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Mexico is recognized as the center of origin and domestication of
maize. Introduction of modern maize varieties (MVs) into Mexico
raised concerns regarding the possible effects of gene flow from
MVs into maize landraces (LRs) and their wild relatives (WRs),
teosintes. However, after more than 60 y from the release of the
first MVs, the impact of the sympatry with LRs and their WRs has
not been explored with genetic data. In this work, we assessed
changes in the genomes of 7 maize LRs and 2 WR subspecies from
collections spanning over 70 y. We compared the genotypes
obtained by genotyping by sequencing (GBS) for LRs and WRs
before and after the adoption of MVs, and observed introgres-
sion from sympatric MVs into LRs and into the WR Zea mays ssp.
mexicana sampled after the year 2000. We also found a decrease in
the paired divergence index (FST) between MV-LR and MV-WR over
the same time frame. Moreover, we determined that LR genetic di-
versity increased after 2000, probably as a result of gene flow from
MVs introduced in the 1990s. Our findings allowed us to identify
ongoing changes in the domesticated and wild maize genetic
pools, and concur with previous works that have evaluated
short-term gene flow from MVs into LRs in other crops. Our ap-
proach represents a useful tool for tracking evolutionary change in
wild and domesticated genetic resources, as well as for developing
strategies for their conservation.
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The Mesoamerican centers of crop origins are characterized by
crop landraces (LRs) living in sympatry with their wild rela-

tives (WRs). Both are important genetic resources; thus, con-
servation of their unique genetics and minimizing their genetic
erosion are priorities for the Convention on Biological Diversity
and to ensure food security (1–3).
Maize is a genetically diverse crop (4–6), probably because of

the broad range of environments in which it grows, as well as
both ancient and contemporary introgression with sympatric
WRs (5, 7–9). Contemporary gene flow with modern varieties
(MVs) has been assessed for genetically modified (GM) cultivars
only (10–12), without considering that in recent history, non-GM
MVs have been cultivated in sympatry with both LRs and WRs.
This raises the possibility that MV alleles may be spreading into
LR or WR gene pools, potentially replacing indigenous alleles.
Nevertheless, the impact of sympatry of Mexican LRs and WRs
with MVs has not yet been explored using a wide range of
temporal sampling to show the complete time line of effects.
There is evidence that adaptive introgression from the WR

Zea mays ssp. mexicana (hereafter, mexicana) into maize LRs
promoted the latter’s adaptation to the highlands of Mexico (9).
Likewise, adaptive introgression by artificial selection has been

documented for maize LRs in Italy, where changes in population
structure, as well as new alleles acquired from MVs, were
identified in local LRs (13). The use of MVs also has provoked
concerns about the displacement of LRs by MVs and the loss of
alleles present in LRs adapted to local and heterogeneous en-
vironments (1, 14–16). This occurred in fewer than 5 y in the
midwestern United States, where open-pollinated maize cultivars
were replaced by maize MVs (17). In contrast, it has been
reported for both potato and rice that after MV introductions,
genetic diversity initially increases (18–20), although this in-
crease is followed by a decline in diversity (21, 22) that stops
after the partial substitution of LRs by MVs (15).
In Mexico, the first maize MVs were open-pollinated varieties

under mass selection released in 1946. These were produced by
the Mexican Department of Agriculture in agreement with The
Rockefeller Foundation. A few years later, in 1950, the first
hybrid maize lines were released, which represented crosses
between open-pollinated varieties that had been selfed for
1 generation prior to hybrid production. At this stage, the efforts
of improvement programs focused on the central Mexican Plateau
and the central northwest and southwest of Mexico (23). The next
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decade, the 1960s, has been recognized as the beginning of the
green revolution that led to a worldwide production increase of
different cereal grains. This revolution relied on multiple strat-
egies, including mechanization, advances in plant genetics and
breeding, synthesis and application of fertilizers and pesticides,
and adoption of high-yielding modern crop varieties (24, 25).
Mexico is historically linked to the green revolution because
of the successful wheat breeding program headed by Norman
Borlaug. In the 1960s, 2 important institutions were created: the
National Research Institute in Agriculture (INIA, its acronym in
Spanish) and the International Maize and Wheat Improvement
Center (CIMMYT, its acronym in Spanish). However, the ac-
ceptance of maize MVs was limited and occurred gradually. By
1976, maize MVs covered less than 15% of land dedicated to
maize production (26). In the southeast of Mexico, MVs were
adopted and replanted as open-pollinated varieties; this process,
known as creolization, led to a decrease in land dedicated to LRs
(14, 16, 20, 22, 27, 28). During this period, the trade of maize
MVs was controlled by the government, whereas it is currently
controlled by private companies (29, 30).
The first Mexican Seed Act of 1961 established the authority

of the National Seed Producer (PRONASE, its acronym in
Spanish) over the trade of genetically improved seeds produced
by INIA. However, the private sector found this to be restrictive
and pressed for authorization to perform seed research. Per-
mission was granted in 1976, and its first MVs were released in
1983 (30, 31). In 1991, the seed act was modified to allow un-
restricted private sector participation in seed research, pro-
duction, and trade, and the Mexican Seed Act of 1996 gave the
private seed companies access to INIA MVs. The next decade
was crucial; the seed act was modified again in 2007 and
PRONASE disappeared, and by 2010, private companies had
almost total control of the MV seed markets (30, 32).
Current estimates of the proportion of land used for maize

production that is devoted to MVs range from 42.5 (29) to 58%
(33). However, reports on the penetrance of MVs into the maize
market (34) imply that the latter proportion could be over-
estimated (35).
Maize MVs are mainly produced and consumed in the north-

west and central west of Mexico, in contrast to the rest of the
country, where LRs are predominant (29). The partial adoption of
MVs can be explained by the added value of maize LRs, such as
sensory attributes, higher quality for specialty foods (36–38),
and adaptation to marginal environments and poor soil con-
ditions (22, 37). Consequently, LRs are the base of traditional
Mexican cuisine (39, 40), while MVs are used for tortillas, for
the corn flour agroindustrial market, or to feed cattle (29, 40).
The partial adoption of MVs has led to frequent sympatry with

local LRs and their WRs, which are grown in neighboring fields
or in the same locality. Sympatry and creolization appear to have
facilitated gene flow from MVs into LRs, which is promoted by
farmers in some cases. This genetic exchange has only been
documented through phenotypic evidence; so far, there is no
genetic evidence of its extent or consequences (20, 39, 41).
Here, we tested for gene flow from maize MVs into local LRs,

and their WRs, teosintes: Zea mays ssp. parviglumis (hereafter,
parviglumis) and mexicana. These wild subspecies currently are
sympatric with MVs mainly in the central Mexican Plateau and
the Balsas River Basin, located in the central-southwestern part
of Mexico, the region recognized as the center of domestication
of maize (42–44). The teosintes mexicana and parviglumis exhibit
different altitudinal distributions: parviglumis inhabits subhumid
tropical environments between 143 and 1,960 meters above sea
level (masl), whereas mexicana is found in subtropical to tem-
perate conditions in highlands from 1,500 to 2,990 masl (45). We
hypothesized that gene flow has continuously occurred from
MVs into LRs and WRs in the Mexican Plateau and the Balsas
River Basin regions.

To assess levels of introgression from maize MVs into native
LRs and their WRs, we compared the genotypes of individuals
currently in sympatry with MVs, including 7 LRs and the 2 teo-
sinte subspecies mentioned above. The LRs included were
classified according to Anderson and Cutler (46), who defined a
LR as a group of related individuals with enough characteristics
in common to permit their recognition as a group. The 7 LRs
were sorted by sampling period (before 1960, from 1960 to 1980,
and after 2000); mexicana and parviglumis individuals were
sampled during the 1980s and after 2000. We also included MVs
found in sympatry with LRs and WRs and, finally, allopatric
populations of WRs to assess the role of sympatry. Genotypes
obtained via genotyping by sequencing (GBS) (47) were compared
according to sampling time period. Comparisons of LRs and WRs
sampled at different time periods allowed us to confirm gene flow
from maize MVs into LRs and into their WRs, detect rapid
changes in the population structure of maize LRs, and document
higher nucleotide diversity in the most recent LRs and WRs.

Materials and Methods
Samples and Accessions.We sampled LRs currently cultivated in sympatry with
their WRs and commercial MVs, and then compared them with the oldest
samples and accessions sorted into different periods in order to evaluate
genetic exchange between these 3 groups.

To accomplish this aim, we examined the Native Maize Project record from
the National Commission for the Knowledge and Use of Biodiversity. The
purpose of this project was to update the distribution information for maize
LRs and their WRs and to determine diversity centers in Mexico (48). We
looked for LRs sampled in Chalco, the central Mexican Plateau, the Balsas
River Basin, and the Oaxacan regions where WRs are distributed (49). We set
3 temporal periods: (1) The first was used as a negative control and included
samples collected before 1960, prior to the adoption of MVs; (2) the second
period was set from 1960 to 1980;and (3) the third period included samples
collected after 2000. Since we were interested in potential LR-WR in-
trogression, we selected both LR and WR samples from regions where their
distributions overlap and are currently in close geographic proximity (SI
Appendix, Fig. S1).

Seven maize LRs (Chalqueño, Zamorano, Mushito, Pepitilla, Tabloncillo,
Bolita, and Vandeño) met our criteria for inclusion. We considered each
sympatric group as a single analysis unit (i.e., 1 LR, 1 WR, 1 or more MVs). To
analyze global patterns per sampling period, we grouped the genotypes as
shown in Table 1.

Once we selected the groups of LRs and WRs, we visited the locali-
ties where these LRs were already reported as sympatric with mexicana or
parviglumis. Four of the 7 sympatric LRs-WRs were growing in proximity to 1
or more commercial MVs. We included the 3 localities where we did not find
MVs to test if sympatry at the time sampled was required to detect gene
flow. All of the MVs included are the first generation (F1) of commercial
varieties produced through controlled mating, which were collected be-
tween 2014 and 2015. As a control to test for gene flow from sympatric MVs
into WRs, allopatric populations ofmexicana and parviglumis were included.

For LRs and MVs sampled in 2014 to 2015, we collected at least 5 complete
ears from randomly selected plants, with the exception of Vandeño LR
(Huetamo, Michoacán), for which farmers could only provide us with seeds.
The identity of LRs sampled in 2014 was established by Juan Manuel
Hernández Casillas from the National Research Institute in Forestry, Agri-
culture and Livestock (INIFAP, its acronym in Spanish), and the same localities
were revisited in 2015. For mexicana and parviglumis, we sampled seeds
from at least 5 plants at each locality. Seeds from each locality were pooled,
and 5 randomly selected seeds were germinated and genotyped. LR and WR
accessions collected before or during the 1980s were obtained from CIMMYT
and INIFAP. Samples from 2002 to 2004 were obtained from the Univer-
sity Center of Biological and Agricultural Sciences of the Universidad de
Guadalajara. The passport information for all samples and accessions included
in this work is available in SI Appendix, Table S1.

DNA Extraction and Genotyping. Maize and WR seeds were germinated in a
CONVIRON environmental chamber at 25 °C with a period of 12-h/12-h
darkness and light, respectively. We used fresh leaf tissue from each plant
to extract DNA using the DNeasy Plant Mini Kit (QIAGEN, Inc.). The quality of
the DNA was assessed on an 0.8% agarose gel, and the DNA samples were
quantified by fluorometry using Qubit 3.0 and the Quantification Starter Kit
(Thermo Fisher Scientific, Inc.).
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One DNA sample for each plant was submitted to the Biotechnology Re-
source Center of Cornell University for GBS on a 96-plex plate. Samples were
digested with ApeKI enzyme, and libraries were developed according to the
protocol standardized for maize by Elshire et al. (47). Four samples were sub-
mitted twice and used as controls to assess the reproducibility of sequencing.

Samples included 7 native maize LRs, collected from 1943 to 2015, and
theirWRs, collected from 1978 to 2015; all of theMVswere collected between
2014 and 2015. We included the species Zea diploperennis as an outgroup.
Altogether, 385 samples were genotyped in this work.

Bioinformatics Workflow.
Variants discovery. Fastq files were demultiplexed with GBSx (50), and reads
were trimmed with Trimmomatic 0.36 (51). Alignments were performed
with Nextgenmap 0.5.3 (52) using the B73 genome (AGPv4) (https://
www.maizegdb.org/assembly) as a reference, and all alignments were con-
verted to binary files with Samtools 1.5 (53). Variants were discovered for
each sample using the HaplotypeCaller, and genotypes were merged with
GenotypeGVCFs; both tools are from the Genome Analysis Toolkit (GATK
3.8.0) (54). We filtered single-nucleotide polymorphisms (SNPs) with a
minor allele frequency (MAF) of 0.01, maximum missing data of 20% per
SNP, and minimum mean depth of 2X; this step was done with vcftools
0.1.15 (55), and scripts are available at Open Science Framework (OSF)
(https://osf.io/pqvt4/) (56) and GitHub (https://github.com/yetzehev/Ongoing_
Evol_Landraces). After filtering, we kept 316,294 SNPs distributed across
the 10 chromosomes and contigs in the reference genome.
Ancestry analysis. Admixture 1.3.0 (57) was used to infer the ancestry as-
signment for WRs, LRs, and MVs. We ran models from 2 to 8 genetic groups
(K) and selected the K with the lowest cross-validation (CV) error. The Ad-
mixture results were used as criteria to remove accessions TbTp2014 and
TbTp2015, which were collected as parviglumis (SI Appendix, Table S1) but
assigned to mexicana ancestry, as well as 2 individuals collected as Vandeño
LR that clustered with MVs. We ran a second ancestry assignment for
463 genotypes, including the 2 clusters that grouped the MVs collected for
this work and the tropical breeding pool genotypes from the 2013 dataset of
Romay et al. (65). We ran models from 1 to 20 groups and again selected the
K with the lowest CV error.
Gene flow test (ABBA-BABA). To test for gene flow fromMVs into native LRs and
WRs, we calculated Patterson’s D-score, also known as the ABBA-BABA test.
The test is based on a resolved phylogeny among 4 taxa ([(H1,H2), H3], H4) and
determines if the proportion of derived states is influenced by gene flow.

To compute this test, we used the BAM files from each individual and ran
the analysis with themultipop ABBA-BABAmodule from the ANGSD package
(Analysis of Next Generation Sequencing Data; https://github.com/ANGSD/
angsd) (58); the parameters can be accessed at https://github.com/yetzehev/
Ongoing_Evol_Landraces. The statistical threshold employed was P < 0.05
with a Bonferroni correction.

In our model, we placed LR samples from different time periods in posi-
tions H1 and H2, and then asked if 1 time period shared more derived alleles
with any of theMVs in position H3, with Z. diploperennis as the H4. If the tree
has an excess of ABBA or BABA patterns, it indicates gene flow between
H3 and H2 (ABBA) or between H3 and H1 (BABA) (59–61).

We also ran models for each analysis unit represented by LRs-WRs sym-
patric or allopatric with MVs. Then, we tested for gene flow with MVs that
were sympatric at the samplingmoment, and, again, we askedwhether allele
sharing between LRs and MVs differed between time periods. For those LRs

that were in sympatry with only one of the 2 genetic clusters identified for
MVs with the ancestry analysis, or for those that were allopatric for MVs, we
used the accession ZmH12015 (SI Appendix, Table S1) to survey gene flow
from MV cluster 1 (MV1) and the accession SJH12015 (SI Appendix, Table S1)
to survey gene flow from MV cluster 2 (MV2).
Divergence index (FST) across the genome. To survey population divergence
between the MV clusters, LRs and WRs sampled at different periods, we
calculated the divergence index (FST) with custom scripts using biallelic SNPs
(https://github.com/owensgl/reformat/blob/master/vcf2vertical_bi_basic.pl and
https://github.com/owensgl/pop_gen/blob/master/SNPtable2Fst.pl). We then
averaged FST values in 5-kb windows considering linkage disequilibrium
decay (62) and performed a nonparametric Kruskal–Wallis test, followed by
a pairwise Mann–Whitney U test, to survey for changes in FST over time. In
addition, we calculated FST values in 20-Mb windows per chromosome to
plot the distributions with ggplot (63).

To assess temporal population divergence at the level of each analysis unit
(Samples and Accessions), we calculated FST between the MVs and each
of the 7 LRs and their sympatric WRs (SI Appendix, Fig. S3). For the LRs
Chalqueño, Pepitilla, and Vandeño, which were not found in sympatry
with MVs, we calculated FST using the accession ZmH12015 for MV1 and the
accession SJH12015 for MV2.
Clustering analysis. To assess the germplasm source of MVs sampled in sym-
patry with LR-WR populations, we performed SNP calling for both LRs and
MVs, using Tassel 5 (64) and the SNP database Tags On Physical Map v2.7
(http://cbsusrv04.tc.cornell.edu/users/panzea/download.aspx?filegroupid=4),
which uses B73 version 2 as reference genome (AGPv2). Then, the genotypes
generated for this work were merged and compared with a comprehensive
public dataset of 2,578 genotypes from the US national maize inbred seed
bank (65) available for AGPv2. Data were filtered with a MAF of 0.01 and
maximum missing data of 20% per SNP, for a final total of 13,953 SNPs.

A first principal component analysis (PCA) was performed for the LRs and
the MVs with our set of 319,294 SNPs described in Variants discovery, using
the R package SNPRelate v1.12.0 (66). Subsequently, to explore the genetic
relationships between the MVs sampled for this work and other breeding
programs, 3 additional PCAs were run for MVs and the genotypes from the
US national maize inbred seed bank, using the set of 13,953 SNPs described
in the previous paragraph.

In addition, we constructed 2maximum-likelihood (ML) trees, based on the
generalized time-reversible (GTR) model, for 1,002 samples and the set of
13,953 SNPs using FastTree software (67) and plotted with FigTree. The first
tree (SI Appendix, Fig. S6) included MV1 and MV2, as well as US inbred seed
bank genotypes having a breeding program declaration (65). The second
tree was run for 463 genotypes; this dataset included MV1; MV2; and the
tropical breeding pools from Mexico, Nigeria, and Cameroon (SI Appendix,
Fig. S6). Both trees were rooted with parviglumis.
Nucleotide diversity. We calculated the nucleotide diversity (π) in 20-, 50-, and
100-kb windows (SI Appendix, Table S2); the Watterson estimator (θW); and
Tajima’s D (SI Appendix, Table S3) with ANGSD (SI Appendix, Table S3) (58)
for the LRs and WRs sorted into different periods. The π and θW distributions
were compared to assess changes in genetic diversity over time; statistical
significance was evaluated with a nonparametric Kruskal–Wallis test, fol-
lowed by pairwise Mann–Whitney U tests (SI Appendix, Fig. S6). Significance
was established at P < 0.05 with Bonferroni correction. The frequency dis-
tribution was plotted with ggplot2 (63).

Table 1. Time periods of sample collections: Maize LRs, MVs, and WRs

Population Population code N

LR sampled between 1940 and 1959 LR < 1960 49
LR samples between 1960 and 1980 LR 1960 to 1980 35
LR sampled between 2000 and 2015 LR > 2000 106
MV sampled between 2014 and 2015 MVs 47
Z. mays ssp. mexicana sampled in 1984 Zmx1980 12
Z. mays ssp. mexicana sampled between 2000 and 2015 Zmx2000 48
Allopatric Z. mays ssp. mexicana sampled between 2002 and 2015 Allopatric mexicana 11
Z. mays spp. parviglumis sampled between 1978 and 1984 Zpr1980 11
Z. mays ssp. parviglumis sampled between 2000 and 2015 Zpr2000 44
Allopatric Z. mays ssp. parviglumis sampled in 2015 Allopatric parviglumis 10
Z. diploperennis Z. diploperennis 12

Total 385

Zmx, Z. mays ssp. mexicana; Zpr, Z. mays ssp. parviglumis.
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Results
Ancestry Analysis (Admixture).Our ancestry analysis for LRs, MVs,
and WRs found that K = 7 exhibited the lowest CV error, so
we used 7 clusters for further analyses (Fig. 1). The MVs were
grouped into 2 clusters; MV1 (Fig. 1, Center, red) was more
abundant and included 6 of the 9 MVs analyzed. MV1 shares
ancestry with subtropical and lowland LRs and is present in all of
the temporal periods. MV2 (Fig. 1, Upper, yellow) included 3
MVs sampled at 2 different localities. MV2 ancestry is missing
in the first time period and is only detected at low levels (0.06)
in samples of Bolita LR in the second time period. However,
after 2000, MV2 ancestry is detected in a low proportion in 6 of the
7 LRs, except Chalqueño, and it became more abundant in low-
land LRs. Furthermore, 2 individuals collected in 2015 as Vandeño
LR have ancestry that is entirely MV2 (Fig. 1, Upper, yellow).
We also found that LR ancestry is significantly correlated with

altitude (Fig. 1, Lower Right), and that all LRs, except Chalqueño,
include some ancestry from an MV cluster. The ancestry group
that included MV1 and middle and lowland LRs (Fig. 1, Lower
Right, red) increases its abundance over time (SI Appendix, Fig.
S2). Meanwhile, Chalqueño LR appears as a single homogeneous
group, and its ancestry significantly decreases with altitude and
time (Fig. 1 and SI Appendix, Fig. S2).
With respect to the WRs, we observed 2 genetic clusters for

mexicana (Fig. 1, Upper, orange and brown) and 2 for parviglumis
(Fig. 1, Upper, dark green and light green). As with the LRs, their
ancestries are related to the altitude gradient; however, we did
not find a difference in ancestry proportions of individuals col-
lected prior to 1980 versus those sampled after 2000 (SI Ap-
pendix, Fig. S2). Surprisingly, we collected individuals assigned to
mexicana ancestry in 2014 and 2015 from croplands near San
Lorenzo, Jalisco. San Lorenzo is located in the western portion
of central Mexico, a low-altitude region where parviglumis is
typically found.

Gene Flow Tests (ABBA-BABA). The ancestry assignment of samples
into different time periods suggests gene flow from MVs into
LRs. Based on this, we ran several ABBA-BABA tests to eval-
uate whether the gene flow from MVs was associated with the
change in population structure of LRs during the study period.

We tested 12 gene flow models to survey for gene flow from
MV1 and MV2 into LR > 2000 and WR > 2000, and we set old
LRs and old WRs as the sister groups (H1), respectively (Fig. 2).
In effect, this test is asking if there are more MV alleles in more
recent samples than in older collections. We found gene flow
from MV1/MV2 into LR > 2000 (P < 0.0001). This result was
independent of the H1 group used, which was LR < 1960 or LR
1960 to 1980. We also explored the particular cases of each
analysis unit. The results revealed gene flow from both MV
clusters into 6 of the 7 LRs collected after 2000. The exception
was Chalqueño, the highland LR sampled from 2,200 to 2,700
masl (SI Appendix, Table S4).
We observed gene flow from MVs into sympatric mexicana in

both time periods, when allopatric mexicana was used as a neg-
ative control. This signal is stronger in the later sympatric pop-
ulation (>2000), as seen in D-score values with the allopatric
comparison and when explicitly testing earlier and latermexicana
populations (P < 0.05). This was seen when either MV1 or
MV2 was used as the H3 sample. To assess whether the gene
flow signal from MVs to mexicana was associated with ancient
and/or current exchange between mexicana and LRs, we set
LR > 2000 in the H3 position as the donor for mexicana indi-
viduals collected in 1980 or after 2000. We observed gene flow
from LR > 2000 into mexicana > 2000 (SI Appendix, Table S4).
The D-score is higher when the donor group is LR > 2000 in
comparison to MVs, which indicates that the gene flow signal for
MVs-mexicana > 2000 is picking up gene flow between LRs-
mexicana. Nevertheless, this signal is heterogeneous in time and
space; when we assessed gene flow for each analysis unit, there
was no gene flow from MVs into mexicana from the Central
Plateau (ZmTm2015, SI Appendix, Table S4).
In addition, we detected gene flow from MV1 and MV2 into

parviglumis sampled in 1980 (P < 0.05); this result indicates that
gene flow was higher in the past, but it does not rule out the
possibility of gene flow for parviglumis sampled after 2000.
We did not run a gene flow model for allopatric parviglumis
populations because the classification of the Amatlán pop-
ulation remains unclear (9, 68), and the ancestry assignment
for parviglumis sampled at Malinalco showed admixture with
mexicana (Fig. 1).

Fig. 1. Ancestry analysis. (Upper) Altitudinal distributions of the samples. (Center) From left to right, samples are ordered from the oldest to the most recently collected,
and from higher to lower altitude sampling unit. Each unit is separated by a black line, and these were named after the LRs found in sympatry with mexicana or
parviglumis and MVs, ancestry for K = 7 (lowest CV error). (Lower) Spearman rank correlation test between ancestry assignment and altitudinal distribution of samples.
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Differentiation Across the Genome (FST). We used the FST index to
estimate the temporal genetic divergence between LR-MV and
also between WR-MV. We observed that FST decreased signifi-
cantly throughout the period studied, which means that allelic
frequencies of LRs, parviglumis and mexicana, sampled after 2000
are more similar to MVs (Fig. 3).
In addition, FST was significantly lower between LR-MV1 than

between LR-MV2 in the 3 periods evaluated (Fig. 3 A and B).

The same trend was observed when we compared FST between
the 2: WR-MV1 and WR-MV2. Again, both WRs, mexicana and
parviglumis, are significantly more similar genetically to MV1
than to MV2 (Fig. 3 C–F). When we calculated the FST for each
of the 7 analysis units (SI Appendix, Fig. S3), we observed that for 6 of
the 7 LRs and their sympatric WRs, there were lower differentiation
estimates for MV1 compared with those found for MV2. This
trend was independent of sympatry.

Fig. 3. Pairwise FST across the 10 chromosomes of maize and their WRs, mexicana and parviglumis, with respect to MVs. FST with respect to MV1 (Left) and
MV2 (Right) is shown. The alternating shaded areas represent the 10 chromosomes of maize and their WRs; letters above the violin plots show statistical
significance (P < 0.01). FST of LRs was sampled at different periods, with respect to MV1 (A) and MV2 (B). FST of Z. mays ssp. parviglumis (Zpr) was sampled at
different periods with respect to MV1 (C) and MV2 (D). FST of Z. mays ssp.mexicana (Zmx) was sampled at different periods with respect to MV1 (E) and MV2 (F).

Fig. 2. Gene flow models (ABBA-BABA). (Right) Tree shows the phylogenetic relations assumed for the gene flow scenarios explored. Each model is rep-
resented by the color codes assigned to the different groups. *P < 0.05 (statistical significance). (Left) Plots show the Z-score and Patterson’s D-statistic: When
D is positive, there is gene flow between H3 and H2; when D is negative, there is gene flow between H3 and H1.

21306 | www.pnas.org/cgi/doi/10.1073/pnas.1817664116 Rojas-Barrera et al.
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Genotypic Clustering.When we ran the PCA, we observed that the
distance between MV1 and MV2 was larger than the distance
between MV1 and the LRs (Fig. 4A). To better understand this
unexpected distribution, we used a dataset from the US seed
bank, which included CIMMYT maize line (CML) genotypes
from the Mexican breeding program and genotypes belonging to
other breeding programs around the world (65). Both MV
clusters fell within the distribution of the tropical breeding pro-
grams from Mexico, Nigeria, and Cameroon (Fig. 4 B and C).
Ancestry analysis further showed that the tropical Mexican

breeding program is the main germplasm source for MV1 and
MV2 (SI Appendix, Fig. S4), although 2 MVs belonging to MV1
shared ancestry with genotypes from the Cameroon breeding
program. These results agreed with the maximum likelihood (ML)
tree for MV1, MV2, and the tropical lines, which showed that a
group of CMLs is basal to both clusters (SI Appendix, Fig. S5).

Nucleotide Diversity. Finally, to test if changes in ancestry pro-
portion and gene flow have had an impact on π, we compared
LR < 1960, LR 1960 to 1980, and LR > 2000 (SI Appendix, Fig.

S5). We found that π for LR > 2000 (2.03e-04) is significantly
higher than π for the oldest samples, sorted into LR < 1960
(1.87e-04) and LR 1960 to 1980 (1.84e-04). Interestingly, π for
the intermediate period, LR 1960 to 1980, was significantly lower
than for the other 2 periods. In addition, π for MV2 was signifi-
cantly lower than π for MV1 (SI Appendix, Table S2). Because π is
influenced by intermediate frequency alleles, we decided to esti-
mate θW to survey rare allele dynamics. In contrast to π, θW in-
creased over the period evaluated (SI Appendix, Fig. S6). This
trend matched Tajima’s D, which is positive for LR < 1960 (0.105
± 0.505), and negative for LR 1960 to 1980 (−0.032 ± 0.453) and
LR > 2000 (−0.077 ± 0.546).

Discussion
Ancestry Changes with Altitude and Sampling Time. There was a
significant correlation between the LR and WR ancestries with
altitude (Fig. 1, Lower Right). This correlation concurs with previous
works (4, 69), and it is consistent with the successful adoption of
MVs in medium- and low-altitude regions (22, 36, 70). We observed
1 predominant ancestry group in middle and lowland LRs and

Fig. 4. MVs clustering with germplasm from different breeding programs. (A) Genotype distribution of MV1 and MV2 sampled in sympatry with LRs. LRs are
colored by sampling period: earlier than 1960 (LR < 1960), dark blue; between 1960 and 1980 (LR 1960 to 1980); light blue; and later than 2000 (LR > 2000),
purple. (B) Distribution for MV1, MV2, and the LRs collected for this work with a sample subset from the US national maize inbred seed bank (2,578 genotypes
and 13,953 SNPs). (C) Clustering of genotypes colored by the breeding program (1,002 genotypes, 13,953 SNPs). ExPVP, expired plant variety protection. (D)
Tropical breeding pools from Mexico, Nigeria, Cameroon, MV1, and MV2 (463 genotypes and 13,953 SNPs).
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MV1. This ancestry increases its proportion in LRs over time (SI
Appendix, Fig. S2), probably due to the continuous increase in the
adoption of MVs. We also expected a broader geographic distri-
bution for MV1 ancestry, because lowland alleles are more broadly
adapted, as measured by grain yield, than highland alleles (71, 72).
The system to develop MVs changed drastically after 1990

when the Mexican Seed Act was modified (30, 32), which
allowed the private sector to capture 95% of the seed market
(30). The LR ancestry associated with MV2 was less prevalent
than MV1 ancestry. According to the ancestry assignment with
the US inbred seed bank genotypes (SI Appendix, Fig. S4), the
MV2 genetic pool shares ancestry with the tropical breeding pro-
grams from Mexico. MV2 ancestry has increased over time, and if
it is a recently introduced genetic pool, then it likely will follow the
same trend as MV1. In fact, 2 individuals that were referred to as
LRs by a farmer in 2015 clustered with MV2. It is likely that these
individuals are the offspring of MVs that were replanted, which is a
common practice known as creolization (39, 41).
Despite efforts to develop MVs genetic pools adapted to the

highlands (23, 73, 74), their presence in the highlands is still
scarce (34, 36). We did not find any MVs in sympatry with the
Chalqueño highland LR. It has been reported that highland LRs
lack tolerance to heat and inbreeding (70), features that are
associated with strong local adaptation and probably have lim-
ited the introduction of MVs in the highlands. It can further
explain why small farmers have adopted new technology, but
they have not adopted MVs (36).
The pattern that we observed for WR ancestries (Fig. 1, Upper,

orange and green clusters) matched the known altitudinal dis-
tribution of mexicana and parviglumis (45), except for individuals
collected in San Lorenzo, Jalisco, located at 1,071 masl, a region
where parviglumis is typically distributed. We collected teosintes
at this locality in 2014 and 2015 in different croplands; these
samples are clustered with subspecies mexicana. This unusual
distribution can be attributed to the mobility of seeds fostered by
human practices; it has been suggested that maize mimetic teo-
sinte traveled from the Chalco region to Puebla and Toluca in
trucks that transport manure (14). The nonintentional human
transfer of teosintes also has been documented in Spain, where a
nonclassified variety became a weed that damaged maize pro-
duction in Western Europe and the north of Spain (75). The
changes in the geographic distribution of teosintes require fur-
ther evidence and a formal analysis of the conditions that pro-
mote their mobility.

Gene Flow from MVs into LRs and WRs. Gene flow from both MV
clusters into LR > 2000 appears to be a consequence of the
gradual adoption of MVs. Even though the first MVs were re-
leased in 1960, ancestry analysis does not show major changes
during the 1960 to 1980 period (SI Appendix, Fig. S2), perhaps
because the first MVs were based on high-yield LRs, such as
Tuxpeño and Celaya; thus, gene flow from MV to LR would
transfer alleles already present in LRs (22, 23). In 1970, the
private sector began developing its own MVs, but these were not
released until 1980. During this period, private companies did
not have access to the seeds produced by INIA (30); therefore,
MVs from this period are probably based on improved CIM-
MYT lines or foreign germplasm. Beyond the sociopolitical
causes, the resowing of locally grown MVs led to deliberate and/
or accidental crosses between LRs and MVs (22, 39, 41). Gene
flow from MVs into LRs has been previously documented with
phenotypic evidence (14, 39). However, this work provides ge-
nomic evidence of the occurrence and extent of gene flow from
MVs into LRs.
Specifically, we detected gene flow from MVs into 6 LRs

distributed at medium and low altitudes, but not for Chalqueño,
a highland LR sampled from 2,200 to 2,700 masl. The lack of
gene flow into the only highland LR included can be explained

by the rarity of MVs in highland regions (34, 36). However, it is
also possibly associated with the strength of local adaptation due
to a higher number of maize environments per land unit in the
highlands than in the midlands and lowlands (70). The tropical
and subtropical MVs are adapted to more homogeneous envi-
ronmental conditions, which has facilitated large-scale adoption
of MVs. Under this hypothesis, MV introgressions into highland
LRs are likely to be removed by selection against the generalist
MV alleles versus the locally adapted LR alleles (72, 76).
However, the strength of local adaptation is a trade-off that

may limit the capacity of highland LRs to respond to climate
change and might make small farmers located in these regions
more vulnerable (77). Conversely, the scarcity of MVs in the
highlands also has been attributed to the failure of institutional
breeding programs. In 2003, it was projected that in a fairly short
time frame (10 to 20 y), highland LRs could be displaced by MVs
(36). However, 12 y after the publication of this prediction, MVs
are still rare in the highlands, and the highland genetic group had
minimal changes, although we would expect that the highlands
would follow the same trend for midland and lowland crop areas,
if MVs are adopted at a higher frequency in the highlands.
Z. mays has a pollen/pistil incompatibility system that is heri-

table and nonreciprocal. Two main loci have been described:
Gametophyte factor (Ga1) and Teosinte cross-barrier 1 (Tcb1).
While we considered gametophytic incompatibility between the
MVs and the Chalqueño highland LR as a possible explanation
for the lack of gene flow, the codominant allele Ga1-m has been
detected in Chalqueño and in a representative sample of MVs
previously evaluated (78, 79). Thus, cross-fertilization incom-
patibility does not appear to account for the absence of gene flow
from MVs into Chalqueño.
We selected LRs growing in sympatry with MVs when col-

lected to increase the probability of detecting gene flow. How-
ever, our results indicate that sympatry at time of sampling was
not needed to detect gene flow. For example, we observed gene
flow from MVs into Vandeño and Pepitilla in the absence of
MVs at sampled locations, which implies that gene flow occurred
in previous generations or is a consequence of sympatry with
creolized MVs, such as the 2 individuals that were collected as
Vandeño but assigned genetically to MV2.
We found evidence of gene flow from MVs intomexicana. Our

results are supported by experimental evidence: Crosses of teo-
sintes from the Central Plateau and Chalco regions as the female
parent with the MV P36D14 as male parent showed that 5 to
10% of the seeds produced were viable (80). Even when the
proportion of viable seeds is low, such hybrids are sufficiently
fertile to produce the signal of gene flow we detected. Further-
more, gene flow is bidirectional between mexicana and maize in
natural populations (9), although it occurs at an asymmetrical
rate that favors introgression from WRs into maize (80).
However, the gene flow test between LR > 2000-mexicana

revealed that the gene flow signal between MVs-mexicana is
picking up current gene flow between LRs-mexicana. Although
this signal is heterogeneous in space, we detected gene flow from
LRs into the Chalco region teosintes, but not for Central Plateau
teosintes. In order to distinguish between these gene flow events,
it is necessary to identify introgressed genomic regions to look
for markers associated with domestication or improvement (81).
We found that the direction of gene flow signal from both MV

groups goes toward parviglumis individuals sampled in 1980, a
result suggesting that gene flow was stronger in the past. How-
ever, it does not preclude the possibility of gene flow into
parviglumis collected after 2000, although to test this, we would
require an allopatric population. Even beyond the objectives of
the present paper, direct estimates of fitness and local adaptation
will help to establish the consequences of introgression. Addi-
tionally, analyses of local adaptation by assessing the abundance
of deleterious alleles and signatures of selection in candidate
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genes would clarify if the ongoing gene flow is being counter-
acted by artificial and natural selection, and would help to es-
tablish the possible consequences for conservation.

FST between MVs with LRs and WRs Decays over Time.We found that
FST between MVs and LRs, and MVs with mexicana, decays over
time (Fig. 3) and that this decay can be partially explained by
modification of LR and WR genomes by recent or continuous
gene flow from MVs (82). Also, FST between parviglumis and
MVs decreased through time despite the fact that according
to Patterson’s D-statistics, gene flow was stronger for older
parviglumis samples (Fig. 3 C and D). However, the effect size is
small, consistent with previous observations that parviglumis
rarely hybridizes with maize (83). Moreover, since the ABBA-
BABA test is polarized with Z. diploperennis, it is based on a
smaller number of markers than FST. Thus, the results from the
ABBA-BABA test in this instance should be viewed with cau-
tion. Nonetheless, it would be of interest to identify introgressed
regions in LR and WR, and to compare their divergence levels
with genomic regions that have not been affected by gene flow,
in order to determine whether other processes are affecting
genome-wide FST values.
FST between MV1 with LRs, mexicana and parviglumis, was

significantly lower in all 3 periods than the divergence with MV2.
This result is consistent with the early presence of MV1 and the
abundance of the cultivated lines from MV1 versus MV2.

MV1 and MV2 Appear to Be Derived from the Tropical Mexican
Breeding Program. More than 80% of MVs produced by the pri-
vate sector in Mexico contain CIMMYT germplasm (84, 85), and
we found that both MV1 and MV2 fell into the germplasm of the
tropical breeding programs (Fig. 4). When we performed an
ancestry analysis with the tropical breeding programs only (SI
Appendix, Fig. S4), we observed that MV1 was more heteroge-
neous and appears to be mostly derived from the CIMMYT
Mexican breeding program. However, a group of individuals
from MV1 grouped with accessions from the Cameroon breed-
ing program started in the 1980s. Germplasm for this program
was based on inbred maize populations resistant to the streak
virus, as well as other diverse sources (86). Thus some MVs
collected for this work might be derived from foreign tropical
breeding programs, although the Mexican breeding program
appears to be the main source, as shown by the ML phylogenetic
tree (SI Appendix, Fig. S5).
Finally, according to the results obtained with the PCA, an-

cestry assignment, and FST analysis, MV2 is a clearly differentiated
group that likely derives from a few genotypes from the Mexican
breeding program. Such a bottleneck and associated genetic drift
may account for its reduced nucleotide diversity (SI Appendix,
Table S2) and high divergence (87) (SI Appendix, Fig. S3).

Nucleotide Diversity Changes with Time. The nucleotide diversity
for LRs decreased for the intermediate period, LR 1960 to 1980,
but π is significantly higher for LR > 2000. The decrease of π in
the 1960 to 1980 period was unexpected. However, it could be
associated with the adoption and creolization of MVs released in
1960 that were based on a few outstanding Mexican LRs (23, 88).
A study in the state of Chiapas in southeast Mexico showed that
creolized MVs were planted in a higher proportion than local
LRs and were resown up to 10 y after their introduction (22, 28).
On the other hand, although the participation of the private

sector in trade started in 1980, the adoption of MVs was not
instantaneous. Thus, it is improbable that MVs produced by the
private sector were responsible for the significant decrease in π
for LR 1960 to 1980. However, the gradual adoption of MVs
over time (33) and the drastic changes in MV production after
1990 could explain the significant increase in π in LR > 2000. By
the 1990s, 45 companies controlled 55% of the maize seed market.

There was further consolidation over the next decade; in 2009,
2 companies produced 95% of the maize MVs used (30, 31). We
expected that π would increase after gene flow from MVs, as has
been reported for potato and rice (13, 18, 89), particularly if the
MVs were foreign. However, it has been reported that the trend
for increased diversity is followed by a decline when LRs are
displaced by MVs (1, 15).
In contrast to π, the estimate θW tends to increase over the

period evaluated (SI Appendix, Fig. S6). It matches with Tajima’s
D (SI Appendix, Table S3), which is positive for LR < 1960 and
negative for LRs sorted into later periods. These parameters
suggest a demographic expansion that is probably related to the
sustained increase in demand for maize.
Although our approach was not designed to evaluate genetic

erosion, our results are relevant to the controversy over genetic
erosion at the center of origin of maize (90–92). Genetic erosion
can be measured at crop, variety, and allele levels (15). We
resampled the 7 LRs reported in the maize native record before
1960, and π was significantly higher for the most recent LRs (22,
39, 93). Also, note that the approach used in this work cannot
detect genetic erosion at the level of specific alleles. However,
the increase over time in the proportion of the predominant
ancestry of MV1 in LRs, as well as the gene flow from MVs into
LRs reported here, indicates that the gene pools present in LR <
1960 have been substantially modified.
Mexican agriculture is quite heterogeneous because farmers

keep growing local LRs due to their sensory, aesthetic, ritualistic,
and cultural values, in comparison to MVs (22, 29, 38, 39).
Nevertheless, our results support a gradual replacement of tra-
ditional management systems with improved agricultural tech-
nologies, based on both MVs and their technology packages (94).
This transition from community organization to crops seen only
as exchange value can be socially, economically, and ecologically
disadvantageous for small farmers (38), and also may imply a
modernization bottleneck (15), which should be monitored in
view of the nutritional and evolutionary services of small-scale
farmers (35, 95).
Keeping LRs in a state of stasis is not possible and perhaps not

desirable (39). However, it is possible to promote efforts to
preserve wild and domesticated gene pools and allow for evo-
lution. These efforts should include improving local LRs, en-
couraging seed savers networks, and developing markets for LRs
that recognize their added value and the evolutionary services of
small-scale farmers (1, 35).
In conclusion, our results show that the widespread adoption

of MVs in Mexico has had significant impacts on the genetic com-
position of LRs and their WRs. We have demonstrated that there
is substantial gene flow from MVs into LRs and into mexicana. As
a result, genetic ancestry and allelic frequencies have changed
across the time period evaluated. The changes detected provide
short-term evidence of the ongoing evolution of maize LRs and
their WRs at the center of origin of maize, and support a transi-
tion from traditional toward commercial agricultural systems,
which suggests the early stages of a modernization bottleneck (1,
15). These findings can be used to design monitoring strategies
and agricultural policies to reach biodiversity targets (3) for the
conservation of gene reservoirs at the centers of diversity.
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