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INTRODUCTION AND RATIONALE: The drastic
morphological differences between maize and
its wild relatives gave rise to more than a cen-
tury of debate about its origins. Today, themost
widely accepted model is also the simplest—
maize was domesticated once from the wild
annual grass Zea mays ssp. parviglumis in
the lowlands of southwest Mexico. More recent-
ly, however, genomic surveys of traditionalmaize
varieties inbothMexico andSouthAmericahave
identified evidence for gene flow from a second
wild relative, Zeamays ssp.mexicana, a weedy
annual grass adapted to the central Mexican
highlands. These results, combined with long-
standing archaeological evidence of hybridiza-
tion, challenge the sufficiency of a simple model
of a single origin.

RESULTS: To elucidate the genetic contribu-
tions of Zea mays ssp. mexicana to maize, we
analyzed>1000wild anddomesticatedgenomes,

including 338 newly sequenced traditional vari-
eties. We found ubiquitous evidence for ad-
mixture between maize and Zea mays ssp.
mexicana, including in ancient samples from
North and South America, diverse traditional
varieties, and evenmodern inbred lines. These
results are mirrored in a genotyping survey of
>5000 traditional varieties representingmaize
diversity across the Americas. The only maize
sample surveyed that lacks strong evidence for
admixture with Zea mays ssp. mexicana is a
single ancient South American sample N16,
dating to ~5500 years before present.
We next fit graphs of population history to our

data, revealingmultiple admixture events in the
history of modernmaize. On the basis of these
results, we propose a new model of maize ori-
gins, which posits that, some 4000 years after
domestication, maize hybridized with Zea mays
ssp.mexicana in thehighlandsof centralMexico.
The resulting admixedmaize then spread across

the Americas, replacing or hybridizing with pre-
existingpopulations.The timingof this secondary
dispersal is roughly coincident with archaeolog-
ical data showing a transition to a staple maize
diet in regions across Mesoamerica.
We then explored variation in ancestry along

the maize genome. We found that 15 to 25% of
the genome could be attributed to Zea mays
ssp. mexicana ancestry. We identified regions
in which Zea mays ssp. mexicana alleles had
reached high frequency in maize, presumably
as a result of positive selection.We investigated
one of these adaptive introgressions in more
detail, using CRISPR-Cas9 knockout mutants
and overexpression lines to demonstrate the
role of the circadian clock gene ZmPRR37a in
determining flowering time under long-day
conditions. Our results suggest that introgres-
sion at this locus may have facilitated the adap-
tation of maize to higher latitudes.
Finally, we explored the contributions of

Zea mays ssp. mexicana alleles to phenotypic
variation in maize. Admixture mapping iden-
tified at least 25 loci in modern inbred lines
where highland teosinte ancestry associateswith
phenotypes of agronomic importance, from oil
content to kernel size and disease resistance,
as well as a large effect locus associated with
cob diameter in traditional maize varieties. We
then modeled the additive genetic variance of
each phenotype, allowing us to estimate that
Zea mays ssp. mexicana admixture explained
ameaningful proportion of the additive genetic
variation for many traits, including 25% of the
variation for the number of kernels per row
and nearly 50% of some disease phenotypes.

CONCLUSION: Our extensive population and
quantitative genetic analysis of domesticated
maize and its wild relatives uncovered a sub-
stantial role for twodifferentwild taxa inmaking
modernmaize. We propose a newmodel for the
origin ofmaize that can explain both genetic and
archaeological data, and we show how variation
inZeamays ssp.mexicana is a key component of
maize diversity, both at individual loci and for
genetic variation underlying agronomic traits.
Ourmodel raises a number of questions about

how and why a secondary spread of maize may
have occurred, but we speculate that the timing
of admixture suggests a possible direct role for
hybridization between maize and Zea mays
ssp. mexicana in improving early domesticated
forms of maize, helping to transform it into the
staple crop we know today. ▪
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Admixture analysis reveals widespread contributions of two teosintes to modern maize. (A) Proportion of
highland teosinte admixture for traditional maize varieties across the Americas. (B) Admixture graph representing
our model of maize evolution. (C) Cartoon depiction of proposed maize domestication and dispersal.
(D) Characterization of admixture tracts along maize genomes. (E) Admixture for cob weight reveals a
peak on chromosome 1.
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The origins of maize were the topic of vigorous debate for nearly a century, but neither the current
genetic model nor earlier archaeological models account for the totality of available data, and recent
work has highlighted the potential contribution of a wild relative, Zea mays ssp. mexicana. Our population
genetic analysis reveals that the origin of modern maize can be traced to an admixture between
ancient maize and Zea mays ssp. mexicana in the highlands of Mexico some 4000 years after
domestication began. We show that variation in admixture is a key component of maize diversity, both
at individual loci and for additive genetic variation underlying agronomic traits. Our results clarify the
origin of modern maize and raise new questions about the anthropogenic mechanisms underlying
dispersal throughout the Americas.

T
he domestication of crops transformed
human culture. Formany crops, the wild
plants that domesticates aremost closely
related to can be readily identified by
morphological and genetic similarities.

But the origins ofmaize (Zeamays subsp.mays)
have long been fraught with controversy,
even with its global agricultural importance,
ubiquity, and extended scrutiny as a genetic
model organism. Although there was general
agreement that maize was most morphologi-
cally similar to North American grasses in the
subtribeTripsacinae (1, 2), none of these grasses
bear reproductive structures similar to themaize
ear, in which seeds are exposed along a com-
pact, nonshattering rachis. The form is so radi-
cally distinct from its relatives that the maize
ear has been called “teratological” (3) and a
“monstrosity” (4).
Explanations for the ancestry of maize have

long been contentious (5). Amodel popular for
much of the 20th century, based on extensive
evaluation of the morphology of archaeologi-
cal samples, argued that modern maize was
the result of hybridization between a now-
extinct wild maize and another wild grass
(6). This archaeological model, however, fails
to explain cytological (7) or genetic (8, 9) data
showing that maize is most closely related to

the extant wild grass Zeamays ssp. parviglumis
(hereafter parviglumis). Today, the most widely
accepted model is also the simplest—maize was
domesticated from a wild annual grass in the
genus Zea, commonly known as teosinte. This
idea, originatingwithAscherson (10) and cham-
pioned by George Beadle throughout the 20th
century (4, 7), became firmly cemented in the
literature after genetic analysis revealed clear
similarities betweenmaize and teosinte (8, 9, 11).
Nonetheless, this simple genetic model is in-
sufficient to explain disparities between gen-
etic and geographic overlap between maize
and parviglumis (12) or morphological sup-
port for admixture in archaeological samples
(13–15).
Much of the early work onmaize origins was

complicated by the relatively poor characteri-
zation of the diversity of annual teosinte (16).
In addition to the lowlandparviglumis, the other
widespread annual teosinte is Z. mays ssp.
mexicana (hereaftermexicana), found through-
out thehighlands ofMexico. These taxadiverged
30,000 to 60,000 years ago (17, 18) and show
clear morphological (19), ecogeographic (20, 21),
and genetic (22, 23) differences, as well as local
adaptation along elevation (24). In contrast to
the overall genetic similarities between maize
and parviglumis, some early genetic studies

identified sharing of alleles betweenmexicana
and highlandmaize (25), a result confirmed by
extensive genome-wide data (26, 27). Maize and
mexicana co-occur in the highlands of Mexico,
but recent work has revealedmexicana ances-
try far outside this range, including in ancient
maize fromNewMexico (28), modern samples
in the Peruvian Andes (29), and individual al-
leles apparently selected broadly in modern
maize (30, 31).

Admixture with mexicana is ubiquitous in
modern maize

Archaeological data suggest that after its ini-
tial domestication in the lowlands of the Balsas
River basin, maize was introduced to the high-
lands of central Mexico by ~6200 cal BP (calen-
dar years before present) (32), where it first
came into sympatry withmexicana. By this
time, however, maize had already reached
Panama (by~7800 cal BP) (33) and even farther
into South America (by ~6900 to 6700 cal BP)
(34–36). Samples from South America that
reflect dispersal events before maize coloniza-
tion of the Mexican highlands should thus not
exhibit evidence of admixture withmexicana.
Indeed, tests of admixture find no evidence
ofmexicana ancestry in N16, a ~5500 cal BP
maize cob from northern Peru (37).
To investigate evidence ofmexicana admix-

ture across a broad sampling of maize, we
applied f4 tests (38) using a sample of thediploid
perennial teosinte Zea diploperennis (39) as the
outgroup. The greatest diversity of maize is
found inpresent-dayMexico, butwhole-genome
resequencing exists for only a handful of tra-
ditional Mexican maize (40). We therefore
sequenced 267 accessions of open-pollinated
traditional maize from across Mexico (Fig. 1A
and data S1 and S2). Applying f4 tests revealed
significant admixture with mexicana in all
maize except the ancient Peruvian sample
N16 (Fig. 1B and data S3). Analysis of subsets
of the data allowing use of a greater number of
single-nucleotide polymorphisms (SNPs) reveals
higher f4 values for N16, but these are still
substantially lower than for all other samples
(data S4). We find evidence for mexicana ad-
mixture well outside of Mexico, including in
modern samples from the US Southwest and
the Andes, consistent with previous work (29),
as well as a newly sequenced set of 73 tradi-
tional Chinese varieties that represent maize
dispersal out of the Americas after European
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colonization (data S1 and S2). We extended
our search to ancient samples, again finding
mexicana admixture in archaeological samples
from the Tehuacán Valley in central Mexico
dating to ~5300 cal BP (41) and both lowland
andhighland (>2000mabove sea level) samples
fromSouthAmerica dating to ~1000 cal BP (42).
Finally, we turned tomodern breedingmaterial,
where, again, f4 tests identify significant admix-
ture in a diversity panel of >500modern inbred
lines (43). In sum, we find evidence ofmexicana
ancestry in all examined maize samples dating
as early as ~5300 cal BP.
To investigate the importance of introgres-

sion to maize diversity more broadly, we ran
STRUCTURE (44) to estimatemexicana ances-
try in genotyping data from amuch larger sam-
ple of 5373 traditional maize varieties and 310
wild samples ofmexicana and parviglumis
fromacross theAmericas (45, 46). Thesemaize

samples also show ubiquitous evidence of
mexicana admixture (Fig. 1C). More sur-
prisingly, principal component analyses of
these maize samples reveal that the major axis
of genetic variation acrossmaize in theAmericas
is nearly perfectly correlatedwith the proportion
of the genome showing mexicana ancestry
[coefficient of determination (R2) =0.97; Fig. 1D].
The subspecies mexicana and parviglumis
diverged tens of thousands of years before
domestication (18), and it thus seems plausible
that differences in the proportion of these
ancestries dominate more recently derived
aspects of maize diversity.

A novel model of maize origins

We interpret the timing and universality of
mexicana admixture as evidence supporting a
novel model of maize origins (Fig. 2A). Consis-
tent with previous work (42, 47), we propose

that maize dispersed out of the Balsas River
basin in Mexico after domestication from
parviglumis, quickly reaching South America
by at least ~6500 cal BP (48). Then, ~6000 cal
BP, maize was adopted by peoples living in the
highlands of central Mexico, resulting in admix-
turewith the sympatricmexicana (12, 26, 27, 32).
Ancient samples showing mexicana admixture
suggest that maize spread rapidly from the
highlands of Mexico, replacing or mixing with
existing populations across the Americas, intro-
ducing mexicana alleles as it moved. As it
entered into the lowlands of Mexico, maize
must have once again come into contact with
parviglumis. Thismodel is consistent with the
second wave of maize migration into South
America posited by Kistler et al. (49) and sup-
ported by recent chloroplast data (50) but fur-
ther explains the origin of that wave and the
existence ofmexicana alleles in South America,
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Fig. 1. Admixture from Zea mays ssp. mexicana is ubiquitous in maize. (A) Sampling of newly sequenced, published, and ancient maize genomes. See data S1
for details on sampling. (B) f4 statistics for different groups of maize. (C) Proportion of mexicana admixture estimated for ~5000 field collections from the International
Maize and Wheat Improvement Center (CIMMYT). (D) Correlation (R2 = 0.97) between the first principal component (PC1) of genetic diversity in 5373 CIMMYT traditional
maize varieties and mexicana admixture.
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far outsidemexicana’s native range, by at least
~1000 cal BP.
To formally evaluate our model, we fit ad-

mixture graphs to f2 statistics from five tradi-
tional maize varieties from the Andes (40) and
118 of our newly sequenced traditional maize
varieties from Mexico that were collected at
low elevation (<1500 m above sea level) (51).
Our fitted admixture graph (Fig. 2A) estimates
that initial hybridization withmexicanawas
substantial, consistent with estimates from
modern-day traditionalmaize varieties from the
highlands of central Mexico (27). Subsequent
admixture with parviglumis reduced the con-
tribution ofmexicana to maize ancestry out of
the highlands, but our model estimates that
mexicana ancestry still represents ∼25% of the
genome of extant traditional varieties inMexico.
A simplified version of the model estimates
nearly identical ancestry proportions formodern
maize inbred lines (fig. S1). Although these
estimates are lower than those from reduced
representation genotyping (Fig. 1C), genotyping
SNPsoverestimate genome-wide admixture pro-
portionsowing to their biaseddistributionacross
the genome (51) (fig. S2). A thorough evaluation
of alternative graphs (52) found models with
nominally better fits to the data (53), but none
had significantly better out-of-sample predic-
tive ability (data S5; lowest empirical bootstrap
P value of 0.38), and wewere unable to identify
a better-fitting graph with fewer admixture
events. Althoughmany of the alternative graphs
include implausible phylogenetic histories, and
some incorporate hybrid parviglumis-mexicana

populations (54), all of the alternative graphs
qualitatively support our proposed model in
requiring postdomestication admixture with
mexicana. Finally, we note that our model is
consistent with an independent population
genetic approach (55) that estimated the timing
of mexicana admixture at 5716 years (±5614)
(51), which is exceptionally close to the earliest
archaeological evidence of maize in the high-
lands (32) and substantially later than the first
evidence of domesticated maize (56).
Together, the confluence of archaeological

and genetic data suggests that mexicana ad-
mixture was central to thewidespread use and
dispersal ofmaize in theAmericas by ~4000 cal
BP (Fig. 2B). The timing of admixture between
maize andmexicana in the highlands ofMexico
between 6000 and 4000 cal BP corresponds
with observed increases in cob size and the
number of seed rows in archaeological samples
(57–59). Southward dispersal of maize varieties
with mexicana admixture coincides with the
appearance of improved maize varieties in
Honduras (49) but contrastswith a coevalmove-
ment of peoples northward (60). Archaeological
samples demonstrate the presence of maize
as a staple grain in the neotropical lowlands
of Central America subsequent tomexicana
admixture, between 4700 and 4000 cal BP
(59, 61, 62). Ultimately, all varieties of maize
in Mesoamerica hadmexicana admixture by
~3000 cal BP as it became a staple grain across
the entire region (28, 58, 59, 63). Early Meso-
american sedentary agricultural villages also
began developing at this time, forming the basis

for demographic expansion and the emergence
of later state-level societies dependent on more-
intensive forms of maize agriculture (64–67).

Variation in admixture along the genome

Having established a central role for both
parviglumis and mexicana in the origins of
modernmaize diversity, we next explored varia-
tion inmexicana ancestry across the genome.
Using unadmixed parviglumis andmexicana
individuals (39) as references, we applied an
ancestry hidden Markov model to identify
regions ofmexicana ancestry along individual
maize genomes (51). In close agreement with
our admixture graph, we estimate 15 to 25%
averagemexicana ancestry across 845maize
genomes (mean: 18%; data S6) (68). This varia-
tion in total ancestry among modern maize is
much greater than that predicted from a single
pulse of ancient admixture (51) and likely reflects
a combination of selection as well as ongoing
gene flow in parts of the range (27).Mexicana
ancestry also varies considerably along the
genome (Fig. 3, A and B). The vast majority of
introgressed haplotypes are small—on the scale
of 10 kb (fig. S3)—consistent with a relatively
ancient origin. In addition to numerous small
introgressed haplotypes, we identify signals
consistent with an important role for inversion
polymorphisms. These include the apparent
presence of the large inversion Inv4m—a well-
studied target of adaptive introgression inmaize
from highland environments (26, 27)—in two
Chinese inbred lines and one traditional
Mexican variety (Fig. 3A).We also see high levels
ofmexicana admixture in the region of Inv1n, a
50-Mb inversion common in parviglumis but
rare inmexicana and entirely absent in maize
(69) (fig. S4). Finally, we estimate drastically
decreased levels ofmexicana introgression for
chromosomes 5, 8, and 9 (fig. S5), which we
speculate may be attributable to the presence
of a recently characterized genetic incompati-
bility on chromosome 5 (70) andmultiple large
mexicana-specific inversions on chromosomes
8 and 9 that could hinder introgression by re-
pressing recombination (18, 22).
A detailed look at admixture along individual

genomes enabled us to begin to investigate the
functional significance of variation inmexicana
admixture. First, consistent with the possibility
thatmexicana alleles may have served to com-
plement recessive deleterious genetic variants
that rose to appreciable frequency in early do-
mesticated maize (40), we find significantly
lower genetic load on introgressedmexicana
haplotypes (51) (fig. S6). We then turned to
individual loci, identifying regions of the ge-
nome inwhichhigh-confidencemexicana alleles
(>90% posterior probability) were at high fre-
quency (>80%) across allmodernmaize, consist-
ent with recent positive selection (51) (Fig. 3, A
and B, and fig. S7). We found these loci clus-
tered into 11 regions, which overlap quantitative

Fig. 2. A novel model of maize origins. (A) Admixture graph of lowland Mexican and highland Andean
maize showing three hypothesized admixture events (dotted lines): (i) between mexicana and an ancient
North American lineage of maize sister to N16, (ii) between admixed maize and parviglumis as maize
moved back out of the highlands, and (iii) between admixed maize and an ancient South American lineage
represented by N16 as admixed maize moved into South America. Estimated edge lengths and admixture
proportions (with confidence intervals in parentheses) are shown. (B) Proposed model of maize origin
showing two waves of movement out of Mexico: early movement after initial domestication in the Balsas
(top, black) and a second wave out of the highlands of Mexico after admixture with mexicana (bottom, red).
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trait loci for agronomically relevant phenotypes
(71) and include genes with well-studied func-
tions in Arabidopsis such as disease resistance
and floral morphology (data S7).
We focused on one region on chromosome

7, where we found a narrow peak of high-
frequencymexicana alleles that overlapswith
maize-teosinte flowering time quantitative
trait loci (71) and is centered on the gene
Zm00001d022590, also known as ZmPRR37a
(Fig. 3B). Alleles frommexicana at ZmPRR37a
SNPs are found in up to 89% of all maize, in-
cluding the reference genome line B73 (fig. S8).
ZmPRR37a is thought to be involved in the
circadian clock–controlled flowering pathway
(72) and is an ortholog of the sorghum gene
Ma1, which controls flowering under long-day
conditions (73). To validate this function, we
obtained a CRISPR-Cas9 knockout mutant

from a targetedmutagenesis library (74) and
developed two transgenic overexpression lines
(51). Consistent with its hypothesized role in
response to day length, ZmPRR37a knockout
mutants exhibited a significantly earlier flower-
ing phenotype in long-day conditions (two-
tailed Student’s t test, P values are indicated in
fig. S9, A, B, and D) but showed no effect in
short-day conditions (two-tailed Student’s t test,
P values are indicated in fig. S9, A and C), and
overexpression lines exhibited significantly
later flowering in both long- and short-day con-
ditions (two-tailed Student’s t test, P values are
indicated in Fig. 3, C to E). Maize carrying the
mexicana introgression at ZmPRR37a shows
lower levels of expression than parviglumis
(75), and our functional evaluation thus sug-
gests thatmexicana alleles at ZmPRR37amay
have helped maize adapt to earlier flowering

in long-day conditions as it expanded out of
Mexico to higher latitudes.

Admixture with mexicana underlies phenotypic
variation in maize

Admixture with teosinte has been associated
with phenotypic variation for a number of traits
in traditional maize (76), andmexicana gene
flow has been instrumental in the phenotypic
adaptation ofmaize to the highlands (26, 77–79).
Our analysis of teosinte ancestry across named
varieties replicates historical estimates based
onmorphology (fig. S10 anddata S8), suggesting
a broader role formexicana ancestry in pattern-
ing phenotypic variation in maize. Indeed, if
mexicana admixture played a key role in the
dispersal and use of maize, mexicana alleles
should contribute to agronomically relevant
phenotypic variation. We thus combined our

Fig. 3. Variation and functional validation of mexicana admixture. (A) (Top)
Number of high-confidence mexicana alleles (>90% posterior probability) that
exist in >80% lines of all modern maize along chromosome 4 (black points) and
average mexicana ancestry (red). (Bottom) Mexicana ancestry of three inbred
lines in the region around chromosome inversion Inv4m. (B) (Top) Number of
high-confidence mexicana alleles (>90% posterior probability) that exist in
>80% lines of all modern maize along chromosome 7 (black points) and average
mexicana ancestry (red). (Bottom) mexicana ancestry in B73 across the

ZmPRR37a gene model (black bar). The differences of days to anthesis for
nontransgenic (NT) and overexpression (OE) lines of ZmPRR37a in (C) long-day
(LD) conditions (2022, China, 124°49′E, 43°30′N) and (D) short-day (SD)
conditions (2021, China, 108°43′E, 18°34′N). The data in (C) and (D) are
means ± SE. The numbers in each column indicate the sample sizes. The level of
significance was determined by a two-tailed Student’s t test. (E) Nontransgenic
and two independent overexpression lines of ZmPRR37a grown in long-day
conditions. Scale bar, 10 cm.

RESEARCH | RESEARCH ARTICLE

Yang et al., Science 382, eadg8940 (2023) 1 December 2023 4 of 8

D
ow

nloaded from
 https://w

w
w

.science.org at Shandong A
gricultural U

niversity on M
arch 11, 2024



estimates of admixture with data from 33
phenotypes to perform multivariate admixture
mapping across 452 maize inbreds (51). At a
false discovery rate of 10%, we identified 92
associations, which we grouped into 22 peaks
representing 25 candidate genes (Fig. 4, fig. S11,
and data S9 and S10). These include a signif-
icant association with zeaxanthin—a carotenoid
pigment that plays a role in light sensing and
chloroplast movement (80) and is of signif-
icance to human health (81)—approximately
1-kb downstream of the gene ZmZEP1, a key
locus in the xanthophyll cycle that regulates
zeaxanthin abundance in low-light conditions
(fig. S12A). Haplotype visualization reveals clear
sharingbetweenmaize andmexicana (fig. S12B),
and themexicana-like haplotype increases the
expression of ZmZEP1 and reduces zeaxanthin
content in maize kernels (fig. S12, C and D).
We also see associations with well-known lipid
metabolism genes such as dgat1 and fae2 (82).
Themexicana allele at dgat1 is associated with
a decrease in the proportion of linoleic acid but
an increase in overall oil content, but variation in
mexicanaancestry isnot in linkagedisequilibrium

with the well-studied amino acid variant at this
locus (83) (fig. S13). Although expression ofdgat1
has been suggested to play a role in cold toler-
ance in maize and Arabidopsis (84, 85), a pre-
liminary experiment in maize seedlings failed
to identify differences in cold tolerance in lines
of varying ancestry at dgat1 (fig. S14). Finally,
in addition to identifying compelling candi-
date loci inmodern inbreds, we applied a novel
genotype-by-environment association map-
ping approach (86) in a large set of traditional
maize varieties evaluated across 13 different
common garden trials (87). We find a strong
association on chromosome 1 (Fig. 4C), where
mexicana ancestry increases cob size. The
candidate gene closest to the associated SNP,
Zm00001d029675, was recently identified as a
target of selection during breeding efforts in
both the United States and China (88).
While genome-wide association studies

(GWASs) can identify individual loci with large
effects, it is likely that mexicana admixture
contributes important variation of smaller ef-
fect size to polygenic traits. To test this hypoth-
esis, we used our inbred association panel and

phenotype data to estimate the proportion
of additive genetic variance contributed by
mexicana (51) (data S11). We estimate that
mexicana admixture explains ameaningful pro-
portion of the additive genetic variation for
many of these traits, including nearly 25% for
the number of kernels per row, 15% for plant
height, 10% for flowering time, and 15 to nearly
50% for multiple disease phenotypes (Fig. 4D).

Discussion

Conflicting archaeological, cytological, genetic,
and geographic evidence led to two irreconcilable
models for the origin ofmaize. In this study, with
more than 1000 genomes of maize and teosinte,
including 338 newly sequenced traditional varie-
ties, we revisited the evidence for admixture be-
tween maize and its wild relative Zea mays ssp.
mexicana. We propose a new model of maize
origins, which posits that, after admixture with
mexicana in the highlands of central Mexico,
admixed maize spread across the Americas,
either replacing or hybridizing with preexisting
maize populations. While this model is consis-
tent with both genetic and archaeological data,

Fig. 4. Phenotypic impacts of mexicana admixture. (A) Effect sizes (scaled
by trait standard deviation) across traits for the 22 lead SNPs from admixture
GWAS in the inbred diversity panel. Lead SNPs are the lowest P value SNP
within 500-kb windows around significant associations. Gray boxes represent
missing data owing to low minor allele frequency. Black outlines show the trait
with the largest absolute value effect size for each SNP. Numbers above each
group of columns represent chromosomes, while numbers below represent
megabase positions. Trait name acronyms and descriptions are in data S9,

and trait acronym colors represent categories shown in (D). (B) Manhattan
plot of admixture GWAS for linoleic acid content in the inbred diversity panel.
The peak includes the gene dgat1. (C) Manhattan plot of admixture GWAS for
cob weight using traditional maize varieties. Red points in (B) and (C) represent
lead SNPs. (D) Variance partitioning in the inbred diversity panel. Shown
is the proportion of additive genetic variance (VA) explained by mexicana
admixture, with each point representing the estimate for a single
phenotype.
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it also raises a number of questions. Among
these, most notable is perhaps the question of
why and how this secondary spread occurred—
was it due to some advantage of the admixed
maize over earlier domesticated forms, or was
the spread coincidental with demic or cultural
exchange among human populations (61)?
Changes in maize cob morphology and die-

tary isotope data from human populations in
Central America indicate a transition between
early cultivation and the use ofmaize as a staple
grain between 4700 and 4000 cal BP (59). This
timing suggests a possible direct role for hy-
bridization between maize and mexicana in
improving early domesticated forms of maize.
To better understandwhy admixedmaizemay
have beenbeneficial for early farmers,we sought
to investigate associations between mexicana
alleles and phenotypes in extant maize. We
identified and functionally validated a locus
important for photoperiodicity and flowering
time and found candidate genes associated
with important agronomic phenotypes, includ-
ing nutritional content and the size of kernels
and cobs. None of these loci individually, how-
ever, are likely sufficient to drive a large advantage
of admixed maize. And although we show that,
combined, alleles introgressed frommexicana
explain a meaningful proportion of additive
genetic variance for agronomic and disease
resistance traits, it remains unclear whether
this novel variation could drive rapid adoption
of admixed maize. In addition to variation at
these specific phenotypes, admixture may have
played a role in the spread of maize by aug-
menting genetic diversity and ameliorating
genetic load in early domesticated populations,
perhaps even providing somegeneralized hybrid
vigor. Indeed,we showthatmexicanaalleles carry
less load than maize alleles (fig. S6), and maize-
mexicana hybrids show extensive heterosis for
both viability and fecundity. This process could
be augmented by similar ecologies as well—the
global ecological niche of cultivated maize more
closely reflects that ofmexicana than parviglumis
(69), and, like maize, mexicana has successfully
colonized novel habitats at higher latitudes (89).
Modern ethnographic evidence is also consis-
tent with these ideas, as farmers continue to
introgress teosinte into theirmaize populations
to make them “stronger” (16, 90, 91).
Introgression between relatives has long been

recognized as amajor source of plant adaptation
(92), yet only with the advent of molecular
markers have we begun to recognize the key
role that gene flow from wild relatives has
played in crop evolution (93). Here, with exten-
sive sampling and genomic coverage of both
traditional andmodern varieties as well as wild
relatives and ancient samples, we argue that
introgression froma closewild relative ofmaize
was pivotal to its success as a staple crop. The
presence of adaptive variation inwild relatives
is not specific to maize, and we predict that a

similar history will be revealed for many other
crops. Indeed, preliminary results already sug-
gest a key role for hybridization in the evolution
of rice, tomato, barley, and others (94–96).
These results not only highlight the past im-
portance of crop wild relatives but also point
to their potential as a source of adaptive
diversity for future breeding.Most importantly,
the work presented here suggests that, formany
crops, millennia of diligent efforts by early
farmers have capitalized on this diversity and
that an abundance of relevant functional di-
versity may already be segregating in tradition-
al varieties or preserved ex situ in germplasm
gene banks.

Materials and methods summary

SNPdata from 507modernmaize inbred lines,
90 Z. mays ssp. Mexicana, 75 Z. mays ssp.
parviglumis, and two Z. diploperennis were
obtained from version 1 of the ZEAMAP project
(39). We also sequenced an additional 338 tra-
ditional maize varieties, including 267 from
across Mexico and 71 from China (data S1
and S2) and collected DNA sequencing data of
30 published traditional varieties and 10 ancient
maize samples (data S1). For these additional
genomes, we called sites from the enlarged
ZEAMAP of these lines. For ancientmaize, we
did complete quality control on the raw reads
by cutting low-quality bases and removing the
adaptors using fastp (97). Then we adopted an
ancient DNA mapping method optimized for
reducing reference sequence bias and improving
the accuracy and sensitivity of ancient DNA
sequence identification (98). We used map-
Damage2 (99) to estimate damage parameters
from the bam files, and then we rescaled base
quality scores according to the probability
that a base derives from deamination (100).
We performed pseudohaploid calling with
given ZEAMAP sites using ANGSD (101). SNPs
supported by <2 reads and reads with mean
Phredscore of <20 andmapping quality of <20
were filtered. The A alleles located in the 3′
end (≤30% of the supporting reads) and the
T alleles located in the 5′ end (≤30% of the
supporting reads) were hard masked. The f4
test was carried out by ADMIXTOOLS 2 (52)
with Z. diploperennis as the outgroup and
our unadmixedmexicana and parviglumis as
the two contributors to the test population.
Admixture graphs were estimated and com-
pared using ADMIXTOOLS2 (52). The timing
of admixture between mexicana and maize
was estimated by DATES (55). Admixture with
mexicana in CIMMYT SeeD GBS samples was
estimated by STRUCTURE (44). The genome-
wide patterns of introgression of all 845 maize
were investigated by ELAI (102). We defined
high-frequency mexicana alleles as those for
which >80% of the 845 maize lines had ELAI
scores > 1.8. The functions of ZmPRR37a were
investigated by transgenic overexpression or

CRISPR-Cas9 gene editing. The constructed
overexpression and gene-editing vectors were
transformed into maize inbred line KN5585.
Genome-wide association ofmexicana ancestry
was performed using JointGWAS (86) for 33
phenotypes in an inbred association panel (103)
and a multisite set of phenotypic trials of tra-
ditional varieties (87). Variance partitioning of
phenotypes of 507 maize lines was performed
by LDAK (104) using the kinship calculated by
OSCA (105) from ELAI scores. All details of the
materials and methods, including those sum-
marized above, are provided in the supple-
mentary materials.

REFERENCES AND NOTES

1. A. de Candolle, Origin of Cultivated Plants (D. Appleton,
1885).

2. J. W. Harshberger, thesis, Graduate School of Arts and
Sciences, University of Pennsylvania (1893).

3. K. Schumann, “Mais und Teosinte” in Festschrift fur Paul
Ascherson, I. Urban, P. Graebner, Eds. (Gebruder Bomtraeger,
1904), pp. 137–157.

4. G. W. Beadle, Teosinte and the origin of maize. J. Hered. 30,
245–247 (1939). doi: 10.1093/oxfordjournals.jhered.a104728

5. E. S. Buckler, N. M. Stevens, “Maize Origins, Domestication,
and Selection” in Darwin’s Harvest, T. J. Motley, N. Zerega,
H. Cross, Eds. (Columbia Univ. Press, 2006), pp. 67–90.

6. P. C. Mangelsdorf, Corn: Its Origin, Evolution and
Improvement (Belknap Press, 1974).

7. G. W. Beadle, The Mystery of Maize (Field Museum of Natural
History, 1972).

8. J. G. Waines, Protein electrophoretic patterns of maize,
teosinte, and Tripsacum dactyloides. Maize Genteics
Cooperation Newsletter 46, 164–165 (1972).

9. J. S. C. Smith, R. N. Lester, Biochemical systematics and
evolution of zea, tripsacum and related genera. Econ. Bot. 34,
201–218 (1980). doi: 10.1007/BF02858641

10. P. Ascherson, “Über Echlaena mexicana Schrad” in
Botanischer Verein der Provinz Brandenburg (1876).

11. Y. Matsuoka et al., A single domestication for maize shown by
multilocus microsatellite genotyping. Proc. Natl. Acad. Sci. U.S.A.
99, 6080–6084 (2002). doi: 10.1073/pnas.052125199;
pmid: 11983901

12. J. van Heerwaarden et al., Genetic signals of origin, spread,
and introgression in a large sample of maize landraces. Proc.
Natl. Acad. Sci. U.S.A. 108, 1088–1092 (2011). doi: 10.1073/
pnas.1013011108; pmid: 21189301

13. P. C. Mangelsdorf, R. G. Reeves, The origin of maize. Proc.
Natl. Acad. Sci. U.S.A. 24, 303–312 (1938). doi: 10.1073/
pnas.24.8.303; pmid: 16588227

14. W. C. Galinat, P. C. Mangelsdorf, L. Pierson, Estimates of
teosinte introgression in archaeological maize. Bot. Mus.
Lealf. Harv. Univ. 17, 101–124 (1956). doi: 10.5962/p.168499

15. W. C. Galinat, R. J. Ruppé, Further archaeological evidence on
the effects of teosinte introgression in the evolution of
modern maize. Bot. Mus. Lealf. Harv. Univ. 19, 163–181 (1961).
doi: 10.5962/p.168530

16. H. G. Wilkes, Teosinte: The Closest Relative of Maize (Bussey
Institution of Harvard University, 1967).

17. J. Ross-Ibarra, M. Tenaillon, B. S. Gaut, Historical divergence
and gene flow in the genus Zea. Genetics 181, 1399–1413
(2009). doi: 10.1534/genetics.108.097238; pmid: 19153259

18. L. Chen et al., Genome sequencing reveals evidence of
adaptive variation in the genus Zea. Nat. Genet. 54,
1736–1745 (2022). doi: 10.1038/s41588-022-01184-y;
pmid: 36266506

19. H. H. Iltis, J. F. Doebley, Taxonomy of Zea (gramineae).
II. Subspecific categories in the Zea mays complex and a
generic synopsis. Am. J. Bot. 67, 994–1004 (1980).
doi: 10.1002/j.1537-2197.1980.tb07731.x

20. J. J. Sánchez González et al., Ecogeography of teosinte. PLOS
ONE 13, e0192676 (2018). doi: 10.1371/journal.
pone.0192676; pmid: 29451888

21. M. B. Hufford, E. Martínez-Meyer, B. S. Gaut, L. E. Eguiarte,
M. I. Tenaillon, Inferences from the historical distribution of
wild and domesticated maize provide ecological and
evolutionary insight. PLOS ONE 7, e47659 (2012).
doi: 10.1371/journal.pone.0047659; pmid: 23155371

RESEARCH | RESEARCH ARTICLE

Yang et al., Science 382, eadg8940 (2023) 1 December 2023 6 of 8

D
ow

nloaded from
 https://w

w
w

.science.org at Shandong A
gricultural U

niversity on M
arch 11, 2024

http://dx.doi.org/10.1093/oxfordjournals.jhered.a104728
http://dx.doi.org/10.1007/BF02858641
http://dx.doi.org/10.1073/pnas.052125199
http://www.ncbi.nlm.nih.gov/pubmed/11983901
http://dx.doi.org/10.1073/pnas.1013011108
http://dx.doi.org/10.1073/pnas.1013011108
http://www.ncbi.nlm.nih.gov/pubmed/21189301
http://dx.doi.org/10.1073/pnas.24.8.303
http://dx.doi.org/10.1073/pnas.24.8.303
http://www.ncbi.nlm.nih.gov/pubmed/16588227
http://dx.doi.org/10.5962/p.168499
http://dx.doi.org/10.5962/p.168530
http://dx.doi.org/10.1534/genetics.108.097238
http://www.ncbi.nlm.nih.gov/pubmed/19153259
http://dx.doi.org/10.1038/s41588-022-01184-y
http://www.ncbi.nlm.nih.gov/pubmed/36266506
http://dx.doi.org/10.1002/j.1537-2197.1980.tb07731.x
http://dx.doi.org/10.1371/journal.pone.0192676
http://dx.doi.org/10.1371/journal.pone.0192676
http://www.ncbi.nlm.nih.gov/pubmed/29451888
http://dx.doi.org/10.1371/journal.pone.0047659
http://www.ncbi.nlm.nih.gov/pubmed/23155371


22. T. Pyhäjärvi, M. B. Hufford, S. Mezmouk, J. Ross-Ibarra,
Complex patterns of local adaptation in teosinte. Genome
Biol. Evol. 5, 1594–1609 (2013). doi: 10.1093/gbe/evt109;
pmid: 23902747

23. K. Fukunaga et al., Genetic diversity and population structure
of teosinte. Genetics 169, 2241–2254 (2005). doi: 10.1534/
genetics.104.031393; pmid: 15687282

24. M.-A. Fustier et al., Common gardens in teosintes reveal the
establishment of a syndrome of adaptation to altitude. PLOS
Genet. 15, e1008512 (2019). doi: 10.1371/journal.
pgen.1008512; pmid: 31860672

25. J. Doebley, M. M. Goodman, C. W. Stuber, Patterns of
isozyme variation between maize and Mexican annual
teosinte. Econ. Bot. 41, 234–246 (1987). doi: 10.1007/
BF02858971

26. M. B. Hufford et al., The genomic signature of crop-wild
introgression in maize. PLOS Genet. 9, e1003477 (2013).
doi: 10.1371/journal.pgen.1003477; pmid: 23671421

27. E. Calfee et al., Selective sorting of ancestral introgression in
maize and teosinte along an elevational cline. PLOS Genet. 17,
e1009810 (2021). doi: 10.1371/journal.pgen.1009810;
pmid: 34634032

28. R. R. da Fonseca et al., The origin and evolution of maize in
the Southwestern United States. Nat. Plants 1, 14003 (2015).
doi: 10.1038/nplants.2014.3; pmid: 27246050

29. L. Wang et al., Molecular parallelism underlies convergent
highland adaptation of maize landraces. Mol. Biol. Evol. 38,
3567–3580 (2021). doi: 10.1093/molbev/msab119;
pmid: 33905497

30. A. C. Barnes et al., An adaptive teosinte mexicana
introgression modulates phosphatidylcholine levels and is
associated with maize flowering time. Proc. Natl. Acad. Sci.
U.S.A. 119, e2100036119 (2022). doi: 10.1073/
pnas.2100036119; pmid: 35771940

31. L. Guo et al., Stepwise cis-regulatory changes in ZCN8
contribute to maize flowering-time adaptation. Curr. Biol. 28,
3005–3015.e4 (2018). doi: 10.1016/j.cub.2018.07.029;
pmid: 30220503

32. D. R. Piperno, K. V. Flannery, The earliest archaeological
maize (Zea mays L.) from highland Mexico: New accelerator
mass spectrometry dates and their implications. Proc. Natl.
Acad. Sci. U.S.A. 98, 2101–2103 (2001). doi: 10.1073/
pnas.98.4.2101; pmid: 11172082

33. R. Dickau, A. J. Ranere, R. G. Cooke, Starch grain evidence
for the preceramic dispersals of maize and root crops into
tropical dry and humid forests of Panama. Proc. Natl. Acad.
Sci. U.S.A. 104, 3651–3656 (2007). doi: 10.1073/
pnas.0611605104; pmid: 17360697

34. A. Grobman et al., Preceramic maize from Paredones and
Huaca Prieta, Peru. Proc. Natl. Acad. Sci. U.S.A. 109,
1755–1759 (2012). doi: 10.1073/pnas.1120270109;
pmid: 22307642

35. U. Lombardo et al., Early Holocene crop cultivation and
landscape modification in Amazonia. Nature 581, 190–193
(2020). doi: 10.1038/s41586-020-2162-7; pmid: 32404996

36. J. Iriarte et al., The origins of Amazonian landscapes: Plant
cultivation, domestication and the spread of food production
in tropical South America. Quat. Sci. Rev. 248, 106582
(2020). doi: 10.1016/j.quascirev.2020.106582

37. M. Vallebueno-Estrada et al., Domestication and lowland
adaptation of coastal preceramic maize from Paredones,
Peru. eLife 12, e83149 (2023). doi: 10.7554/eLife.83149;
pmid: 37070964

38. B. M. Peter, Admixture, population structure, and F-statistics.
Genetics 202, 1485–1501 (2016). doi: 10.1534/
genetics.115.183913; pmid: 26857625

39. L. Chen et al., Portrait of a genus: the genetic diversity of
Zea. bioRxiv 2021.04.07.438828 [Preprint] (2021); https://
doi.org/10.1101/2021.04.07.438828.

40. L. Wang et al., The interplay of demography and selection
during maize domestication and expansion. Genome Biol. 18,
215 (2017). doi: 10.1186/s13059-017-1346-4; pmid: 29132403

41. J. Ramos-Madrigal et al., Genome sequence of a 5,310-year-
old maize cob provides insights into the early stages of maize
domestication. Curr. Biol. 26, 3195–3201 (2016).
doi: 10.1016/j.cub.2016.09.036; pmid: 27866890

42. L. Kistler et al., Multiproxy evidence highlights a complex
evolutionary legacy of maize in South America. Science 362,
1309–1313 (2018). doi: 10.1126/science.aav0207; pmid: 30545889

43. X. Yang et al., Characterization of a global germplasm
collection and its potential utilization for analysis of complex
quantitative traits in maize. Mol. Breed. 28, 511–526 (2011).
doi: 10.1007/s11032-010-9500-7

44. D. Falush, M. Stephens, J. K. Pritchard, Inference of
population structure using multilocus genotype data: Linked
loci and correlated allele frequencies. Genetics 164,
1567–1587 (2003). doi: 10.1093/genetics/164.4.1567;
pmid: 12930761

45. J. A. Romero Navarro et al., A study of allelic diversity
underlying flowering-time adaptation in maize landraces. Nat.
Genet. 49, 476–480 (2017). doi: 10.1038/ng.3784;
pmid: 28166212

46. K. Swarts et al., Genomic estimation of complex traits reveals
ancient maize adaptation to temperate North America.
Science 357, 512–515 (2017). doi: 10.1126/science.aam9425;
pmid: 28774930

47. F. O. Freitas, G. Bendel, R. G. Allaby, T. A. Brown, DNA from
primitive maize landraces and archaeological remains:
Implications for the domestication of maize and its expansion
into South America. J. Archaeol. Sci. 30, 901–908 (2003).
doi: 10.1016/S0305-4403(02)00269-8

48. M. B. Bush et al., A 6900-year history of landscape
modification by humans in lowland Amazonia. Quat. Sci. Rev.
141, 52–64 (2016). doi: 10.1016/j.quascirev.2016.03.022

49. L. Kistler et al., Archaeological Central American maize
genomes suggest ancient gene flow from South America.
Proc. Natl. Acad. Sci. U.S.A. 117, 33124–33129 (2020).
doi: 10.1073/pnas.2015560117; pmid: 33318213

50. J. D. Montenegro et al., Phylogenomic analysis of the plastid
genome of the Peruvian purple maize Zea mays subsp. mays
cv. ‘INIA 601’. Plants 11, 2727 (2022). doi: 10.3390/
plants11202727; pmid: 36297753

51. Materials and methods are available as supplementary
materials.

52. R. Maier et al., On the limits of fitting complex models of
population history to f-statistics. eLife 12, e85492 (2023).
doi: 10.7554/eLife.85492; pmid: 37057893

53. N. Yang, Admixture graphs with 2-4 admixture events,
Figshare, Figure (2023); https://doi.org/10.6084/m9.
figshare.23905158.v1.

54. D. E. Hufnagel et al., Evidence for multiple teosinte hybrid
zones in Central Mexico. bioRxiv 2021.02.11.430632
[Preprint] (2021); https://doi.org/10.1101/2021.02.11.430632.

55. V. M. Narasimhan et al., The formation of human
populations in South and Central Asia. Science 365,
eaat7487 (2019). doi: 10.1126/science.aat7487;
pmid: 31488661

56. D. R. Piperno, A. J. Ranere, I. Holst, J. Iriarte, R. Dickau,
Starch grain and phytolith evidence for early ninth
millennium B.P. maize from the Central Balsas
River Valley, Mexico. Proc. Natl. Acad. Sci. U.S.A. 106,
5019–5024 (2009). doi: 10.1073/pnas.0812525106;
pmid: 19307570

57. B. F. Benz, Archaeological evidence of teosinte domestication
from Guilá Naquitz, Oaxaca. Proc. Natl. Acad. Sci. U.S.A.
98, 2104–2106 (2001). doi: 10.1073/pnas.98.4.2104;
pmid: 11172083

58. B. F. Benz, L. Cheng, S. W. Leavitt, C. Eastoe, “El Riego and
early maize agricultural evolution” in Histories of Maize,
J. E. Staller, R. H. Tykot, B. F. Benz, Eds. (Elsevier, 2006),
pp. 73–82.

59. D. J. Kennett et al., High-precision chronology for
Central American maize diversification from El Gigante
rockshelter, Honduras. Proc. Natl. Acad. Sci. U.S.A. 114,
9026–9031 (2017). doi: 10.1073/pnas.1705052114;
pmid: 28784803

60. D. J. Kennett et al., South-to-north migration preceded the
advent of intensive farming in the Maya region. Nat. Commun.
13, 1530 (2022). doi: 10.1038/s41467-022-29158-y;
pmid: 35318319

61. D. J. Kennett et al., Early isotopic evidence for maize as a
staple grain in the Americas. Sci. Adv. 6, eaba3245 (2020).
doi: 10.1126/sciadv.aba3245; pmid: 32537504

62. D. J. Kennett et al., Trans-Holocene Bayesian chronology for
tree and field crop use from El Gigante rockshelter,
Honduras. PLOS ONE 18, e0287195 (2023). doi: 10.1371/
journal.pone.0287195; pmid: 37352287

63. B. D. Smith, Reconsidering the Ocampo Caves and the Era of
Incipient Cultivation in Mesoamerica. Lat. Am. Antiq. 8,
342–383 (1997). doi: 10.2307/972107

64. D. J. Kennett et al., Pre-pottery farmers on the Pacific coast
of southern Mexico. J. Archaeol. Sci. 37, 3401–3411 (2010).
doi: 10.1016/j.jas.2010.07.035

65. R. M. Rosenswig, A mosaic of adaptation: The archaeological
record for Mesoamerica’s Archaic period. J. Archaeol. Res.
23, 115–162 (2015). doi: 10.1007/s10814-014-9080-x

66. K. V. Flannery, The Early Mesoamerican Village: Updated
Edition (Routledge, 2019).

67. R. G. Lesure, L. S. Martin, K. J. Bishop, B. Jackson,
C. M. Chykerda, The Neolithic demographic transition in
Mesoamerica. Curr. Anthropol. 55, 654–664 (2014).
doi: 10.1086/678325

68. N. Yang, elai.845.txt.gz, Figshare (2022); https://doi.org/
10.6084/m9.figshare.21579528.v1.

69. Z. Fang et al., Megabase-scale inversion polymorphism in the
wild ancestor of maize. Genetics 191, 883–894 (2012).
doi: 10.1534/genetics.112.138578; pmid: 22542971

70. B. Berube et al., Teosinte Pollen Drive guides maize
domestication and evolution by RNAi. bioRxiv
2023.07.12.548689 (2023); https://doi.org/10.1101/
2023.07.12.548689.

71. Q. Chen et al., TeoNAM: A nested association mapping
population for domestication and agronomic trait analysis in
maize. Genetics 213, 1065–1078 (2019). doi: 10.1534/
genetics.119.302594; pmid: 31481533

72. M. Jin et al., ZmCOL3, a CCT gene represses flowering in
maize by interfering with the circadian clock and activating
expression of ZmCCT. J. Integr. Plant Biol. 60, 465–480
(2018). doi: 10.1111/jipb.12632; pmid: 29319223

73. R. L. Murphy et al., Coincident light and clock regulation of
pseudoresponse regulator protein 37 (PRR37) controls
photoperiodic flowering in sorghum. Proc. Natl. Acad. Sci.
U.S.A. 108, 16469–16474 (2011). doi: 10.1073/
pnas.1106212108; pmid: 21930910

74. H.-J. Liu et al., High-throughput CRISPR/Cas9 mutagenesis
streamlines trait gene identification in maize. Plant Cell 32,
1397–1413 (2020). doi: 10.1105/tpc.19.00934;
pmid: 32102844

75. R. Swanson-Wagner et al., Reshaping of the maize
transcriptome by domestication. Proc. Natl. Acad. Sci. U.S.A.
109, 11878–11883 (2012). doi: 10.1073/pnas.1201961109;
pmid: 22753482

76. E. J. Wellhausen, L. M. Roberts, E. Hernandez X, Races of
Maize in Mexico: Their Origin, Characteristics and Distribution
(Bussey Institution of Harvard University, 1952).

77. N. Lauter, C. Gustus, A. Westerbergh, J. Doebley, The
inheritance and evolution of leaf pigmentation and
pubescence in teosinte. Genetics 167, 1949–1959 (2004).
doi: 10.1534/genetics.104.026997; pmid: 15342532

78. G. M. Janzen et al., Demonstration of local adaptation in
maize landraces by reciprocal transplantation. Evol. Appl. 15,
817–837 (2022). doi: 10.1111/eva.13372; pmid: 35603032

79. S. Perez-Limón et al., A B73×Palomero Toluqueño mapping
population reveals local adaptation in Mexican highland
maize. G3 12, jkab447 (2022). doi: 10.1093/g3journal/
jkab447; pmid: 35100386

80. M. Königer, B. Jessen, R. Yang, D. Sittler, G. C. Harris, Light,
genotype, and abscisic acid affect chloroplast positioning in
guard cells of Arabidopsis thaliana leaves in distinct ways.
Photosynth. Res. 105, 213–227 (2010). doi: 10.1007/s11120-
010-9580-6; pmid: 20614182

81. T. J. O’Hare, K. J. Fanning, I. F. Martin, Zeaxanthin
biofortification of sweet-corn and factors affecting zeaxanthin
accumulation and colour change. Arch. Biochem. Biophys.
572, 184–187 (2015). doi: 10.1016/j.abb.2015.01.015;
pmid: 25637659

82. H. Fang et al., Genetic basis of maize kernel oil-related
traits revealed by high-density SNP markers in a
recombinant inbred line population. BMC Plant Biol. 21,
344 (2021). doi: 10.1186/s12870-021-03089-0;
pmid: 34289812

83. P. Zheng et al., A phenylalanine in DGAT is a key determinant
of oil content and composition in maize. Nat. Genet. 40,
367–372 (2008). doi: 10.1038/ng.85; pmid: 18278045

84. S. A. Arisz et al., DIACYLGLYCEROL ACYLTRANSFERASE1
contributes to freezing tolerance. Plant Physiol. 177,
1410–1424 (2018). doi: 10.1104/pp.18.00503;
pmid: 29907701

85. X. Zhao et al., Membrane lipids’ metabolism and
transcriptional regulation in maize roots under cold stress.
Front. Plant Sci. 12, 639132 (2021). doi: 10.3389/
fpls.2021.639132; pmid: 33936129

86. D. E. Runcie, deruncie/JointGWAS, version 0.1.0, Zenodo
(2022); https://doi.org/10.5281/zenodo.7407136.

87. D. J. Gates et al., Single-gene resolution of locally adaptive
genetic variation in Mexican maize. bioRxiv 706739
[Preprint] (2019); https://doi.org/10.1101/706739.

88. C. Li et al., Genomic insights into historical improvement of
heterotic groups during modern hybrid maize breeding.

RESEARCH | RESEARCH ARTICLE

Yang et al., Science 382, eadg8940 (2023) 1 December 2023 7 of 8

D
ow

nloaded from
 https://w

w
w

.science.org at Shandong A
gricultural U

niversity on M
arch 11, 2024

http://dx.doi.org/10.1093/gbe/evt109
http://www.ncbi.nlm.nih.gov/pubmed/23902747
http://dx.doi.org/10.1534/genetics.104.031393
http://dx.doi.org/10.1534/genetics.104.031393
http://www.ncbi.nlm.nih.gov/pubmed/15687282
http://dx.doi.org/10.1371/journal.pgen.1008512
http://dx.doi.org/10.1371/journal.pgen.1008512
http://www.ncbi.nlm.nih.gov/pubmed/31860672
http://dx.doi.org/10.1007/BF02858971
http://dx.doi.org/10.1007/BF02858971
http://dx.doi.org/10.1371/journal.pgen.1003477
http://www.ncbi.nlm.nih.gov/pubmed/23671421
http://dx.doi.org/10.1371/journal.pgen.1009810
http://www.ncbi.nlm.nih.gov/pubmed/34634032
http://dx.doi.org/10.1038/nplants.2014.3
http://www.ncbi.nlm.nih.gov/pubmed/27246050
http://dx.doi.org/10.1093/molbev/msab119
http://www.ncbi.nlm.nih.gov/pubmed/33905497
http://dx.doi.org/10.1073/pnas.2100036119
http://dx.doi.org/10.1073/pnas.2100036119
http://www.ncbi.nlm.nih.gov/pubmed/35771940
http://dx.doi.org/10.1016/j.cub.2018.07.029
http://www.ncbi.nlm.nih.gov/pubmed/30220503
http://dx.doi.org/10.1073/pnas.98.4.2101
http://dx.doi.org/10.1073/pnas.98.4.2101
http://www.ncbi.nlm.nih.gov/pubmed/11172082
http://dx.doi.org/10.1073/pnas.0611605104
http://dx.doi.org/10.1073/pnas.0611605104
http://www.ncbi.nlm.nih.gov/pubmed/17360697
http://dx.doi.org/10.1073/pnas.1120270109
http://www.ncbi.nlm.nih.gov/pubmed/22307642
http://dx.doi.org/10.1038/s41586-020-2162-7
http://www.ncbi.nlm.nih.gov/pubmed/32404996
http://dx.doi.org/10.1016/j.quascirev.2020.106582
http://dx.doi.org/10.7554/eLife.83149
http://www.ncbi.nlm.nih.gov/pubmed/37070964
http://dx.doi.org/10.1534/genetics.115.183913
http://dx.doi.org/10.1534/genetics.115.183913
http://www.ncbi.nlm.nih.gov/pubmed/26857625
https://doi.org/10.1101/2021.04.07.438828
https://doi.org/10.1101/2021.04.07.438828
http://dx.doi.org/10.1186/s13059-017-1346-4
http://www.ncbi.nlm.nih.gov/pubmed/29132403
http://dx.doi.org/10.1016/j.cub.2016.09.036
http://www.ncbi.nlm.nih.gov/pubmed/27866890
http://dx.doi.org/10.1126/science.aav0207
http://www.ncbi.nlm.nih.gov/pubmed/30545889
http://dx.doi.org/10.1007/s11032-010-9500-7
http://dx.doi.org/10.1093/genetics/164.4.1567
http://www.ncbi.nlm.nih.gov/pubmed/12930761
http://dx.doi.org/10.1038/ng.3784
http://www.ncbi.nlm.nih.gov/pubmed/28166212
http://dx.doi.org/10.1126/science.aam9425
http://www.ncbi.nlm.nih.gov/pubmed/28774930
http://dx.doi.org/10.1016/S0305-4403(02)00269-8
http://dx.doi.org/10.1016/j.quascirev.2016.03.022
http://dx.doi.org/10.1073/pnas.2015560117
http://www.ncbi.nlm.nih.gov/pubmed/33318213
http://dx.doi.org/10.3390/plants11202727
http://dx.doi.org/10.3390/plants11202727
http://www.ncbi.nlm.nih.gov/pubmed/36297753
http://dx.doi.org/10.7554/eLife.85492
http://www.ncbi.nlm.nih.gov/pubmed/37057893
https://doi.org/10.6084/m9.figshare.23905158.v1
https://doi.org/10.6084/m9.figshare.23905158.v1
https://doi.org/10.1101/2021.02.11.430632
http://dx.doi.org/10.1126/science.aat7487
http://www.ncbi.nlm.nih.gov/pubmed/31488661
http://dx.doi.org/10.1073/pnas.0812525106
http://www.ncbi.nlm.nih.gov/pubmed/19307570
http://dx.doi.org/10.1073/pnas.98.4.2104
http://www.ncbi.nlm.nih.gov/pubmed/11172083
http://dx.doi.org/10.1073/pnas.1705052114
http://www.ncbi.nlm.nih.gov/pubmed/28784803
http://dx.doi.org/10.1038/s41467-022-29158-y
http://www.ncbi.nlm.nih.gov/pubmed/35318319
http://dx.doi.org/10.1126/sciadv.aba3245
http://www.ncbi.nlm.nih.gov/pubmed/32537504
http://dx.doi.org/10.1371/journal.pone.0287195
http://dx.doi.org/10.1371/journal.pone.0287195
http://www.ncbi.nlm.nih.gov/pubmed/37352287
http://dx.doi.org/10.2307/972107
http://dx.doi.org/10.1016/j.jas.2010.07.035
http://dx.doi.org/10.1007/s10814-014-9080-x
http://dx.doi.org/10.1086/678325
https://doi.org/10.6084/m9.figshare.21579528.v1
https://doi.org/10.6084/m9.figshare.21579528.v1
http://dx.doi.org/10.1534/genetics.112.138578
http://www.ncbi.nlm.nih.gov/pubmed/22542971
https://doi.org/10.1101/2023.07.12.548689
https://doi.org/10.1101/2023.07.12.548689
http://dx.doi.org/10.1534/genetics.119.302594
http://dx.doi.org/10.1534/genetics.119.302594
http://www.ncbi.nlm.nih.gov/pubmed/31481533
http://dx.doi.org/10.1111/jipb.12632
http://www.ncbi.nlm.nih.gov/pubmed/29319223
http://dx.doi.org/10.1073/pnas.1106212108
http://dx.doi.org/10.1073/pnas.1106212108
http://www.ncbi.nlm.nih.gov/pubmed/21930910
http://dx.doi.org/10.1105/tpc.19.00934
http://www.ncbi.nlm.nih.gov/pubmed/32102844
http://dx.doi.org/10.1073/pnas.1201961109
http://www.ncbi.nlm.nih.gov/pubmed/22753482
http://dx.doi.org/10.1534/genetics.104.026997
http://www.ncbi.nlm.nih.gov/pubmed/15342532
http://dx.doi.org/10.1111/eva.13372
http://www.ncbi.nlm.nih.gov/pubmed/35603032
http://dx.doi.org/10.1093/g3journal/jkab447
http://dx.doi.org/10.1093/g3journal/jkab447
http://www.ncbi.nlm.nih.gov/pubmed/35100386
http://dx.doi.org/10.1007/s11120-010-9580-6
http://dx.doi.org/10.1007/s11120-010-9580-6
http://www.ncbi.nlm.nih.gov/pubmed/20614182
http://dx.doi.org/10.1016/j.abb.2015.01.015
http://www.ncbi.nlm.nih.gov/pubmed/25637659
http://dx.doi.org/10.1186/s12870-021-03089-0
http://www.ncbi.nlm.nih.gov/pubmed/34289812
http://dx.doi.org/10.1038/ng.85
http://www.ncbi.nlm.nih.gov/pubmed/18278045
http://dx.doi.org/10.1104/pp.18.00503
http://www.ncbi.nlm.nih.gov/pubmed/29907701
http://dx.doi.org/10.3389/fpls.2021.639132
http://dx.doi.org/10.3389/fpls.2021.639132
http://www.ncbi.nlm.nih.gov/pubmed/33936129
https://doi.org/10.5281/zenodo.7407136
https://doi.org/10.1101/706739


Nat. Plants 8, 750–763 (2022). doi: 10.1038/s41477-022-01190-2;
pmid: 35851624

89. V. Le Corre, M. Siol, Y. Vigouroux, M. I. Tenaillon, C. Délye,
Adaptive introgression from maize has facilitated the
establishment of teosinte as a noxious weed in Europe.
Proc. Natl. Acad. Sci. U.S.A. 117, 25618–25627 (2020).
doi: 10.1073/pnas.2006633117; pmid: 32989136

90. H. G. Wllkes, Hybridization of maize and teosinte, in Mexico
and Guatemala and the improvement of maize. Econ. Bot. 31,
254–293 (1977). doi: 10.1007/BF02866877

91. C. G. Takahashi, L. L. Kalns, J. S. Bernal, Plant defense
against fall armyworm in micro-sympatric maize (Zea mays
ssp. mays) and Balsas teosinte (Zea mays ssp. parviglumis).
Entomol. Exp. Appl. 145, 191–200 (2012). doi: 10.1111/
eea.12004

92. E. Anderson, Introgressive Hybridization (Wiley, 1949).
93. G. M. Janzen, L. Wang, M. B. Hufford, The extent of adaptive

wild introgression in crops. New Phytol. 221, 1279–1288
(2019). doi: 10.1111/nph.15457; pmid: 30368812

94. J. Blanca et al., Haplotype analyses reveal novel insights into
tomato history and domestication driven by long-distance
migrations and latitudinal adaptations. Hortic. Res. 9,
uhac030 (2022). doi: 10.1093/hr/uhac030; pmid: 35184177

95. E. Chen, X. Huang, Z. Tian, R. A. Wing, B. Han, The genomics
of Oryza species provides insights into rice domestication
and heterosis. Annu. Rev. Plant Biol. 70, 639–665 (2019).
doi: 10.1146/annurev-arplant-050718-100320;
pmid: 31035826

96. A. M. Poets, Z. Fang, M. T. Clegg, P. L. Morrell, Barley
landraces are characterized by geographically heterogeneous
genomic origins. Genome Biol. 16, 173 (2015). doi: 10.1186/
s13059-015-0712-3; pmid: 26293830

97. S. Chen, Y. Zhou, Y. Chen, J. Gu, fastp: An ultra-fast all-in-one
FASTQ preprocessor. Bioinformatics 34, i884–i890 (2018).
doi: 10.1093/bioinformatics/bty560; pmid: 30423086

98. M. Schubert et al., Improving ancient DNA read mapping
against modern reference genomes. BMC Genomics 13, 178
(2012). doi: 10.1186/1471-2164-13-178; pmid: 22574660

99. H. Jónsson, A. Ginolhac, M. Schubert, P. L. Johnson, L. Orlando,
mapDamage2.0: Fast approximate Bayesian estimates of ancient
DNA damage parameters. Bioinformatics 29, 1682–1684 (2013).
doi: 10.1093/bioinformatics/btt193; pmid: 23613487

100. L. Kistler, bamMask.pl, Figshare, Software (2023); https://
doi.org/10.6084/m9.figshare.23635437.v1.

101. T. S. Korneliussen, A. Albrechtsen, R. Nielsen, ANGSD: Analysis of
Next Generation Sequencing Data. BMC Bioinformatics 15, 356
(2014). doi: 10.1186/s12859-014-0356-4; pmid: 25420514

102. Y. Guan, Detecting structure of haplotypes and local
ancestry. Genetics 196, 625–642 (2014). doi: 10.1534/
genetics.113.160697; pmid: 24388880

103. S. Gui et al., ZEAMAP, a comprehensive database adapted to
the maize multi-omics era. iScience 23, 101241 (2020).
doi: 10.1016/j.isci.2020.101241; pmid: 32629608

104. D. Speed, N. Cai, M. R. Johnson, S. Nejentsev,
D. J. Balding; UCLEB Consortium, Reevaluation of SNP
heritability in complex human traits. Nat. Genet. 49, 986–992
(2017). doi: 10.1038/ng.3865; pmid: 28530675

105. F. Zhang et al., OSCA: A tool for omic-data-based complex
trait analysis. Genome Biol. 20, 107 (2019). doi: 10.1186/
s13059-019-1718-z; pmid: 31138268

106. J. Ross-Ibarra, M. Menon, Mexicana admixture proportions in
maize traditional varieties, Figshare, Dataset (2022); https://
doi.org/10.6084/m9.figshare.21718076.v1.

ACKNOWLEDGMENTS

We are grateful to R. Rellán-Álvarez, R. J. Salvador, R. J. Sawers,
and J. Bernal, who provided comments on an early version of this
manuscript. Most computational resources were provided by the
high-throughput computing platform of National Key Laboratory of
Crop Genetic Improvement at Huazhong Agricultural University and
supported by H. Liu. Funding: This research was supported by
funding from the National Key Research and Development Program
of China (2022YFD1201500, 2020YFE0202300), the National
Natural Science Foundation of China (32321005), the Science and
Technology Major Program of Hubei Province (2021ABA011), and
the 111 Project Crop Genomics and Molecular Breeding (B20051)

to J.Y.; the National Natural Science Foundation of China
(32222062), the National Key Research and Development Program
of China (2022YFF1003401), and the major program of Hubei
Hongshan Laboratory (no. 2021hszd008) to N.Y.; the US National
Science Foundation (1822330) and the US Department of
Agriculture (Hatch project CA-D-PLS-2066-H 548) to J.R.-I.; and
the US National Science Foundation (1546719) to J.R.-I. and D.E.R.
Author contributions: J.R.-I., J.Y., and N.Y. conceived of and
designed this study. N.Y., J.R.-I., Y.W., L.C., D.R., Y.X., S.-S.W., S.S.,
C.V., S.M., M.C.S., M.M., Y.L., J.D., S.G., T.K.H., E.C., and J.L.
analyzed the data. X.L., M.J., W.L., Z.C., S.-Y.W., and L.Z.
constructed the CRISPR-Cas9 and overexpression experiments.
J.R.-I., N.Y., D.R., X.L., T.K.H., D.J.K., M.C.S., and B.P.D. wrote
or revised the manuscript. M.V.-E., X.F., W.L., Y.L., and X.Y.
prepared the samples for sequencing. Competing interests: The
authors declare that they have no competing interests. Data
and materials availability: All data are available in the main
text, supplementary materials, public databases, or referenced
permanent online repositories. The accessions of sequence data
from this study can be found in data S1. ELAI results are provided
online at Figshare (68). The code for JointGWAS is provided online
at Zenodo (86). Admixture results for CIMMYT SeeD GBS samples
are provided online at Figshare (106). License information:
Copyright © 2023 the authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. No
claim to original US government works. https://www.science.org/
about/science-licenses-journal-article-reuse

SUPPLEMENTARY MATERIALS

science.org/doi/10.1126/science.adg8940
Materials and Methods
Figs. S1 to S18
References (107–133)
MDAR Reproducibility Checklist
Data S1 to S13

Submitted 2 February 2023; accepted 2 October 2023
10.1126/science.adg8940

RESEARCH | RESEARCH ARTICLE

Yang et al., Science 382, eadg8940 (2023) 1 December 2023 8 of 8

D
ow

nloaded from
 https://w

w
w

.science.org at Shandong A
gricultural U

niversity on M
arch 11, 2024

http://dx.doi.org/10.1038/s41477-022-01190-2
http://www.ncbi.nlm.nih.gov/pubmed/35851624
http://dx.doi.org/10.1073/pnas.2006633117
http://www.ncbi.nlm.nih.gov/pubmed/32989136
http://dx.doi.org/10.1007/BF02866877
http://dx.doi.org/10.1111/eea.12004
http://dx.doi.org/10.1111/eea.12004
http://dx.doi.org/10.1111/nph.15457
http://www.ncbi.nlm.nih.gov/pubmed/30368812
http://dx.doi.org/10.1093/hr/uhac030
http://www.ncbi.nlm.nih.gov/pubmed/35184177
http://dx.doi.org/10.1146/annurev-arplant-050718-100320
http://www.ncbi.nlm.nih.gov/pubmed/31035826
http://dx.doi.org/10.1186/s13059-015-0712-3
http://dx.doi.org/10.1186/s13059-015-0712-3
http://www.ncbi.nlm.nih.gov/pubmed/26293830
http://dx.doi.org/10.1093/bioinformatics/bty560
http://www.ncbi.nlm.nih.gov/pubmed/30423086
http://dx.doi.org/10.1186/1471-2164-13-178
http://www.ncbi.nlm.nih.gov/pubmed/22574660
http://dx.doi.org/10.1093/bioinformatics/btt193
http://www.ncbi.nlm.nih.gov/pubmed/23613487
https://doi.org/10.6084/m9.figshare.23635437.v1
https://doi.org/10.6084/m9.figshare.23635437.v1
http://dx.doi.org/10.1186/s12859-014-0356-4
http://www.ncbi.nlm.nih.gov/pubmed/25420514
http://dx.doi.org/10.1534/genetics.113.160697
http://dx.doi.org/10.1534/genetics.113.160697
http://www.ncbi.nlm.nih.gov/pubmed/24388880
http://dx.doi.org/10.1016/j.isci.2020.101241
http://www.ncbi.nlm.nih.gov/pubmed/32629608
http://dx.doi.org/10.1038/ng.3865
http://www.ncbi.nlm.nih.gov/pubmed/28530675
http://dx.doi.org/10.1186/s13059-019-1718-z
http://dx.doi.org/10.1186/s13059-019-1718-z
http://www.ncbi.nlm.nih.gov/pubmed/31138268
https://doi.org/10.6084/m9.figshare.21718076.v1
https://doi.org/10.6084/m9.figshare.21718076.v1
https://www.science.org/about/science-licenses-journal-article-reuse
https://www.science.org/about/science-licenses-journal-article-reuse
http://science.org/doi/10.1126/science.adg8940

	382_1013
	382_adg8940

