14,* Gayle J. Fritz,2 Bryon Schroeder,3 Bruce Smith,4 Fátima Sánchez-Barreiro,1

Christian Carøe,1 Anne Kathrine Wiborg Runge,5 Sarah Boer,5 Krista McGrath,5 Filipe G. Vieira,6 Shanlin Liu,7,8

Rute R. da Fonseca,9 Chunxue Guo,8 Guojie Zhang,10 Bent Petersen,1,11 Thomas Sicheritz-Pontén,1,11

Shyam Gopalakrishnan,1,12 M. Thomas P. Gilbert,1,13 and Nathan Wales5,*
1Center for Evolutionary Hologenomics, Globe Institute, University of Copenhagen, 1353 Copenhagen, Denmark
2Department of Anthropology, Washington University in St. Louis, St. Louis, MO 63130, USA
3Center for Big Bend Studies, Sul Ross State University, Alpine, TX 79832, USA
4Program in Human Ecology and Archaeobiology, Department of Anthropology, National Museum of Natural History, Smithsonian Institution,

Washington, DC 20560, USA
5Department of Archaeology, University of York, York 10 5DD, UK
6Section for Geogenetics, Globe Institute, University of Copenhagen, 1350 Copenhagen, Denmark
7Key Laboratory of Zoological Systematics and Evolution, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China
8BGI-Shenzhen, Shenzhen 10059378, China
9Center for Macroecology, Evolution and Climate (CMEC), Center for Global Mountain Biodiversity, Globe Institute, University of

Copenhagen, 2100 Copenhagen, Denmark
10Center of Evolutionary & Organismal Biology, Zhejiang University School of Medicine, Hangzhou 310058, China
11Centre of Excellence for Omics-Driven Computational Biodiscovery (COMBio), Faculty of Applied Sciences, AIMST University, Bedong,

Kedah 08100, Malaysia
12Bioinformatics, Department of Health Technology, Technical University of Denmark, 2800 Copenhagen, Denmark
13University Museum, Norwegian University of Science and Technology, 7012 Trondheim, Norway
14Lead contact

*Correspondence: jazmin.madrigal@sund.ku.dk (J.R.-M.), nathan.wales@york.ac.uk (N.W.)

https://doi.org/10.1016/j.cell.2024.11.003
SUMMARY
Indigenous maize varieties from eastern North America have played an outsized role in breeding programs,
yet their early origins are not fully understood. We generated paleogenomic data to reconstruct how maize
first reached this region and how it was selected during the process. Genomic ancestry analyses reveal recur-
rent movements northward from different parts of Mexico, likely culminating in at least two dispersals from
the US Southwest across the Great Plains to the Ozarks and beyond.We find that 1,000-year-old Ozark spec-
imens carry a highly differentiated wx1 gene, which is involved in the synthesis of amylose, highlighting
repeated selective pressures on the starch metabolic pathway throughout maize’s domestication. This pop-
ulation shows a close affinity with the lineage that ultimately became the Northern Flints, a major contributor
to modern commercial maize.
INTRODUCTION

The abundance of archaeobotanical remains coupled with iso-

topic evidence indicating increased human consumption of C4

plants,1 shows that by 1,000 years before present (years BP),

maize had emerged as a major crop in eastern North America

(ENA). The maize cultivated in this region (Northern Flints and

Southern Dent landraces) would eventually become a key

contributor to modern commercial maize.2,3 However, our un-

derstanding about the way in which maize came to dominate

ENA agriculture, including the timing, dispersal routes, and his-

tory of selection, remains limited.

The earliest evidence for maize in ENA comes from phytoliths

and starch grains in northeastern North America ca. 2,200 years
All rights are reserved, including those
BP.4–6 But due to the sporadic appearance of maize in the

archaeological record during this early period,7,8 it is unclear

whether maize arrived in ENA once or through multiple pulses,

and the routes by which it traveled are also uncertain. Isozyme

evidence and morphology of modern ENA maize show it is

most closely related to landraces from the US Southwest (US

SW),9,10 suggesting transportation across the Great Plains.

However, no maize macroremains or evidence of its cultivation

from the time of maize arrival in ENA (�2,200 BP) has been found

along potential dispersal routes between the US SW and ENA.11

Another proposed dispersal route follows the so-called ‘‘Gilmore

Corridor,’’ which stretches from northeast Mexico across the

Gulf coastal plains of Texas (Figure 1A),12 yet definitive evidence

of sustained human interaction or exchange of products
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Figure 1. Geographic and temporal context of archaeological maize from North America

(A) Sites for which maize paleogenomic data is available. Genomic data were generated in this study for sites listed in bold and with square icons. Hypothesized

routes for the movement of maize into ENA are indicated with arrows.

(B) Inset from (A) depicting the Ozark rockshelters, which are situated along the White River and tributaries of the Arkansas River in northwestern Arkansas.

(C) Chronology of sites and associated archaeological periods in ENA, the US SW, and Mexico and Texas (M., middle; and L., late). Site ages are based on

calibrated radiocarbon dates on maize (white circles) and shown as a range for the 68% confidence interval for the oldest and youngest specimens. See Fig-

ure S1A for individually calibrated radiocarbon dates and Bayesian modeled dates of select sites.

See also Figure S1.
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between northeast Mexico and ENA through this corridor is

scarce.13 Nevertheless, by the time maize arrived in ENA, it

was already on its way of becoming an important part of the sub-

sistence economy in both the US SW and northeastern

Mexico,11,14 making both dispersal routes plausible.

Two of the most intriguing questions regarding the arrival of

maize in ENA are why it took so long for maize to reach ENA

when it had been present 4,050 years BP in the US SW15 and

why it remained almost invisible in the archaeological record

across most of the region until after 1,100 years BP.7,8 This

late introduction cannot be attributed to lack of agricultural
34 Cell 188, 33–43, January 9, 2025
expertise, as people in ENA had been farming an array of autoch-

thonous crops since 4,000 years BP, including marshelder (Iva

annua L.), chenopod (Chenopodium berlandieri Moq.), squash

(Cucurbita pepo ssp. ovifera D.S. Decker), and sunflower (Heli-

anthus annuus L.).16 Rather, part of the delayed arrival of maize

in ENA could be attributed to the time required for the crop to

adapt to local conditions, although prior paleogenomic data

demonstrate that some necessary adaptations were already in

place 2,000 years BP in potential source regions such as the

US SW.17 Alternative hypotheses for a delayed uptake of maize

include a scenario where maize primarily had ceremonial
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purposes in ENA until 1,200 years BP18 or that maize farming

methods may have been incompatible with cultural traditions

for sowing crops of the earlier Eastern Agricultural Com-

plex (EAC).19

The history of selection of maize in ENA could provide

important insights on how the crop responded to the local

conditions and whether certain traits were favored by farmers.

Some researchers have suggested that centuries of adapta-

tion to the short growing season and cold winters of ENA

may have led to the development of the local Northern Flints

landraces.20 However, others suggest that high-yield maize

was introduced at a later point in time, leading to a rapid inten-

sification of maize agriculture, potentially with links to the

development of the Mississippian cultural tradition21 and

eventually the abandonment of the EAC ‘‘lost crops’’ like

marshelder, chenopod, maygrass (Phalaris caroliniana Walt.),

little barley (Hordeum pusillum Nutt.), and erect knotweed

(Polygonum erectum L.).22

To elucidate the contentious history of maize in ENA, we

generated whole-genome sequencing data from 32 archaeolog-

ical maize samples, ranging in age from 3,390 years BP to the

present and in depth of coverage from 0.01 to 6.833 (mean

�1.363) at the accessible regions of themaize genome (Figure 1;

Tables S1 and S2). Twenty-nine of the sequenced samples have

been radiocarbon dated, including six dates generated for this

study (Table S1). Among the sequenced samples, eighteen

maize cobs derive from ten archaeological sites in the Ozark re-

gion of northwest Arkansas (Figures 1A and 1B, orange squares).

The Ozark bluff sites are renowned for their preservation of

desiccated plant macrofossils, many of which are well suited

to genome-wide analyses.23,24 Radiocarbon dates for the Ozark

maize samples span from �1,000 years BP to the present

(Figures 1C and S1A),25 encompassing the period of the rapid

uptake of maize agriculture in ENA. To contextualize our find-

ings, we sequenced ancient maize genomes from other regions

representing potential ancestry sources for maize in ENA. Seven

of the sequenced samples come from the Tranquil Rockshelter,

Bee Cave Canyon site, and Spirit Eye Cave in West Texas (Fig-

ure 1A, pink squares) and Romero’s Cave in northeast Mexico

(Figure 1A, turquoise square), two regions largely unexplored us-

ing paleogenomic data. Lastly, we resequenced six samples

from the Three Fir Shelter (TFS),26 located in the temperate US

SW, and of one sample fromBat Cave27 in the US SW (Figure 1A,

pink square).
RESULTS AND DISCUSSION

Ancient maize dataset
We combined the 32 ancient genomes sequenced in this study

with a whole-genome dataset comprising 94 domesticated

maize landraces,28–31 23 wild maize samples,28 and 55 ancient

maize genomes17,27,30,32,33 (Table S3). The authenticity of our

ancient maize genomic data was confirmed by assessing the

ancient DNA damage patterns and DNA fragment length distri-

butions (Table S2). Additionally, we evaluated the potential cor-

relation of substitution patterns between datasets originating

from different sequencing platforms (BGI500 and Illumina) and
concluded that our results are not affected by such differences

(Figures S1B and S1C; Table S4).34

Ancestry at the potential regions of origins for ENA
maize
We used multidimensional scaling (MDS) and model-based

clustering analyses to explore the genetic affinities between

the ancient and modern maize genomes in the dataset. The

MDS analysis recovers the north-south (dim 1) and west-east

(dim 2) ancestry axes that describe maize genetic diversity (Fig-

ures 2A and S2A).27,35 Similarly, the clustering analysis assu-

ming six ancestry components identifies previously described

geographic groups: US SW, West Mexican Highland (West

Mexico, from hereafter), Pan-American (comprising mainly

East Mexico, Central, and northern South America),30 Andean,

South American lowland, and the wild progenitor of maize,

teosinte (Figures 2A and S2B).

To establish a framework for inferring the origins of ENA

maize, we first characterized the genomic ancestry of maize

from likely regions of origin, namely northeastern Mexico and

the US SW. In northeastern Mexico, we found that the

�2,400-year-old maize from Romero’s Cave is closely related

to maize from the Pan-American group (see also Figures S2C

and S3C). Today, the distribution of Pan-American maize culti-

vars spans from northern Mexico to lowland South America and

has been identified in Central America 2,000 years BP.36 There-

fore, these results show that by �2,500 years BP the extension

of this lineage had reached Romero’s Cave and suggest that

maize from this same ancestry has been cultivated in north-

eastern Mexico for at least two millennia. In the US SW, ancient

maize, including the �2,000-year-old TFS maize sequenced in

this study, clusters together withmodern US landraces. In com-

parison with US SW maize, ancient maize from West Texas

shows a different admixture pattern. Our results show that it

carries ancestry from both the US SW and Mexican maize,

given the placement of the Bee Cave Canyon (�700 years

BP), Tranquil Rockshelter (�690 years BP), and Spirit Eye

Cave (�2,000 years BP) genomes intermediate between these

two groups in the MDS.

An eastward dispersal route into ENA from the US SW
We investigated the genomic ancestry of archaeological maize

from the Ozark sites (ENA) in the context of its potential regions

of origin. Both MDS and clustering analyses show that the

�1,000- to 440-year-old Ozark maize and ancient US SW maize

have similar ancestry components and are adjacent to each other

along the west-east variation axis of the MDS plot (Figure 2A),

thereby supporting a US SW origin of ENA maize. Our MDS anal-

ysis also shows that modern Northern Flint accessions are placed

closest to the archaeological Ozark maize, suggesting that the

Ozark population was either fundamental in its creation or at least

a part of the same lineage. This result is supported by the clus-

tering analysis (Figure S2B) and outgroup-based f3-statistics (Fig-

ure S2C). In contrast to the older Ozark maize, the ancestry profile

of the youngest Ozark sample (Buzzard Roost; 275–8 years BP)

reveals a mixture of not only US SWbut also Pan-Americanmaize

ancestries, similar to the constitution of modern Southern Dent

landraces (Figures 2A, S3B, and S3F).
Cell 188, 33–43, January 9, 2025 35
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Figure 2. Spatiotemporal patterns of maize

ancestry in North America uncover an east-

ward dispersal route into ENA

(A) MDS analysis based on whole-genome data

from ancient andmodernmaize fromNorth, Central,

and northern South America (percentage of vari-

ance explained in parenthesis). Pie charts represent

each sample’s ancestry proportions estimated with

ADMIXTURE assuming 6 ancestry components.

Archaeological site names of ancient samples are

shown in black, sites with samples sequenced in

this study are indicated in bold, and names for

relevant modern samples are shown in yellow. A

black outline indicates ancient samples. Samples

not included in the ADMIXTURE analyses are de-

picted as empty circles.

(B) Map showing EEMS’s effective migration sur-

face based on genetic and geographic distances for

ancient and modern maize samples. Cooler and

warmer colors show regions with high and low

estimated migration rates, respectively. Black dots

show the approximate geographic locations of the

samples included in the analysis. Site names are

indicated for ancient samples. Archaeological sites

with samples sequenced in this study are shown in

bold.

See also Figure S2.
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The connections between the archaeological Ozark maize

and modern maize landraces are particularly noteworthy

because hybrid crosses of Northern Flints and Southern Dents

created Corn Belt Dent, the principal maize cultivated in the US

today.2 Northern Flints—a group of hardy maize landraces that

yield kernels with a hard, ‘‘flint-like’’ outer layer—were distrib-

uted throughout ENA at the time of European contact.2 In

contrast, the Southern Dents—landraces producing kernels

with an indentation due to high soft starch—had a more

restricted geographic range at the time of contact. Our results

suggest that ancient Ozark maize originally derives from an

eastward dispersion of a lineage originating in the US SW that

eventually gave rise to Northern Flints in ENA. Our data are

also consistent with the hypothesis that Southern Dents have

a relatively recent origin, involving crosses between local ENA
36 Cell 188, 33–43, January 9, 2025
lineages with maize introduced from

Mexico by Spanish traders in the past

500 years.37

To further investigate the diffusion of

maize into ENA, we used EEMS38 to esti-

mate migration surfaces relating ancient

maize samples and identify potential

gene-flow barriers and routes (Figures 2B

and S2D). To focus on early maize move-

ments, we excluded modern landraces

from the US that carry recent admixture

(Figure S2B). The estimated migration sur-

face identifies the region overlapping with

theCentral Mexican Plateau as the primary

route of gene flow between Mexico and

the US SW, in agreement with previous re-
sults.27 Counter to the hypothesis that maize was transported

through the Gilmore Corridor of Texas, we estimate low migra-

tion rates between East Mexican and ENA maize, leaving the

central and southern Great Plains as the most likely initial migra-

tion route.

Recurrent northward movements of maize into the US
SW
To fully understand maize dispersal to the US SW and later to

ENA, it is essential to characterize the dynamics of maize move-

ment north from its domestication center in Southwestern

Mexico.39,40 We used f-statistics-based admixture graphs41 to

reconstruct the phylogenetic relationships and potential admix-

ture events betweenmaize groups in North America. For this anal-

ysis, we grouped samples according to their ancestry profiles as
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Figure 3. Phylogenetic relationships and ancestry composition of North Americanmaize shows genetic heterogeneity in ancient maize from

ENA

(A) f-statistic-based admixture graph showing the relationships among ancient maize in the US. Colors indicate the main ancestry groups identified with

ADMIXTURE. Continuous lines indicate phylogenetic relationships between samples, with gray numbers showing the drift. Dotted lines indicate admixture

events, with percentages showing the proportion derived from each lineage.

(B) Error-correctedD-statistic testing for gene flow betweenWest Mexican or the�2,400-year-old Romero’s Cave maize and themaize from the US (considering

22%mexicana ancestry inWest Mexicomaize). Individual points show the value ofD obtained from each test. Error bars show 3.3 standard errors (SE) estimated

through a block jackknife procedure.

(C) Heatmap showing the p values obtained for a qpWave analysis testing whether samples from pairs of Ozark sites derive from a single migration wave.

Significant p values indicate pairs of sites for which we reject a single migration wave. Bracket shows the group of Ozark sites for which we cannot reject a single

migration wave. *Samples with missing data above 90%.

(D) Pie charts showing the proportions of each of the three ancestries present in the Ozark maize (TPS = dark pink, Spirit Eye Cave = pink, and Romero’s Cave =

light blue), estimated using the admixture graph in (A) and the different Ozark sites. Individual pie charts show the ancestry proportions for each site and the size of

the circles indicates the number of samples.

See also Figure S3.
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inferred usingMDS, clustering analysis, andqpWave (Figures S2B

and S3A) and selected representatives of the ancestry compo-

nents in US maize following our model-based clustering results.

The best-fitting model recapitulated the basal relationships be-

tween the major maize lineages, showing an early split of the US

SW maize, followed by the divergence of East and West Mexico

maize lineages,17,27,32 as well as gene flow between themexicana

subspecies and West Mexico maize35 (Figure 3A). In agreement

with previous observations,17,27 our model also shows that
ancient maize from different archaeological sites in the US SW

is formed from the mixture between the population represented

by the earliest maize genome from the US SW (�3,390-year-old

Bat Cave) and West Mexican maize (Figure 3A). In particular, the

�2,000-year-old maize from the Spirit Eye Cave derives nearly

half of its ancestry from the Mexican maize lineage.

That different groups of ancient maize in the US can be

modeled as bearing ancestry from Southern lineages in both

East and West Mexico (Figures 3A and S3D) suggests high
Cell 188, 33–43, January 9, 2025 37
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connectivity between the US SW and northern Mexico. Although

it is widely accepted that the area connecting northwest Mexico

and the US SW comprises many corridors of exchange of ideas

and people, the same cannot be said for northeast Mexico.13 To

explore the extent of gene flowbetween northernMexico and the

southern US, and to test whether East or West Mexican maize

represent the most likely source of ancestry coming into the

US SW at different times, we used error-correctedD-statistics.42

Specifically, we tested whether different groups of maize shared

more alleles with maize from East or West Mexico (Figure 3B),

while accounting for the additional mexicana ancestry in West

Mexico maize (0%–28%; Figure S3E).35,43 We find that most

modern and ancient maize from the US contains ancestry that

is closely related to West Mexico landraces; however, both

ENA modern Dent landraces and the recent Ozark sample

(Buzzard Roost, 275–8 years BP) are exceptions to this pattern,

as East Mexico (Pan-American lineage) maize represents a bet-

ter source. The admixture patterns can also be observed in the

MDS analysis where modern landraces from ENA are placed be-

tween the ancient Ozark samples and the East Mexico maize

(Figure 2A). The ancient maize from West Texas is an interesting

case, given that the Mexican ancestry in the Spirit Eye Cave and

Tranquil Rockshelter is genetically equidistant to East and West

Mexico maize, suggesting it could derive from a population that

was either basal to both two groups or the result of symmetrical

admixture from two ancestral populations.

The observation of varying proportions of West Mexican

maize ancestry in the US SW maize calls for further genetic

and archaeological consideration. From the genetic standpoint,

the variable West Mexican ancestry could be explained by ge-

netic heterogeneity of maize entering the US SW, continuous

contact between the US SW and southern regions, or a combi-

nation of these scenarios. Archaeological records indicate that a

number of different Mesoamerican crops entered the US SW at

different times over the course of several millennia,15 consistent

with a continuous exchange of products between the two re-

gions. Additionally, linguistic, paleoecological, and archaeolog-

ical data suggest that maize dispersed from the domestication

center in Mexico to the US SW via group-to-group diffusion,15

which could have facilitated the continuous movement of maize

in the region. Although our results provide evidence of multiple

introductions of Mexican maize ancestry into ancient US SW

maize, the extent of maize movement further south and the

origin and distribution of West Mexico ancestry in the past

remain to be investigated. Furthermore, the genetic ancestry

of ancient maize from West Texas suggests that the area

comprising the Central Mexican Plateau might reveal ancient

maize bearing yet-undescribed genetic ancestries.

Two distinct ancestries contributed to ENA maize
We next explored the genomic diversity of ancient maize in ENA

to test whether the maize genomes from the ten distinct archae-

ological sites can be traced back to a single or multiple ancestry

sources from the US SW. For each pair of Ozark sites, we used

qpWave44 to test whether they formed a clade to the exclusion of

maize from the various sites in the US SW, Romero’s Cave, and

modern landraces from Mexico, Central, and South America

(Figure 3C). We reject the idea that maize from different sites in
38 Cell 188, 33–43, January 9, 2025
the Ozarks derives from a single stream of ancestry from the

US SW (p < 0.01); instead, we find four groups with consistent

admixture profiles roughly coinciding with their age: Edens Bluff,

Putnam, Buzzard Roost, and a fourth group comprising all re-

maining sites (Figure 3C). These results are in agreement with

the best-fitting admixture graphs where Ozark maize is modeled

as different mixtures between two US SW lineages closely

related to the Spirit Eye Cave and TPS maize (Figure 3D).

We interpret that the observed heterogeneity in ancestry pro-

portions among Ozark maize could be due to either genetic

structure in the maize that arrived in ENA or two (or more) inde-

pendent dispersals into the region: one from upland US SW

(ancestry similar to TPS and TFS maize) and a second from low-

land US SW (ancestry similar to Tularosa and Spirit Eye Cave

maize). Swarts et al. previously found that the �1,800-year-old

TPS maize was partially adapted for early flowering, necessary

for the shorter growing season in upland US SW, and suggested

the time gap in maize establishment between lowland and up-

land US SW was partially due to the delay in this adaptation.17

Our results showing TPS ancestry in the Ozark maize suggest

that this ancestry might have contributed to the introduction of

maize to temperate regions in ENA.

Signatures of selection in the starch pathway in ENA
maize
Ancient DNA research has identified temporally structured signals

of selection throughout maize’s domestication history,17,27,30,32,45

with important inferences on its adaptability and roles in past di-

ets. Considering the major role of Northern Flint landraces in the

breeding of Corn Belt Dent and the finding that archaeological

Ozark maize represents a close relative and possible ancestral

form of Northern Flint landraces, we evaluated which genes

were under selection as maize expanded into ENA. The popula-

tion branch statistic (PBS)46 was implemented to measure allele

frequency differentiation in the �1,000- to 440-year-old Ozark

maize relative to themaize from theUSSWand teosinte. For every

gene represented by at least 10 SNP sites in our dataset, we esti-

mated the PBS for the following groups: ancient Ozark samples

(n = 17), teosinte (n = 16), and each of themodern ancestry groups

and ancient archaeological sites in the US SW independently (n =

5–13; Figures 4A, 4B, S4A, and S4B).We identified four genes that

lie above the 99.95 quantile of the PBS distribution showing high

differentiation in the Ozark maize compared with the US SW.

Given that three of those genes have not been functionally charac-

terized and their highPBSwas drivenby a single SNP,we focused

on the wx1 gene, where we detected two SNPs with consistently

large PBS relative to Tularosa, TFS, or TPSmaize from the USSW

and teosinte (Figure S4C).

The wx1 gene is involved in the conversion of ADP-glucose

into amylose during starch synthesis and it is one of six key

genes involved in the starch pathway47 (Figure 4C). Most genes

involved in this pathway have been previously identified as

targets of selection during maize domestication27,47 and

improvement.48,49 Notably, ancient maize genomes from the

US SW showed that su1 and ae1 genes, which play a parallel

role to wx1 during starch synthesis, were selected upon arrival

to the region.27,45 Therefore, our results showing that wx1 was

a target of selection in ENA further highlight the importance of
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Figure 4. Signatures of selection in the starch pathway in ancient ENA maize

(A) Population branch statistic (PBS) estimated for 6,281 genes in the Ozark maize. The dotted red line shows the 99.95 quantile of the PBS distribution, and

names are shown for genes above this cutoff.

(B) Trees showing the average PBS for all genes (left) and for the wx1 gene (right).

(C) Starch pathway. *Genes previously shown to be targets of selection in ancient US SW maize.

(D) Pie charts showing the allele frequencies at the two highly differentiated SNPs in the wx1 gene. Purple color indicates the proportion of the derived allele and

white indicates the proportion of the ancestral allele.

See also Figure S4.
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this metabolic pathway in the domestication history of maize in

the US.

The proportions of amylose and amylopectin in maize kernels

are important determinants of the kernel’s structure, appear-

ance, and texture50; thus, the wx1 gene has been a target of

extensive research.47,49,51 Several mutations reducing or inacti-

vating the function ofwx1 have been characterized that produce

a type of maize best known for its low amylose content (waxy

maize).48,49 As one of the highly differentiated SNPs in the Ozark

maize was a non-synonymous substitution, we performed a

structural analysis52 to investigate potential functional differ-

ences between two possible protein sequences (Figure S4D).

Our structural modeling predicted different post translational

modifications in the protein variants present in the Ozark and

the US SW maize, suggesting a potential functional impact.

Finally, we explored the allele frequency distribution at the two

highly differentiated wx1 SNPs among different groups of maize

landraces and improved maize lines from the maize hapmap2

dataset.28 In both cases, the Ozark maize allele is fixed in most

of the Ozark sites and Northern Flints and it is found in higher fre-

quencies in the TPS, TFS, improved maize lines, maize from the

Pan-American lineage, and South America (Figure 4D). Although

we cannot ascertain whether the increase in frequency of the two
highly differentiated SNPs occurred before or after its arrival to

ENA, our results suggest that thewx1 gene was a target of selec-

tion in the lineage leading to the Ozark maize.

Conclusions
In this study, we generated and analyzed genomic data to

improve our understanding of the dispersal of maize in the US,

shedding light on both its migration pathways and molecular

evolution while challenging previous hypotheses. A key finding

is that maize lineages were transported northward from Mexico

into the US SW multiple times, bringing in new pulses of genetic

diversity that ultimately shaped lineages that became invaluable

to modern agronomy. Archaeology has provided evidence of

crops, ideas, and people moving considerable distances be-

tween Mesoamerica and the US SW as well as northwestern

Mexico,11,13 and our results show that this movement left a

mark on maize genomic diversity. We can further resolve that

ancient maize from the Ozark region is descended from maize

from the US SW, resulting from either multiple dispersals or the

introduction of maize varieties with existing population structure.

Genetic and geographic distances support a model of transpor-

tation across the central and southern Great Plains,11 although

given the limited nature of the archaeological record, the pace
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of this movement is unknown: potentially rapid through long-dis-

tance trade like some exotic goods53 or potentially slow through

farmer-to-farmer exchange over multiple centuries. Future work

on maize microfossils from sites in the Great Plains may help

resolve the pace of the dispersal, and other non-carbonized

macrofossils may reveal other genetic links with modern land-

races. As it stands, maize from the Putnam site in the Ozark re-

gion is the closest archaeological link to the Northern Flints,

providing the best genetic evidence for the origins of this cold-

adapted landrace. This knowledge could be used to guide future

maize breeding programs and highlight how ‘‘peripheral’’ vari-

eties of crops may become agronomically important due to ad-

vantageous traits like hardiness or temperate adaptations.

Limitations of the study
In this study, we generated and analyzed genomic sequencing

data from archaeological plant remains, which are characterized

by low levels of endogenous DNA and increased errors due to

postmortem damage to DNA. We applied strict filtering criteria

to minimize contamination (non-endogenous DNA sequences)

and errors caused by postmortem damage. However, residual

errors can still introduce noise into the data. Another limitation

of our study is the low sequencing depth of our maize genomes,

a common challenge in ancient DNA research. Low coverage re-

duces statistical resolution, meaning that some non-significant

results may be attributed to the limited number of SNPs available

for analysis.
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K., Meyer, M., Krause, J., Ronan, M.T., Lachmann, M., et al. (2007). Pat-

terns of damage in genomic DNA sequences from a Neandertal. Proc.

Natl. Acad. Sci. USA 104, 14616–14621. https://doi.org/10.1073/pnas.

0704665104.

83. Orlando, L., Ginolhac, A., Zhang, G., Froese, D., Albrechtsen, A., Stiller,

M., Schubert, M., Cappellini, E., Petersen, B., Moltke, I., et al. (2013). Re-

calibrating Equus evolution using the genome sequence of an early Middle

Pleistocene horse. Nature 499, 74–78. https://doi.org/10.1038/

nature12323.

84. Moreno-Mayar, J.V., Vinner, L., de Barros Damgaard, P., de la Fuente, C.,

Chan, J., Spence, J.P., Allentoft, M.E., Vimala, T., Racimo, F., Pinotti, T.,

et al. (2018). Early human dispersals within the Americas. Science 362,

eaav2621. https://doi.org/10.1126/science.aav2621.

85. Lipson, M., and Reich, D. (2017). A Working Model of the Deep Relation-

ships of Diverse Modern Human Genetic Lineages Outside of Africa.

Mol. Biol. Evol. 34, 889–902. https://doi.org/10.1093/molbev/msw293.

86. Leppälä, K., Nielsen, S.V., and Mailund, T. (2017). admixturegraph: an R

package for admixture graph manipulation and fitting. Bioinformatics 33,

1738–1740. https://doi.org/10.1093/bioinformatics/btx048.

87. Takuno, S., Ralph, P., Swarts, K., Elshire, R.J., Glaubitz, J.C., Buckler,

E.S., Hufford, M.B., and Ross-Ibarra, J. (2015). Independent Molecular

Basis of Convergent Highland Adaptation in Maize. Genetics 200, 1297–

1312. https://doi.org/10.1534/genetics.115.178327.

88. Nielsen, R., Korneliussen, T., Albrechtsen, A., Li, Y., and Wang, J. (2012).

SNP calling, genotype calling, and sample allele frequency estimation

from New-Generation Sequencing data. PLoS One 7, e37558. https://

doi.org/10.1371/journal.pone.0037558.
Cell 188, 33–43, January 9, 2025 43

https://doi.org/10.1101/pdb.prot5448
https://doi.org/10.1371/journal.pone.0086827
https://doi.org/10.1371/journal.pone.0086827
https://doi.org/10.1038/nprot.2013.038
https://doi.org/10.1093/jhered/esab012
https://doi.org/10.1126/science.1178534
https://doi.org/10.1186/1471-2164-13-178
https://doi.org/10.1017/RDC.2020.41
https://doi.org/10.1017/RDC.2020.41
https://doi.org/10.1038/ng.2309
https://doi.org/10.1016/j.tig.2012.08.004
https://doi.org/10.1534/genetics.108.097238
https://doi.org/10.1534/genetics.108.097238
https://doi.org/10.1073/pnas.0704665104
https://doi.org/10.1073/pnas.0704665104
https://doi.org/10.1038/nature12323
https://doi.org/10.1038/nature12323
https://doi.org/10.1126/science.aav2621
https://doi.org/10.1093/molbev/msw293
https://doi.org/10.1093/bioinformatics/btx048
https://doi.org/10.1534/genetics.115.178327
https://doi.org/10.1371/journal.pone.0037558
https://doi.org/10.1371/journal.pone.0037558


ll
Article
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

6 archaeological maize samples

(4 cobs, 2 kernels) from the Three Fir

Shelter site in Arizona, US

This paper; Wales et al.26 3Fir 1255, 3Fir 1285, 3Fir 1290.5 Purple,

3Fir 1290.5 Yellow, 3Fir 1294, and 3Fir 428

2 archaeological maize samples

(cobs) from the Romero’s Cave in

Tamaulipas, Mexico

This paper Romero 29 and Romero 51

18 archaeological maize samples

(cobs) from the Ozark rockshelters

in Arkansas, US

This paper 202_Buzzard_Roost, 215_Beaver_Pond,

218_Brown_Bluff, 226_Cow_Ford,

214_Craddock, 220_Craddock,

204_Salts_Bluff, 212_Salts_Bluff,

205_Edens_Bluff, 221_Edens_bluff,

222_Edens_bluff, 223_Edens_Bluff,

224_Edens_Bluff, 216_Gibson,

203_Whitney, 207_Putnam,

209_Putnam, and 211_Putnam

5 archaeological maize samples

(cobs) from the Spirit Eye Cave,

Tranquil Rockshelter, and Bee Cave

Canyon sites in Texas, US

This paper BeeCaveCanyon, SpiritEyeCave_114,

SpiritEyeCave_95, SpiritEyeCave_

41P25-1012, and TranquilShelter

1 archaeological maize sample (cob)

from the Bat Cave in Arizona, US

This paper; da Fonseca et al.27 Batcave17 (SW4Ba)

Chemicals, peptides, and recombinant proteins

Proteinase K Sigma-Aldrich Cat#3115844001

Critical commercial assays

QIAquick PCR Purification kit QIAGEN Cat#28104

Qubit dsDNA HS Assay Kit Life Technologies Cat#Q33230

NEBNext DNA Library Prep Master Mix New England Biolabs Inc. Cat# E6070L

MyBait target enrichment kits MYcroarray, Ann Arbor, MI Custom

Phusion� High-Fidelity PCR New England Biolabs Inc. Cat#M0531S

Deposited data

Sequencing data for 32 ancient maize

genomes

This study Table S2; ENA: PRJEB73480

Sequencing data for 55 ancient maize

genomes

Kistler et al.30; da Fonseca et al.27;

Swarts et al.17; Ramos-Madrigal

et al.32; Vallebueno-Estrada et al.33

Table S2

Sequencing data for 94 modern maize

genomes (Zea mays subsp. mays)

Chia et al.28; Kistler et al.30;

Wang et al.29; Wang et al.31
Table S2

Sequencing data for 23 modern wild maize

genomes (Zea mays subsp. parviglumis

and Zea mays subsp. mexicana)

Wang et al.29; Chia et al.28 Table S2

Sequencing data for the genomes of 2

outgroup species (Zea diploperennis and

Tripsacum dactylodes)

Ramachandran et al.54; Chia et al.28 Table S2

Hapmap2 Chia et al.28 Table S2

Oligonucleotides

Illumina-compatible adapters Illumina N/A

BGI-compatible adapters BGI N/A

(Continued on next page)

e1 Cell 188, 33–43.e1–e10, January 9, 2025



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

AdapterRemoval 2.0 Schubert et al.55 https://github.com/MikkelSchubert/

adapterremoval

bwa aln 0.7.12 Li and Durbin56 http://bio-bwa.sourceforge.net/

Picard 1.130 N/A https://broadinstitute.github.io/picard

Genome Analysis Toolkit (GATK.3.3) McKenna et al.57 https://software.broadinstitute.org/gatk/

samtools 1.2. Li and Durbin56 http://samtools.sourceforge.net/

ANGSD v0.921 Korneliussen et al.58 https://github.com/ANGSD/angsd

FrAnTK Moreno-Mayar J.V.59 https://github.com/morenomayar/

FrAnTK

bamdamage Malaspinas et al.60 https://bioinformaticshome.com/db/

tool/bammds

R v4.1.1 R Core Team61 https://www.R-project.org/

plink 2.0 Chang et al.62 https://www.cog-genomics.org/

plink/2.0/

ADMIXTURE 1.23 Alexander et al.63 http://dalexander.github.io/admixture/

download.html

EEMS Petkova, D. et al.38 https://github.com/dipetkov/eems

reemsplots2 N/A https://github.com/dipetkov/reemsplots2

qpWave Patterson et al.41 https://github.com/DReichLab/

AdmixTools

qpGraph Patterson et al.41 https://github.com/DReichLab/

AdmixTools

TreeMix v1.13 Pickrell and Pritchard64 https://bitbucket.org/nygcresearch/

treemix/wiki/Home

SNPeff v5 Cingolani et al.65 https://pcingola.github.io/SnpEff/

alphafold2.0 Jumper et al.52 https://github.com/google-deepmind/

alphafold

OxCal 4.4.4 Bronk Ramsey66 https://c14.arch.ox.ac.uk/oxcal.html

ll
Article
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Description of the archaeological sites
Three Fir Shelter

The Three Fir Shelter (TFS) is located on the Black Mesa in Northern Arizona (Figure 1). This site was originally excavated in the 1980s

by Francis Smiley and has yielded some of the earliest maize remains from the United States (US) Southwest.67 We analyzed eight

samples recovered from this archaeological site, which had been stored in the Center for Archaeological Investigations, Southern

Illinois University Carbondale (Table S1). Two of the samples were maize kernels and the remaining six were maize cobs. Six of

the samples were previously radiocarbon dated with age ranging from 2145-1947 to 1874-1719 cal. yr B.P. (95.5% CI;

Table S1).26 Two of the six cob samples did not yield sufficient endogenous DNA to be incorporated in the population genetic ana-

lyses (Table S1); these two specimens are not associated with a radiocarbon date.

Romero’s Cave

The Romero’s and Valenzuela’s Caves are part of an archaeological assemblage near Ocampo Tamaulipas, in Northeast Mexico

(Figure 1). The caves were originally excavated by Richard MacNeish in 1958 as part of his search for the origin of agriculture in Mes-

oamerica.68 Maize appears in the archaeological record of these caves as early as 4000 yr B.P., however remains are sparse until

approximately 2000 yr B.P. when these increase in frequency comparable with that of a crop staple. These two caves, together

with the caves in the Tehuacan Valley, represent some of the few archaeological sites that have yielded non-carbonized maize re-

mains in the region between the domestication center and the US Southwest dating to the period of maize northward expansion

from the domestication center. We analyzed two samples from Romero’s Cave that have been previously dated to 2667-2181

and 2839-2517 cal. yr B.P. (95.5% CI; Table S1).45

Sites in the Ozark region

The Ozark rockshelters are a series of archaeological sites excavated by the University Arkansas Museum between 1929 and 1934.

The sites are distributed across eight counties in northwest Arkansas and one southwest Missouri county (Figure 1). We analyzed 21
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samples from this archaeological assemblage. Eleven of the samples have been previously directly dated,25 two of the samples had

indirect dates from sunflower remains found in the same layer,23 and we generated radiocarbon dates for six of the samples

(Table S1). From the 21 samples sequenced 18 yielded enough endogenous DNA content and were incorporated in the population

genetic analyses. Maize samples ranged in age from one recent sample 275-8 to 1063-936 cal. yr B.P. (95.5% CI).

Spirit Eye Cave (41PS25)

The Spirit Eye Cave is located in Presidio County of West Texas69 (Figure 1). The cave has a long history of uncontrolled excavation,

initial research focused on documenting and recovering material taken from the pay-to-dig history of the cave.70 The subsequent

analyses of the cultural and Indigenous ancestral remains recovered from these private collectors provide the initial understanding

of the site. Fieldwork by professional archaeologists began in 2017, resulting in the recovery of numerous cultivars. For this analysis

we used three maize cob remains from this site with directly generated radiocarbon dates for each sample.71

Bee Cave Canyon (41BS8)

The Bee Cave Canyon is located in southern Brewster County in West Texas (Figure 1). It is a large rockshelter excavated between

1928–1929 by the Museum of the American Indian, Heye Foundation. The artifacts from the 1928–1929 excavation are currently

housed at the Smithsonian Institute. We analyzed one maize cob collected from the surface of the site in 2019 which was directly

radiocarbon dated, yielding a calibrated age of 734–673 yr B.P.71

Tranquil Rockshelter (41BS1513)

The Tranquil Rockshelter is located in Brewster County of West Texas (Figure 1). The rockshelter was excavated in 2008 and 2009 by

the Center for Big Bend Studies of Sul Ross State University and is unanalyzed. We analyzed one maize cob from this excavation,

which was directly radiocarbon dated for this analysis, yielding a calibrated age of 718–656 yr B.P.71

METHOD DETAILS

aDNA laboratory work
DNA processing overview

Laboratory steps were carried out in the aDNA facilities at the University of Copenhagen and the University of York. Ancient DNA

extractions and library preparations were conducted in dedicated clean rooms to minimize contamination, following the best

practices, including use of full body suits and positive pressure ventilated rooms. Post-PCR steps were conducted in the facilities

physically separated from the clean rooms. Unless specified below, lab work was performed at the University of Copenhagen.

Three Fir Shelter maize: deeper sequencing and target enrichment

Sequencing libraries for six maize samples (four cobs and two kernels) from the TFS were available from a previous study.26 In that

study, DNA was processed with double- and single-stranded DNA library protocols and used to compare the efficiency of the two

methods. Here, we generated additional sequencing data on these existing libraries using an Illumina HiSeq 2500 in SR100 mode

(Table S2).

In addition to the deeper shotgun sequencing, we performed target capture of the TFS double-stranded libraries to enrich for

genomic loci of interest defined in a previous study.27 The hybridization targets cover the exons of 348 genes, which were selected

based on their potential relevance for the domestication process. To reach the necessary amount of DNA, the libraries were amplified

with Phusion High-Fidelity DNA Polymerase.72 After amplification, libraries were purified using a QIAquick PCR Purification kit and

quantified using a Bioanalyzer 2100 (Agilent, Santa Clara, CA). Enrichment was performed using three custom-designed MyBait

target enrichment kits (MYcroarray, Ann Arbor, MI) following the manufacturer recommendation. The custom kits targeted the

same loci but used 120- 80- and 40-mer probes, with the aim of investigating capture efficiency. Libraries were pooled based on

index compatibility and sample molarity and sequenced on Illumina HiSeq 2500 in SR100 mode. A description of the libraries gener-

ated and sequenced for each sample can be found in Table S2.

Romero’s Cave: DNA extraction and single-stranded DNA library preparation

Two cobs from Romero’s Cave were processed for DNA sequencing. A piece of each cob was pulverized using a sterile Braun Mikro

Dismembrator S ball mill (B. Braun Biotech, Melsungen, Germany), a stainless steel flask and grinding ball. DNA was extracted and

purified from the resulting powder following the protocol described inWales et al.73 DNA extracts were used to build single-stranded

libraries following the preparation protocol described in Gansauge and Meyer.74 DNA concentration in the libraries was measured

using the Qubit dsDNA HS Assay Kit (Life Technologies) following the manufacturer’s protocol. Libraries were sequenced on a Illu-

mina HiSeq 2500 in SR100 mode (Table S2).

Bat Cave: DNA extraction, library preparation and deeper sequencing

The �3,390 yr B.P. maize sample Batcave17 (SW4Ba) from the Bat Cave in New Mexico was previously processed for DNA extrac-

tion and sequencing.27 However, given it represents one of the oldest macrobotanical maize remains from the US Southwest, we

generated additional sequencing libraries and data to increase its genome coverage. Three DNA extractions were performed,

following the method described in the previous section (‘‘Romero’s Cave: DNA extraction and single-stranded DNA library prepara-

tion’’). Each of the three DNA extracts were converted into double-stranded DNA libraries using the NEBNext DNA Library PrepMas-

ter Mix (E6070L, New England BioLabs) as described in Wales et al.26 DNA concentration in the libraries was measured using the
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Qubit dsDNA HS Assay Kit (Life Technologies) following the manufacturer’s protocol. DNA libraries were sequenced on a Illumina

HiSeq 2500 in SR80 mode. Additionally, we generated more data using the original libraries from da Fonseca et al.27 by sequencing

them on a Illumina HiSeq 2500 in SR100 mode (Table S2).

Ozark rockshelter: DNA extraction and double-stranded DNA library preparation

Six of the maize samples from the Ozark rockshelters (216_Gibson, 214_Craddock, 223_Edens_Bluff, 215_Beaver_Pond, 211_Put-

nam, 204_Salts_Bluff) were initially processed for DNA sequencing at the University of Copenhagen aDNA facilities. DNA was ex-

tracted and prepared into double-stranded libraries in the same manner described in the section ‘‘Romero’s Cave: DNA extraction

and single-stranded DNA library preparation’’. Sequencing libraries were pooled based on their index compatibility and sample

molarity and sequenced on Illumina HiSeq 2500 in SR100 mode. We generated additional sequencing data for four of the libraries

(223_Edens_Bluff, 215_Beaver_Pond, 211_Putnam, 204_Salts_Bluff) using an Illumina HiSeq 2500 in SR80 mode.

Ancient Texas: DNA extraction and library preparations

Five cob samples from sites in west Texas were processed in the aDNA facility at the University of York. DNA was extracted and

prepared into double-stranded libraries in the same manner described in the section (‘‘Romero’s Cave: DNA extraction and sin-

gle-stranded DNA library preparation’’). Sequencing libraries were pooled based on index compatibility and molarity and sequenced

on an Illumina HiSeq 2500 in SR80 mode (Table S2). To generate deep sequencing data, three samples (Spirit Eye Cave 114 and 95,

and Tranquil Shelter) were extracted again and DNA was prepared using the single-stranded DNA library preparation following the

Santa Cruz Reaction (SCR) protocol.75 Each library was amplified with four indexing primers to facilitate deep sequencing.

Sequencing libraries were pooled based on index compatibility and molarity and sequenced on Illumina NovaSeq 600 in PE150

mode (Table S2).

Romero’s Cave and Ozark sites: BGISEQ libraries

A total of 17 samples from the Romero’s Cave (n=1) and Ozark rockshelters (n=16) were sequenced using BGISEQ technology

(Table S2). DNA was extracted from maize cobs following the method described in section ‘‘Romero’s Cave: DNA extraction and

single-stranded DNA library preparation’’. DNA extracts were converted into double-stranded DNA libraries using the NEBNext

DNA Library Prep Master Mix (E6070L, New England BioLabs) as described in Wales et al., 26 except that BGISEQ-compatible

adapters were ligated to the blunted DNA molecules. One lane per library/sample was sequenced on the BGISEQ-500 platform in

SR100 mode (Table S2).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data processing
Adapter sequences, low quality stretches and leading/tailing N’s were trimmed from the raw reads using AdapterRemoval 2.0.55

Reads shorter than 30 bp after trimming were discarded and the remaining reads were mapped to the Zea mays ssp.mays reference

sequence (B73-v3.25)76 using bwa aln 0.7.12.56Bwa seedwas disabled (-l was set to 1000) in order to prevent mapping bias due to 5’

terminal substitutions caused by aDNA damage.77 PCR-duplicates in each sequencing library were identified and removed from the

resulting bam files using Picard 1.130 (http://picard.sourceforge.net). Reads with a mapping quality below 30, with an alternative hit,

or mapping tomore than one position in the reference genome (i.e. having the tag XT:Z and not the tag X:A:U) were discarded. Finally,

reads were realigned to the reference genome using Genome Analysis Toolkit (GATK.3.3) and the MD-tag was recalculated using

samtools 1.2. Sequencing results for all the ancient samples sequenced in this study are summarized in Tables S1 and S2.

To decrease the proportion of bases with C-to-T or G-to-A substitutions derived from the aDNA damage in the ancient maize sam-

ples, we trimmed 5 bases from the 5’ and 3’ ends of each read in all ancient samples before conducting the analyses.

Radiocarbon dating
Radiocarbon measurements were taken for the maize specimens from Salts Bluff, Edens Bluff, Spirit Eye Cave, Bee Cave, and the

Tranquil Rockshelter. Published radiocarbon dates were taken from publications: Fritz25 for the Ozark sites, Jaenicke-Després

et al.45 for Romero’s Cave, da Fonseca et al.27 for McEuen Cave, Bat Cave, and Tularosa Cave; Swarts et al.17 for Turkey Pen Shelter;

Wales et al.26 for Three Fir Shelter; and Schroeder et al.71 for the Spirit Eye Cave, Bee Cave, and the Tranquil Rockshelter. Dates were

calibrated using OxCal 4.4.466 with the IntCal20 calibration curve.78 Published data for Turkey Pen Shelter and Tularosa were

modeled in a Bayesian approach according to the depositional times. For Turkey Pen Shelter, one dated sample (JK1699), was

excluded from the Bayesian model as it did not meet the test for homogeneity. Likewise, one sample from the more recent phase

at Tularosa Cave (SW105) was excluded from the Bayesian analysis because it did not meet the test for homogeneity. Radiocarbon

calibrations are shown in Figure S1A.

Reference data and SNP calling
We compiled a dataset consisting of whole-genome data for the 32 ancient maize samples sequenced in this study, 94 maize land-

races,28–31 23 wild maize relatives (21 subsp. parviglumis and 2 subsp. mexicana samples),28,29 one Tripsacum dactyloides,28 one

Zea diploperennis,54 and 55 published ancient maize samples17,27,30,32,33 (Table S3). We obtained FASTQ files for all reference sam-

ples from the NCBI Sequence Read Archive or the European Nucleotide Archive. Sequencing reads were mapped to the B73-v2.25

reference genome using the same procedure and parameters described in the ‘‘data processing‘‘ section.
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To identify single nucleotide polymorphic (SNP) sites in our dataset, we performed SNP calling using the genotype-likelihood-

basedmethod implemented in ANGSD v0.92158 and all 153modern samples and a subset of 30 high depth of coverage (>13) ancient

samples. For the SNP calling, we used theGATK genotype likelihoodmethod implemented in ANGSD (-GL 2) and applied to following

filters: minimum base quality of 20 (-minQ 20), minimum mapping quality of 30 (-minMapQ 30), minimum SNP p-value of 1e6

(-SNP_pval 1e-6), minimum number of samples without missing data per site of 50 (-minind 50), minimum per sample depth of

coverage of 3 (-setMinDepthInd 3), minor allele frequency of 0.05 and excluded transitions. Additionally, to avoid incorporating highly

repetitive genomic regions which are difficult tomap using short reads, we applied amappability mask to restrict the analyses to sites

that can bemapped uniquely in the genome as described in Ramos-Madrigal et al.32 Oncewe identified SNPs, we randomly sampled

one read for every SNP and for every sample using FrAnTK.59 Reads with mapping quality lower than 30 and bases with quality lower

than 20 were discarded. This approach allowed us to co-analyse ancient and modern maize samples with varying in depth of cov-

erages, as it is common practice in aDNA studies. The final dataset consisted of 1,826,117 transversion sites across 206 maize sam-

ples. When only a subset of the samples was used in a particular analysis or additional filters were applied we specify the number of

SNPs that remained after filtering in the corresponding sections.

Selection of outgroups
We used three different outgroups: Tripsacum (Tripsacum dactyloides), diploperennis (Zea diploperennins) and parviglumis (Zea

mays subsp. parviglumis). Each outgroup provides different levels of resolution due to their phylogenetic distance from domesticated

maize, genome coverage, mappability to the maize genome, and the number of available individuals.

Tripsacum is themost distant outgroup and, because there is no evidence of admixture withZea species, it is commonly used as an

outgroup in maize studies (e.g. 28,30,32,79). However, because it is evolutionarily distant, sequencing data from Tripsacummaps only

to highly conserved regions of the maize genome, limiting the number of SNPs for analysis. We used Tripsacum to estimate error

rates (where the choice of outgroup has minimal effect) and as an ancestral genome for polarizing the site frequency spectrum in

population branch statistic analyses (restricted to conserved regions).

Diploperennis, a closer relative of maize, is more suitable for certain analyses. However, extensive gene flow within the Zea

genus80,81 makes it less ideal when studying the relationships of maize with mexicana or parviglumis (two wild maize subspecies).

A D-statistic test D(Tripsacum, diploperennis;mexicana, parviglumis) yielded positive significant results (z-score �3.916), indicating

that the available diploperennis genome likely carries mexicana admixture. We used this genome as an outgroup when using Trip-

sacum significantly reduced the number of available SNPs, such as in treemix analyses where we incorporate several low-coverage

ancient genomes. It was also used in the admixture graphs to root the topology of the tree and in most D-statistic tests, where the

potential admixture with mexicana does not affect the results.

Parviglumis, is one of the three wild maize subspecies for which several genomes are available. However, gene flow between par-

viglumis and domesticated maize in regions where they overlap geographically is common,80 making it a less ideal outgroup. We

used parviglumis as an outgroup in f3-statistic tests, which need allele frequencies for each population and benefit from having mul-

tiple individuals. Since we focused on ancient and modern maize from the US, outside parviglumis distribution, we do not expect

gene flow to affect the results.

Assessing aDNA data authenticity
aDNA damage patterns

Unless treated to specifically remove deaminated bases, ancient DNA sequencing reads are characterized by an increase of C-to-T

and G-to-A substitutions towards the 5’ and 3’ ends respectively.82 These damage patterns are often used to assess the authenticity

of sequencing data derived from ancient samples.We estimated the proportion of the different substitutions with respect to the refer-

ence genome in all ancient samples sequenced in this study using bamdamage.60 Quality thresholds were set to –mapquality 30

and –basequality 20. Substitution patterns were consistent with those observed in other ancient maize specimens confirming the

authenticity of the data (Table S2).

Estimating type-specific error rates

To further evaluate the quality and authenticity of the data we estimated relative error rates using ANGSD v0.92158 as described in

Orlando et al.83 This method estimates the excess of derived substitutions in a given sample compared to a high quality genome

using a maximum likelihood approach. Maize landrace RIMMA1010 and HapMap2 sample TDD39103 (Tripsacum dactyloides)

were used as high quality and outgroup genomes, respectively. In both cases we used a majority count consensus sequence using

ANGSD v0.921 built with reads with a minimum mapping quality of 30 and base quality 20. Error rates in the ancient samples are

comparable to those obtained in similar studies,17,27,30,32 and can be mostly attributed to C-to-T and G-to-A transitions derived

from the aDNA damage (Table S2). To decrease the biases that this extra error might cause, transitions were excluded from the sub-

sequent analyses except when specified otherwise.

Comparison between BGI and Illumina platforms

It has been demonstrated that DNA sequencing data from BGISEQ and Illumina platforms display similar characteristics.34 Here, we

further explored the potential biases derived from using these two different platforms by generating paired data for six maize samples

(Romero_29, 204_Salts_Bluff, 211_Putnam, 214_Craddock, 215_Beaver_Pond and 223_Edens_Bluff) (Table S2). Our results repli-

cate previous observations showing no substantial differences in error profiles, aDNA damage patterns, average fragment length,
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GC content and endogenous content (Table S4).34 Additionally, we explore potential correlations in the data substitution patterns

using D-statistics (Figures S1B and S1C). We find no bias in the results associated with differences in sequencing in these two

different platforms.

aDNA damage patterns, GC content and fragment length in BGISEQ and Illumina data

For each of the six paired samples we estimated the average fragment length, 5’ and 3’ aDNA terminal aDNA damage andGC content

in the reads mapped to the maize (B73-v3.25) genome after removing PCR duplicates and performing quality filtering as described in

the ‘‘data processing’’ section. Fragment length and aDNA terminal damage was estimated using bamdamage.60 We observed

similar values when comparing the data obtained from the two sequencing platforms. Consistent with previous findings, we observe

no statistically significant difference in GC content or terminal damage between sequencing platforms (paired t-test, p-value > 0.4).34

Although we observe a slight increase in average fragment length in data derived from the BGI sequencing platform, we do not find a

statistically significant difference (paired t-test, p-value = 0.03301).

Relative error rates in BGISEQ and Illumina data

For each of the six paired samples we estimated type-specific error rates as described in the ‘‘assessing aDNA data authenticity’’

section. We do not find statistically significant differences in the error rates in data from the two sequencing platforms (paired

t-test, p-value = 0.38) (Table S2).

D-statistics assessing differences between BGISEQ and Illumina data

We used D-statistics to investigate potential spurious correlations between samples sequenced using the same sequencing chem-

istry. D-statistics were computed using FrAnTK59 as described in the ‘‘D-statistics using FrAnTK’’ section below. We estimated D-

statistics of the form D(XBGISEQ, XILLUMINA; 202_BR, RIMMA0409), where XBGISEQ and XILLUMINA are the same sample sequenced in

BGISEQ-500 or Illumina, 202_BR is the youngest maize sample sequenced with BGISEQ-500 and RIMMA0409 is a modern maize

landrace. If no biases inherent to the sequencing exist, we expectD�0, alternatively significant deviation fromD�0 towards positive

valueswould indicate the H2BGISEQ and 202_BR are artificially closer. We found no significant deviation fromD�0 (Figure S1B). Addi-

tionally, we evaluated the Z-scores obtained from the testsD(H1ILLUMINA, H2; 202_BR, TIL15) andD(H1BGISEQ, H2; 202_BR, TIL15) for

paired H1ILLUMINA and H1BGISEQ samples, where H2 represents all the samples in the reference panel and TIL15 corresponds to one

of the parviglumis samples. For each paired comparison we restricted the test to sites that were non-missing in both the Illumina and

BGISEQ-500 data. The distribution of Z-scores from tests involving the same H1 sample are expected to be identical in the absence

of any sequencing bias. We find no statistically significant difference in the distributions suggesting there is not any bias derived from

both platforms that can affect this type of analyses (Figure S1C).

Multidimensional scaling analysis

We performed a multidimensional scaling (MDS) analysis to explore the genetic relationships of the ancient and modern maize sam-

ples. Starting from the SNP dataset described in the "reference dataset" section, we discarded samples withmore than 90%missing

data, with the exception of the Spirit EyeCave, the Tranquil Rockshelter, and sampleswith black outline andwhite filling in Figure S2A.

The final dataset consisted of 184 samples. We performed anMDS analysis on the entire dataset, after excluding wild maize samples

(Figure S2A), and excluding wild maize and landraces from South America (Figure 2A). In each case, identity-by-state pairwise dis-

tances between samples were estimated using plink2.062 and the cmdscale function fromR61 was used to perform theMDS analysis.

ADMIXTURE analysis

To investigate the genetic structure in ancient and modern maize samples we used ADMIXTURE 1.23.63 We included ancient and

modern maize landraces as well as wild parviglumis andmexicana samples in the dataset. Starting from the SNP dataset described

in ‘‘reference dataset and SNP calling’’ section, we discarded samples with more than 90% missing data, with the exception of the

Spirit Eye Cave and the Tranquil Rochshelter samples that were included with 95%missing data. The final dataset consisted of 175

samples. ADMIXTURE was run assuming 2 to 7 admixture clusters (K={2..7}). For each value of K, we ran 100 replicates starting on

different seed values and kept the replicate with the best likelihood (Figures 2A and S2B). The results from ADMIXTURE estimating

seven ancestry components were used to define groups among modern maize landraces that represent the main geographic

ancestry components. Samples with at least 99% ancestry for each of the main components were grouped in the f3- and D-statistics

tests.

EEMS analysis

EEMS38 was used to estimate and visualize potential migration routes and barriers. EEMS estimates effective migration rates on a

geographic space based on the genetic distance and geographic coordinates of a set of samples. Note that EEMS does not consider

geographic features such as mountains and valleys, which could affect the geographic distance between samples. Instead, the

migration corridors and barriers inferred by EEMS can sometimes be attributable to geographic barriers.

To avoid that recentmaizemovements could interfere with our inference of pastmigration routes, we excludedmodernmaize land-

races from the US. We ran EEMS on three different datasets: (1) all ancient genomes from the US, Romero’s Cave and modern ge-

nomes from Mexico, (2) 1000-3000 year-old ancient genomes from Mexico and the US, and (3) %2000 year-old ancient genomes

from the US andmodern genomes fromMexico.We used the SNP dataset described in the ‘‘reference data and SNP calling’’ section.

Geographical coordinates for each of the samples is indicated in Table S1. For each dataset, we set the number of demes (nDemes)

to 300, and ran 2,000,000 iterations of the MCMC algorithm (numMCMCIter), with a burn-in (numBurnIter) of 1,000,000 iterations. In

each case, we assessed the convergence of the run based on the MCMC chain. Results were plotted using reemsplots2 package

(https://github.com/dipetkov/reemsplots2). We obtained similar results for the three dataset, where EEMS inferred a migration
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barrier coinciding with the Gilmore corridor and a potential gene flow corridor across the Great Plains. Results are presented in

Figures 2B (dataset 1) and S2D (datasets 2 and 3).

Outgroup f3-statistics
We used outgroup f3-statistics as implemented in FrAnTK59 to measure the amount of shared drift between the ancient maize and

modern samples (Figure S2C).We used the SNP dataset described in the "reference dataset and SNP calling" section. Samples were

grouped following the groups identified in the ADMIXTURE analysis for modern maize and qpWave (supplemental information sec-

tion ‘‘Identifying homogeneous ancestry clusters using qpWave’’) analysis for ancient maize. Twenty-one parviglumis samples were

used as the outgroup.

Identifying homogeneous ancestry groups

We used qpWave in order to identify groups of ancient maize samples that derived from a single migration wave. In brief, qpWave

uses f4-statistics to estimate the minimum number of migrations or source populations required to explain a group of test samples or

populations. It does so, by estimating all the possible f4-statistics of the form:

f4ðLeftFIXED;Left2; Right1;RightFIXEDÞ
Where the ‘Left’ corresponds to the test populations and the ‘Righ
t’ corresponds to the source populations. We used qpWave in two

ways: (1) to test whether samples from the different sites in theOzarks were consistent with a single migration wave, and (2) to identify

groups of samples among the ancient and modern US maize that were differentially related to maize from outside the US ancestry

cluster.

Migration waves into the Ozarks

We used qpWave to test if the samples from different sites in the Ozark rockshelters derived from the same or different migration

waves. For the ‘Right’ populations in the test we used diploperennis as the fixed outgroup and selected groups ofmodern and ancient

maize representing the main geographic groups: Andean maize, Mexican Highlands, Pan-American maize, South America lowland,

Romero’s Cave, Bat Cave, Tularosa Cave, Spirit Eye Cave and Turkey Pen Shelter. Modern samples were grouped according to the

ancestry clusters identified in the ADMIXTURE analysis (Table S3) and ancient samples were grouped according to the site and

approximate age (Tables S1 and S3). For the ‘Left’ populations, we tested all possible pairs of Ozark sites grouping the samples ac-

cording to their site (Table S1). We used the SNP dataset described in the MDS analysis section and set the allsnps option in qpWave

to ‘YES’ in order tomaximize the number of sites available for each test. We identify four groups among Ozark sites, each one consis-

tent with a single migration wave (Figure 3C).

US maize differentially related to Mexican and South American landraces

D-statistics and qpGraph admixture modeling show that maize in the US carries varying proportions of ancestry derived from

Mexican landraces. We used qpWave in order to identify groups of ancient and modern maize in the US that carry different propor-

tions or sources of Mexican maize ancestry. For the ‘Right’ populations we used diploperennis as the fixed outgroup and selected

modern landraces representatives of the main geographic groups outside the US: Andean maize, the Mexican Highlands, Pan-

Americanmaize and South American lowlands. For the ‘Left’ we populationswe tested all possible pairs of ancient andmodernmaize

samples individually. We used the SNP dataset described in the MDS analysis section and set the allsnps option in qpWave to ‘YES’

to maximize the number of sites available for each test. We expect that pairs of samples that carry similar proportions and ancestry

sources of Mexican maize will be consistent with a single migration wave with this set of ‘Right’ populations. Our results show that at

least four migration waves of ancestry from Mexican maize are necessary to explain the ancestry in the ancient maize from the US

(Figure S3A). Overall, we identify five groups that are consistent with a single migration wave in this setup: (1) the two most ancient

samples from the US SW (Batcave_17 and McEuen_43), (2) upland US SW (Three Fir Shelter and Turkey Pen Shelter), (3) ancient

Texas maize, (4) a third group formed by the Tularosa Cave and the Ozark sites, and (5) the recent sample from the Ozark Buzzard

Roost site.

Treemix graphs

We used TreeMix v. 1.1364 to model the phylogenetic relationships of the ancient maize from the US and the Romero’s Cave maize.

We ran TreeMix in two datasets: one including ancient and modern maize from the US (Figure S3B), a second one including ancient

and modern maize from Central and South America (Figure S3C). In each case we used FrAnTK59 to estimate per population allele

frequencies starting from the dataset described in the MDS analysis section and grouped the sample according to the ancestry clus-

ters identified in ADMIXTURE (for the modern samples) and qpWave analysis (for the ancient samples; Tables S1 and S2). TreeMix

was run assuming 0 to 10 migration edges and for each number of migrations a total of 10 replicates starting at different seed values

were run and the replicate with the best likelihood was kept. The US maize dataset consists of 23 groups samples and 51,652 trans-

version sites. The Central and South American dataset consisted of 17 groups of samples and 194,930 transversion sites.

Admixture graphs modeling

We evaluated the evolutionary relationships of different groups of ancient maize using admixture graphs as implemented in

qpGraph41 and the dataset described in the ‘‘reference data and SNP calling’’ section. In brief, qpGraph estimates branch length

and admixture proportions of a predefined admixture graph and evaluates its fit based on the estimated and expected f4-statistics

among a set of samples. To obtain the best fitting admixture graph(s) we followed a procedure similar to the one described inMoreno-

Mayar et al.84 First, we built a base graph with representatives of the main genetic groups contributing to the ancestry of maize in the
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US as shown by the MDS and clustering analyses (Figures 2A and S2B), and then incorporated each of the ancient USmaize groups

one by one. Admixture graphs were evaluated based on the z-score of the f4-statistic with the worst fit and the score. We considered

a graph had a good fit if the absolute value of the worst f4-statistic’s z-score was % 3.33. Additionally, where more than one graph

fitted the data we used the qpGraph score to select those with best fit; if two or more graphs had a difference in their overall score of

%3 (p=0.05) we considered they had equally good fit.85

The following groups were included in the base graph: the 3,390 year-old maize genome fromBat Cave (representative of the initial

migration ofmaize into the USSouthwest), the 2,424 year-old Romero’s Cavemaize (representative of the Pan-Americanmaize given

its basal position in this lineage), the modern West Mexico highland maize, wildmexicanamaize (contributes to highland maize), the

5,310 year-old maize genome from the Tehuacan Valley (represents an early lineage equidistant to all domesticatedmaize as the root

of domesticated maize32) and Zea diploperennis as outgroup. To build the base graph, we started by using admixturegraph R pack-

age86 to list all the possible tree topologies including all six groups. For each tree topology we used qpGraph to estimate the branch

lengths and evaluated the obtained score and worst fitting z-score. Since none of the trees had a good fit (|z|>3.33), we selected the

topology with the best score and added a migration edge to all possible branches using admixturegraph R package and fitted the

graphs using qpGraph. From the resulting graphs we selected the ones with the best fit and repeated the process of adding a migra-

tion edge. After incorporating twomigration edges, we obtained eight admixture graphs that fitted the data in all cases recovering the

bi-directional admixture between wildmexicana admixture andWest Mexico maize.35,87 Starting from these eight admixture graphs,

we added the remaining ancient maize groups sequentially in the following order: Turkey Pen Shelter, Tularosa Cave, Spirit Eye Cave

andOzark’s Putnam. Each groupwas first added as a non-admixed branch, and then as amixture of two branches (admixed) consid-

ering all possible combinations of branches. We evaluated the resulting graphs and selected the ones with the best fit to move to the

next ancient maize group.

Estimating admixture proportions

The best admixture graph models show that the maize from the Putnam site is a mixture of two lineages: one that is most closely

related to maize in the Spirit Eye Cave in Texas (58%) and a second one most closely related to maize in the Turkey Pen Shelter

in upland US SW (42%). To estimate the admixture proportions of these ancestries for the remaining sites in the Ozarks rockshelter,

we incorporated each of them independently to the best model before incorporating the Putnam maize. For the recent sample from

the Buzzard Roost site, which carries additional ancestry from the Pan-American maize lineage, we incorporated this sample to the

graph in Figure 3A in order to model its ancestry. For each of the Ozark sites we selected the graph(s) with the best fit as described in

the previous section. Admixture graphs for each of the Ozark sites are available in the figshare repository under the DOI: https://doi.

org/10.6084/m9.figshare.27287871. Ancestry proportions estimated for each site are shown in Figure 3D.

D-statistics to test treeness and admixture
D-statistics using FrAnTK

We used D-statistics as implemented in FrAnTK59 in order to evaluate the phylogenetic placement and potential gene flow between

the ancient and modern samples. In particular, we tested key features obtained in the admixture graph model in the f4-statistics

admixture (Figure 3A) and Treemix graphs (Figures S3B and S3C). Similar to the f3-statistics, we used the SNP dataset described

in the ‘‘reference data and SNP calling’’ section. We assessed the significance of the tests through a weighted block jackknife pro-

cedure over 5.5 kb blocks which account for the linkage disequilibrium observed in the maize genome.28 Deviations from D=0 were

presumed significant if the observed Z-score was above or below 3.33 (|Z|>3.33). Each test performed is described below.

Romero’s Cave samples are part of the Pan-American group: Admixture and MDS results showed the Romero’s Cave samples

sharedmost of their ancestry with the Pan-Americanmaize (Figures 2A and S2B). Furthermore, TreeMix admixture graphs suggested

the Romero’s Cave maize split from the common ancestor of Pan-American and South American maize. We used D-statistics to test

if the ancient Romero maize was equidistant to every pair of Pan-American and South American maize landraces, as suggested by

the admixture graph, and using diploperennis as outgroup. Results were consistent with Romero maize splitting from the common

ancestor of the lowland South American and Pan-American maize lineages (|Z|% 3.3). The oldest maize remains in the Romero’s and

Valenzuela’s Caves date back to 4,000-4,500 yr B.P., but it was not until �2,400 yr B.P. that human populations in the area started

cultivating maize at an abundance comparable to that of a food staple. Our results show that modern maize in the region derives from

the same lineage that was present since 2,700 yr B.P.. However, despite being the only other archaeological site midway from the

domestication center and towards the US southwest, samples in the Romero’s Cave are most likely a different migration wave north-

ward from the domestication center than the one that gave rise to landraces in the US.

Present-day maize in the US carries varying proportions of Mexican Highland and Pan-American maize: Admixture graph modeling

showed ancient maize from the US SW derives from a mixture of the initial introduction of maize and Mexican maize (Figure 3A). We

used D-statistics to test the extent and sources of Mexican maize ancestry in the ancient maize from the US. We tested whether

maize from the different archaeological sites in the US and modern US landraces share more alleles with maize from Mexico than

the 3390-year-old Bat Cave (as representative of the initial maize that was introduced into the US SW). In particular, we computed

aD-statistic of the formD(Bat Cave, H3;Mexicanmaize, Tripsacum), where H3 corresponds to all ancient andmodernmaize from the

US andMexicanmaize corresponds to the two genetic groups of maize inMexico (Mexican Highlands in theWest and the pan-Amer-

ican lineage in the East). Our results show that all ancient andmodern maize from the US, except for the 2700-year-old McEuen Cave

maize, shares more alleles with Mexican maize compared to the Bat Cave sample (Figure S3D). The McEuen Cave maize sample
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represents the second oldest sample from the US SW (after Bat Cave sample), for which genomic data has been generated.27 The

fact that the McEuen Cave sample does not carry additional Mexican ancestry could indicate that the first wave of Mexican maize

ancestry occurred only after �2700 yr B.P., or that, if it arrived earlier, it did not reach all maize cultivated in the region.

Identifying the best admixture source for Ozark Buzzard Roost sample: Clustering analysis (Figure 2A), D-statistics (Figure 3C) and

admixture graphs (Figure S3B) show that the recent sample from the Ozark Buzzard Roost site is a mixture of Ozark’s maize ancestry

and ancestrymost closely related tomaize in EastMexico, Central and South America, similar to Southern Dent landraces. To identify

the best source for the non-Ozark ancestry we estimated a D-statistic of the form D(Putnam site, Buzzard Roost; H3, diploperennis),

where H3 represents all potential sources of ancestry (Figure S3F). Our results show that for modern Southern Dent landraces the

Pan-American lineage is the best source of admixture and in the case of the recent sample from the Buzzard Roost site Romero’s

Cave maize and Pan-American lineage are the best sources of admixture.

Error-corrected D-statistics using ANGSD

D-statistics and admixture graph modeling showed ancient and modern maize from the US carries varying proportions of ancestry

from Mexican maize. We next tested whether this ancestry came from the Highland Mexican maize in the West, the Pan-American

maize in the East or the ancestor of both usingD-statistics.We computed a test of the formD(West HighlandMexico, Romero’s Cave;

Bat Cave, H3), where H3 represents ancient and modern maize from the US. Since in most cases three of the samples are ancient

genomes, D-statistics were computed using ANGSD doabbababa2 funcion, which accounts for differential error in the samples

potentially derived from ancient DNA damage.42 Additionally, given that Highland Mexican maize carries additional ancestry from

thewild subsp.mexicana,35,43 whichwould decrease the shared alleles betweenWestMexicanmaize andH3, we considered varying

proportions of subsp. mexicana (0-28%) in West Mexico maize. To do so, we computed a test of the form D(subsp. mexicana, Ro-

mero’s Cave; Bat Cave, H3) and subtracted varying proportions of it from the corresponding test with West Highland Mexico instead

of subsp. mexicana.

ANGSD -doAncError was used to estimate error rates for each of the samples included in the tests as described in the section

‘‘estimating type-specific error rates’’ and using Z. diploperennis as the ancestral genome and landrace RIMMA1010 as the perfect

genome. The Z. diploperennis FASTA sequence was masked using the mappability mask described in Ramos-Madrigal et al.32 D-

statistics were estimated using ANGSD doabbababa2 restricting to reads with mapping quality R30 and bases with quality R 20.

Additionally, a mappability mask was applied to the Bat Cave sample in order to restrict to regions that can be unambiguously map-

ped.32 A block jackknife procedure over 5500 bp blocks was used to obtain confidence intervals for each test. Samples were pooled

per group, according to the groups defined by the qpWave and model-based clustering analyses as indicated in Table S3.

Our results show that West Mexico maize is the best source for the Mexican ancestry in maize in the US SW and Ozark sites

(Figures 3C and S3E), consistent with the admixture graph (Figure 3A). Contrastingly, the best source for the Southern Dents, sweet

corn and the recent sample from the Ozark Buzzard Roost site is the Romero’s Cave maize. Finally, the admixture in maize from the

Tranquil Rockshelter and Spirit Eye Cave in Texas is from maize that is equidistant to the West Mexico and Romero’s Cave maize,

also consistent with the admixture graph (Figure 3A).

Population Branch Statistic analysis

We used the Population Branch Statistic tomeasure changes in allele frequencies in the Ozark maize since its divergence frommaize

in the US Southwest. The PBS identifies SNPs that show strong changes in allele frequencies in a focal population compared to a

contrast population and an outgroup. We used 16 parviglumis samples as an outgroup and tested the following groups from the

US Southwest as contrast population: Three Fir Shelter (n=5), Tularosa Cave 1.8ka (n=9), Tularosa Cave 750 (n=10), Turkey Pen Shel-

ter (n=13), present-day maize from Eastern US (n=9), present-day maize from the US Southwest (n=6) and all ancient maize from the

US Southwest combined (n=27). For the Ozark maize group we included all samples with the exception of the recent sample from the

Buzzard Roost site (n=17).

To estimate the PBS, we used the genotype-likelihoods (GL) approach implemented in ANGSD v0.931 to account for the low

coverage in the data. This approach has been previously demonstrated to work withmedium to low coverage data from ancient sam-

ples.27 First we estimated GL for each of the populations in the test at sites with a minimum depth of coverage of 3 and maximum

missingness of 50%using the GATKmodel (-GL 2) implemented in ANGSD. Reads with mapping quality below 30, bases with quality

below 20 and transitions were discarded. The GL were used to obtain maximum-likelihood estimates of the 2-dimensional site fre-

quency spectrum for all possible pairs of maize populations using realSFS.88 Then, we calculated per-site weighted FST between

pairs of populations using realSFS. The FST estimates were used to compute PBS for each gene and for the different arrangements

as described in Yi et al.46We only considered genes with aminimum of 10 SNP sites. Results are shown in Figures 4A, S4A, and S4B.

Annotation of the wx1 gene
SNPeff analysis

The PBS analysis identified two SNPs overlapping with the wx1 gene with high PBS in the Ozark maize (G/A substitution at

chr9:23,270,176 and T/A substitution at chr9:23,270,283). In both cases the derived allele (polarized using Tripsacum) is found at

high frequency in the Ozark maize (0.73 and 0.85) compared to the US Southwest (0.16-0.22 and 0.04-0.27) and both alleles are

segregating in parviglumis.

To annotate these nucleotide substitutions and to evaluate their functional impact used SNPeff v5.65 GATK HaplotypeCaller57 was

used to call genotypes for sample 204_Salts_Bluff, which carried the alleles with high frequency among Ozark maize samples and
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had the highest depth of coverage (5.02⨉ at the mappable regions of the genome). We did not perform any further filtering of the

genotype calls, given we were only interested in estimating the functional impact on the differentiated SNPs. SNPeff was run using

the genotype calls and the SNPeff pre-built Zea_maysv3_29 database. The first SNP (G/A, chr9:23270176) is located in awx1 intron,

while the second SNP (T/A, chr9:23270283) is located in the fifth exon of thewx1 gene and leads to an amino acid substitution (aspar-

tate to valine) in the protein.

To visualize the variation around the two differentiated SNPs, we used ANGSD to obtain allele counts for the region around the

SNPs (Figure S4C). Read with mapping quality %30 and bases with quality %20 were discarded. Figure S4C shows that the alleles

found in at these two SNPs in the Ozark maize co-occur in most samples where they are present. Since these two SNPs are located

only 107 bp apart, their co-occurrence may suggest they are linked. Additionally, the fact linkage-disequilibrium in maize breaks

quickly could explain why we find only two SNPs with high PBS in the wx1 gene.28

Alphafold2.0 protein structure modeling

We used alphafold2.0 to investigate the potential impact of the Ozark maize amino acid substitution in the 3D structure of theWAXY1

protein.52 We obtained the WAXY reference protein sequence (P04713) from the UniProt database and created two versions of the

protein sequence: one with the aspartate at position 180 (Ozark maize version) and a second onewith a valine at position 180 (US SW

version). We then used alphafold2.0 to reconstruct and compare the two 3D structures. Alphafold predicts that the A180D amino acid

substitution is located at a surface accessible site but it does not lead to a change in the protein structure (Figure S4D). A further

post-translational modification prediction analysis suggested that a tyrosine (Y) three positions upstream from the A180D amino

acid substitution is phosphorylated in the US SW version of the protein but not in the Ozark maize version.
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Supplemental figures

Figure S1. Radiocarbon calibrations and examination of potential biases generated by different sequencing platforms (Illumina HiSeq 2500

and BGISEQ-500), related to Figure 1

(A) Radiocarbon calibrations for individual samples and published assemblages.

(B) D-statistic of the form D(XBGISEQ, XILLUMINA; 202_BRBGISEQ, RIMMA0409), where XBGISEQ and XILLUMINA represent the paired samples sequenced in BGISeq-

500 and Illumina HiSeq 2500, and 202_BR represents the youngest Ozark sample sequencedwith BGISeq-500. Individual points show the value ofD obtained for

each test and error bars show 3.3 SE estimated through a block jackknife procedure. Significant deviation from D �0 toward positive values would indicate that

XBGISEQ and 202_BRBGISEQ are artificially closer. We do not find any significant deviation from D �0.

(C) Distribution of Z scores obtained from a D-statistic of the form D(H1, H2, 202_BR, Par15), where H1 represents all samples in the whole-genome dataset (n =

239) and H2 represents one of the paired sequenced samples sequenced with Illumina (blue) or BGISeq-500 (red). We find no statistically significant difference in

the Z score distributions (ks.test, p value > 0.05).
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Figure S2. Characterization of maize ancestry geographical patterns and migration routes, related to Figure 2

(A) MDS analysis including ancient, wild (teosinte), and domesticated maize (left) and excluding wild maize (right). Pie charts represent individual maize genomes,

colors show the admixture proportions obtained from an ADMIXTURE analysis assuming 7 ancestry components (B), and empty circles represent samples not in

the ADMIXTURE analysis. Ancient samples are indicated with a black outline. Names for relevant ancient samples are shown (TPS, Turkey Pen Shelter; TFS,

Three Fir Shelter; and SEC, Spirit Eye Cave).

(B) Unsupervised clustering analysis using ADMIXTURE and assuming 6 and 7 ancestry components. Vertical bars represent different maize genomes, different

colors show the ancestry components, and the proportion of each color represents the ancestry proportions.

(legend continued on next page)
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(C) Outgroup f3-statistics for the maize genomes from the Ozark rockshelters, modern Northern Flints, Three Fir Shelter, Spirit Eye Cave, Tranquil Rockshelter,

and Romero’s Cave. Each point indicates the f3-statistic estimate. Error bars show 3.3 SE calculated using a block jackknife procedure. Colors indicate the

different archaeological sites and modern maize groups in the y axis. Shapes indicate whether the samples are modern or ancient.

(D) EEMS results showing the estimated effectivemigration surfaces based on genomic and geographic data for datasets 2 (top; 1,000- to 3,000-year-old ancient

genomes fromMexico and the US) and 3 (bottom;%2,000-year-old ancient genomes from the US andmodern genomes fromMexico). Cooler andwarmer colors

indicate regions with high and lowmigration rates, respectively. Circles show the demes used by EEMS, which broadly correspond to the location of the samples

included in the analysis.
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(legend on next page)
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Figure S3. Phylogenetic relationships and admixture patterns in ancient maize, related to Figure 3

(A) qpWave results for pairs of ancient maize samples and using diploperennis and representatives of maize ancestry groups outside the US as outgroups. A pink

outline shows clusters of ancient maize genomes from the same archaeological sites. *Samples with missing data above 90%.

(B) Treemix admixture graphs focusing on maize from North America and including the new genomes from the Ozark Rockshelters, TFS, Spirit Eye Cave, and

Tranquil Rockshelter (assuming 0 and 2 admixture events). Trees show the relationships between samples, and arrows show admixture events and their color

shows the admixture proportion as indicated in the legend. Heatmaps show the residual values for each of the trees. Ozarks BR corresponds to the Buzzard

Roost Ozark sample.

(C) Treemix admixture graphs focusing on maize from South America and including the ancient Romero’s Cave maize (assuming 0 and 3 admixture events).

Notation similar to that of (B).

(D)D-statistic tests of the formD(Bat Cave, H2; H3, diploperennis) testing potential ancestry sources for the admixture found in the ancient andmodern USmaize.

For each ancestry group from the US (H2; top labels in individual panels), we tested whether they shared significantly more alleles with different maize groups

outside the US (H3) comparedwith the Bat Cavemaize. Individual points show the value ofD obtained for each test and error bars show 3.3 SE estimated through

a block jackknife procedure. All of the US maize groups (except for McEuen Cave) show significant negative results indicating admixture with the maize group in

H3 (Z score < �3.3), with more negative values of D indicating better admixture sources (e.g., the Pan-American maize group is a better admixture source for

Southern Dents).

(E) Error-corrected D-statistic of the form D(Romero’s Cave, West Mexico; H3, Bat Cave) to test whether the Romero’s Cave or West Mexico maize is the best

source for the admixture in the different groups of maize in the US (H3). Individual points show the value of D obtained for each test and error bars show 3.3 SE

estimated through a block jackknife procedure. Colors indicate different proportions of additional wildmexicana ancestry considered for theWest Mexicomaize.

Tests significantly deviating from 0 indicate US maize (H3), with admixture that is most similar to West Mexico (D > 0) or Romero’s cave maize (D < 0).

(F)D-statistic of the form D(H1, Putnam; H3, diploperennis) testing for admixture from potential sources in East Mexico and Central and South America in the two

Southern Dent genomes from the maize HapMap2 (BKN018 and BKN040) and the Ozark maize genome from the Buzzard Roost site. Individual points show the

value ofD obtained for each test and error bars show 3.3 SE estimated through a block jackknife procedure. The recent maize sample from the Buzzard Roost site

displays similar patterns to the Southern Dents, with the Pan-American and Romero’s Cave maize showing the largest D values.
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Figure S4. Signatures of selection in the ancient Ozark maize, related to Figure 4

(A) Violin plots showing Ozark maize PBS estimated using different contrast populations. PBS was estimated for genes with a minimum of 10 SNP sites. The

names for genes above the 99.99 quantile are shown. *Cases where the wx1 gene is shown but did not pass the 99.95 quantile threshold. Genes are colored in

blue if they correspond to previously identified genes associated with maize domestication (n = 420) and improvement traits (n = 486).

(B) Heatmap showing the genes above the 99.95 (light pink) and 99.99 (dark pink) quantile of the PBS distribution for different contrast populations.

(C) Alleles present in the genomic region surrounding the two SNPswith high PBS for the Ozarkmaize. Each row represents a different sample from Eastern North

America (orange) or the US Southwest (pink). Each column represents a position in the genome. Colors indicate whether the sample carries only the major allele

(gray), only the minor allele (red), both alleles (blue), or lack coverage (white). The two high PBS sites are marked with red squares.

(D) Reconstruction of the WAXY1 protein structure using alphafold2.0. Region highlighted in blue shows the location of the amino acid substitution in the Ozark

maize (corresponding to the position chr9:23,270,283).
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