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Abstract:

The study of maize domestication has overlooked the genetic structure within maize’s wild
relative teosinte. Prior to investigating the domestication history of maize (Zea mays subspecies
mays), one should first understand the population history of teosintes and how they relate to
maize. To achieve this, we used 32,739 SNPs obtained from a broad sampling of teosinte
populations and 46 maize landraces and a) inferred current and past gene flow among teosinte
populations and maize, b) analyzed the degree of introgression among Zea mays subspecies, and
c) explored the putative domestication location of maize. We found geographic structure and
introgression between Zea mays taxa. Teosinte subspecies have diverged significantly from
maize, which indicates that current teosinte populations have evolved mainly independently from
maize since the domestication. Our results further suggest that the likely ancestor of maize may

maybe have come from Jalisco or the Pacific coast.

One Sentence Summary: Shared polymorphism in teosinte suggests a Jalisco origin of maize

domestication.
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Main Text:
Introduction

Recent genomic studies on crops and livestock have revealed domestication to be a complex
process, where multiple origins and ongoing gene flow are more common than previously
thought. For example, gene flow between domesticated and wild forms has been identified in
pigs, rice, barley, chili pepper and the common bean, and all of these have been recognized as
having multiple centers of domestication (/-4). In fact, the protracted model of domestication -
which proposes that many crops were domesticated over a long period of time with recurrent
gene flow- has gained a lot of interest as it can explain the high levels of genetic diversity in
many domesticated species, the multiple domestication signatures and ongoing gene flow during

a longer transition period (5).

Zea mays (maize and relatives) consists of three clearly differentiated subspecies: the
domestic Zea mays spp. mays and two wild relatives collectively called teosinte: Zea mays spp.
mexicana (hereafter mexicana), and Zea mays spp. parviglumis (hereafter parviglumis). In
contrast to complex scenarios proposed for several species, the current consensus on maize
domestication points to a single center of origin in the Balsas Basin in Southern Mexico (Fig. 1
populations 1 Tel, 2 Alch and 8 Hui; 6, 7; Fig. 1) from the subspecies parviglumis. However,
inferences of historical distributions from climate data have identified potential refugia from
climate change in Western Mexico (Michoacéan, Colima and Jalisco) during the warm period of
the mid-Holocene which coincides with the inferred dates of maize domestication (&).
Additionally, this area has been identified as the center of domestication of two species of bean
(Phaseolus vulgaris and P. acutifolius; 4, 9, 10), and archeological evidence of early agriculture

has been found for the Early-Holocene (/7). The domestication in the Balsas Basin has been
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supported by genetic analyses (6), however, those studies have included a limited sampling of
parviglumis populations from Western Mexico (Jalisco, Michoacan, Colima). Genetic studies
that have included Western populations have uncovered a high level of genetic variation and
strong genetic differentiation in these populations (/2, 13). Moreover, van Heerwarden et al. (7)

suggested ancestral teosinte alleles in the Western region, rather than in the Balsas Basin.

Here we explored alternative scenarios of maize domestication (Balsas vs. Jalisco-
Pacific) and introgression between wild and cultivated forms by including 29 teosinte
populations from across the entire range of parviglumis and mexicana, as well as 46 maize
landraces. We first assessed genetic structuring of teosinte populations using 32,739 Single
Nucleotide Polymorphisms (SNPs), and inferred migration events using a maximum-likelihood
framework (72), with Tripsacum dactyloides as an outgroup to infer ancestral states of alleles

and distinguish gene flow from shared ancestral polymorphism (/4).
Results

Genetic differentiation and genetic structure. We assessed genetic structuring
representing 403 samples from 28 teosinte populations, and 46 maize landraces (/5) using a
Principal Component Analysis of 32 739 SNPs. This analysis revealed several interesting
features (Fig. 2). First, there is a clear differentiation of the Mexican maize landraces from their
wild progenitor. Second, there is high clustering and low level of genetic differentiation among
mexicana populations. Third, in contrast to mexicana, parviglumis populations are more
differentiated, with the Jalisco populations being a prime example, particularly populations
13Telp and 27VP (Fig. 1;12, 13). The dendrogram constructed using Nei’s genetic distance
indicates that individuals are strongly clustered by population (Fig. 3), and that the Guachinango

population (12Gua) is early divergent and closer to maize.
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Genetic differentiation between teosinte subspecies and maize was also apparent in the
genetic clustering analysis implemented by fastStructure where K=3 was the optimal value for
the number of clusters, followed by K=4. For K=3, maize and mexicana appear fairly
homogeneous, while parviglumis shows a high degree of admixture in some populations, with
the exception of populations 13Telp and 27VP, which correspond to the Jalisco populations of
Telpitita and Villa Purificacion (Fig. S1). For K=4, further population structure is found in
parviglumis, which coincides with the results seen in the PCA. Overall, genetic diversity
analyses tend to indicate that populations from Jalisco group more closely with maize;

fastStructure suggests that some but not all of these populations may be admixed with maize.

Gene flow and shared ancestral polymorphism. To further investigate the possibility
of introgression, we employed TreeMix analyses, using Tripsacum as an outgroup. The use of
Tripsacum instead of other members of the genus Zea was important to ensure no contemporary
gene flow could produce artifacts in the inference of migration events and shared ancestral
polymorphism. As no significant genetic structure was detected within maize landraces (15), we
used all 161 individuals from 46 landraces as one population for all analyses. In the population
graph, mexicana populations appear nested within parviglumis, with the Jalisco populations of
parviglumis being ancestral (12Gua and 28Tol; Fig. 4 and Table S1). Ancestral polymorphism is
shown as a higher than expected covariance of allele frequencies between Tripsacum and maize
and parviglumis populations in the first column of the covariance matrix estimated by Treemix
(Fig. 4, cooler colors). Once ancestral polymorphism was identified, two potential admixture
events were then detected (arrows in Fig. 4), one from a highland mexicana population (32JM,
Jalisco) to maize and another from maize to another mexicana highland population (38Ten,

Tlaxcala).
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An additional introgression analysis (ABBA-BABA; /7) was performed to test for
geneflow between parviglumis from Jalisco populations (12Gua), Balsas (1Tel), a highland
mexicana population (38Ten) and highland maize. The D-statistic detects deviations from
random lineage sorting and F; which estimates the proportion of introgressed alleles (/7). In all
cases, Tripsacum was used as an outgroup and of the 24 possible 4 taxa combinations, only two
showed significant deviations from the null ABBA-BABA distribution. The first four taxon tree
((1Tel,L12Gua)maize)Tripsacum) had a significant D-statistic (p=0.0335) between 12Gua and
maize, and a F; value that corresponds to 10% of shared alleles (Fig. 5a). The second tree
(((1Tel,38Ten)maize)Tripsacum) had a non-significat D-statistic (p=0.1) but a significant F;
value (Z-score=2.412) corresponding to 16% shared alleles between 38Ten and maize (Fig. 5b),
similar to what was obtained with Treemix. No four-taxon combinations recovered significant

signals of introgression between Balsas (1Tel) and maize.

Discussion

The PCA results show a high degree of genetic structure and differentiation of parviglumis
populations (Fig. 2). Particularly the Jalisco lowland populations of Telpitita (13Telp) and Villa
Purificacion (27VP) on the Pacific Coast form a distinct cluster. This genetic heterogeneity
highlights the importance of having a dense enough sampling in the mountains of Jalisco and
neighboring Michoacéan, which were not considered in previous studies as a potential center of
domestication, despite the area’s high biological and cultural diversity (//, 12). In contrast to
parviglumis, maize and mexicana form relatively homogeneous clusters in the PCA respectively
(Fig. 2, clusters 1 and 4). The clear genetic differentiation between maize and teosinte is also

found in the fastSTRUCTURE analysis (Fig. S1).
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Despite the differentiation within teosinte, mexicana is nested within parviglumis, and
both teosinte subspecies are genetically differentiated from maize (Figs. 3-4). These results are
different from studies conducted using microsatellites and a smaller teosinte sample, where
maize was nested within parviglumis and Zea mays spp. huehuetenangensis was used as an
outgroup (6). This difference in topologies could be due to different factors: 1) The inclusion of
Jalisco populations here, which have not been used previously in other studies; 2) Extreme
genetic drift and isolation in huehuetenangensis resulting in many private alleles and genetic
divergence. These analyses also highlight the basal position of Jalisco-Pacific populations with
respect to the Balsas populations from Guerrero. In order to evaluate the utility of using other
members of the Zea genus as outgroups, we performed a Principal Component Analysis and a
constructed a Nei’s genetic distance dendrogram with GBS data published by Swarts et al. (/8).
Our results show that despite Z. luxurians and Z. mays subsp. huetentenanguensis forming
distinctive clusters in the PCA (Fig. S2), they group with parviglumis (Fig. S3), and are not
reliable outgroups. Furthermore, there is evidence of natural hybridization between all diploid
members of Zea (19), so using Tripsacum as an outgroup is a better option to correctly infer the
relationships within teosinte. Overall, the GBS dendrogram (Fig. S3) confirms our results that
maize has diverged significantly from teosinte, instead of being nested within it, a result also

confirms the results of Buckler and Edward with ITS markers (20)

The Treemix analysis detected only two migration events that showed marked deviations
to the expected population covariance between maize and mexicana (Fig. 4). Introgression
between maize and teosinte has been widely reported, but previous studies could not differentiate
between contemporary processes and ancestral introgression (7, 27). Our migration inference

with Treemix identifies two ancestral migration events in opposite directions: one from ancestral
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maize to a mexicana population in Tlaxcala (38 Ten), and another from an ancestral mexicana
from Jalisco to maize. The ancestral nature of these events is determined by the position of the
migration arrow along the branch, not near the tip of the modern populations, and has been
corroborated by other studies (7, /4, 21). Currently, introgression happens from teosinte to
maize, however, the inferred weight of the migration from the ancestral maize into mexicana was
9.6%, far higher than the 1-2% obtained experimentally (Fig. 4; /9). Therefore, introgression
probably mainly occurred at a time when reproductive incompatibilities between maize and
teosinte were not yet as developed. Likewise, current estimates of gene flow from mexicana to
maize range from 4-20% (21), yet we detected a migration weight of 47% between one mexicana
population (32JM) from Jalisco and maize. Overall, there are more introgressed alleles from

mexicana to maize, than the opposite direction.

Introgression between mexicana and maize has been proposed to be the source of
adaptive alleles to survive in highland environments (27). However, by including Tripsacum in
this study we could detect shared ancestral polymorphism and pinpoint the source and scope of
that introgression. The high migration weight detected in our study suggests that the contribution
of mexicana to the contemporary landraces of maize has been substantial, even if the initial

domestication was from parviglumis.

A recent study comparing the genomes of maize specimens from ~5000 yr B.P with
modern maize and teosinte, found that domestication was not yet complete and possibly there
was no reproductive isolation between maize and teosinte (22). Ongoing gene flow during
domestication has been widely documented in animals (23, 24), and it may account for 10% of

the genome of cultivated sunflower (25). This introgression can only occur in areas where the
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domesticated forms coexist with their wild relatives, and requires ongoing selection to preserve

desired traits, as it is the case of maize and teosinte (27).

Finally, our results from the ABBA-BABA test show that parviglumis from Jalisco-
Pacific has introgressed with maize, while the Balsas population shows no such pattern (Fig. 5a),
as it has been usually proposed (6). Introgression between parviglumis and maize is not
recovered by Treemix, but it is important to highlight that Treemix is based on allele frequency
covariance, estimated using the entire sample of maize. For the ABBA-BABA test, only
highland maize landraces produced significant results, which have been proposed to be the first
to have been domesticated (26). When performing the same tests with a random sample of all
landraces (not only highland), no tests were significant. Furthermore, it is more likely to assume
that the introgression between 12Gua and highland maize is ancient, given the ecological
divergence of modern highland maize from the Central Plateau and lowland parviglumis. No
introgression was detected between 12Gua and lowland and midland maize. Therefore, this
introgression must have happened before maize introgressed with highland mexicana and was

cultivated in Central Mexico highlands.

Our result is different from previous studies that did not sample the Jalisco region
extensively, taking into account that not all teosinte populations might have served as genetic
sources of maize. Unlike findings from studies with smaller geographical samples (6, 22), maize
is not nested within teosinte, and it clearly forms a separate clade (Figs. 3 and S3). This result
suggests that modern teosinte continued its independent evolution after the initial domestication.
To prove this hypothesis, it would be necessary to gain access to ancient teosinte to correctly
place the maize lineage within the teosinte genealogy including the archeological samples from

Western Mexico (/1).
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Some authors have regarded Jalisco as an important center of domestication in
Mesoamerica because the wild relatives of all main crops (maize, squash and beans) are
distributed there and at least one of them (beans) were domesticated in the region (/7).
Moreover, genetic analyses of P. vulgaris show that the Jalisco accessions are basal to cultivated
bean (9, 10, 27), just as the parviglumis population of Guachinango (12Gua) is early divergent in
our dendrogram and population graph (Figs. 2 and 3), and it is early divergent in the re-analized
GBS data (Fig. S3). Unfortunately, the inherent ascertainment bias of our data prevents us from
estimating accurate divergence dates (28), however, a whole genome genotyping approach
together with ancient DNA techniques could help us finally answer the question of the time and

place of maize domestication.

Our results reveal an ancient divergence between maize and teosinte, with Jalisco-Pacific
populations being early divergent, and Balsas populations derived. This pattern suggests that a
population from Western Mexico may be a better candidate for the center of maize domestication
than the Balsas basin, as this region is more diverse and shares more ancestral polymorphism
with maize and close relative Tripsacum dactiloydes. In addition, we found evidence for intense
ancient gene flow between maize and mexicana: first, from a mexicana highland population from
Jalisco to maize, which has likely contributed to maize adaptation to Mexican central highlands;
second, from maize to a mexicana highland population of the Trans Mexican Volcanic Belt.
Again, by incorporating a more comprehensive sampling of mexicana populations, we obtained
higher estimates of gene flow than in previous studies (27). Such gene flow has been the likely

cause of promoted diversification of maize landraces.
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M parviglumis > 1000m
M parviglumis < 1000m

B mexicana > 2000m
B mexicana < 2000m

1 Teloloapan (Tel)

2 Alcholoa (Alch)

4 Teconoapa (Tec)

5 Chilpancingo (Chil)

7 Mochitlan (Moch)

8 Huitzuco (Hui)

9 Tepoztlan (Tepoz)

10 Villa Seca (VS)

11 Churintzio (Chu)

12 Guachinango (Gua)
13 Telpitita (Telp)

17 Ejutla (Ej)

22 Acambaro | (Acal)

23 Acambaro Il (Acall)
24 Acambaro lll (Acalll)
25 Santa Ana Maya (SA)
26 Yuriria (Yu)

27 Villa Purificacion (VP)
28 Toliman (Tol)

29 Puruandiro (Pu)

30 Huandacareo (Hua)
31 Zitacuaro (Zit)

32 Jesus Maria (JM)

34 Cocotitlan (Co)

37 Sn Nicolas Bueno (SN)
38 Tenancingo (Ten)

39 Calpan (Cal)

41 Texcoco (Tex)

42 Miahuatlan (Mia)

Trans-Mexican
Volcanic Belt

100 0 100 200 300 400 km
[ == s

Fig. 1 .- Distribution of sampling sites of both analyzed teosinte varieties. The main
biogeographic regions represented in this study are highlighted. Numbers indicate the different
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populations, with populations names and abbreviations on the right. The subspecies and the
altitudinal distribution are indicated by shades of green and blue.

mexicana

j‘\‘
Chu/Tepoz |

Maize Yu/dM|

10

-10

PC2
20

parviglumis

-30

40

é VP/Telp
L

-50

-30  -20 -10 0 10 20
PC1

Fig.2.- Principal component analysis of 32739 SNPs. Clusters were constructed using UPGMA
based on Euclidean distances of the first two components. The populations are identified by the
abbreviations used in Fig.1.
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parviglumis (>1000m) mexicana (>2000m)
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intermediate

Fig. 3.- Dendrogram of Nei’s genetic distance of maize and teosinte samples. The colors denote
the variety and altitudinal distribution of teosinte varieties. Population with asterisks were used
to infer ancestral introgression in other tests. ¥ Southern Guerrero and Oaxaca populations.
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Fig. 4.- Population graph and covariance matrix obtained with TreeMix with 30673 SNPs. Two
migration events were inferred once shared polymorphism with Tripsacum was considered, and
can be seen in blue-black colors in the covariance matrix. The drift parameter indicates the
intensity of genetic drift. The color of the migration lines indicates the percentage of loci shared
between populations. The migration weight from maize to 38Ten is 0.096 (9.6%) and between
12JM and maize is 0.47 (47%). Populations with asterisks were used to infer ancestral
introgression in other tests.
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Highland 12 Gua 1Tel Tripsacum
maize (Jalisco) (Balsas)
P2 P1 P4

Highland 38Ten 1Tel Tripsacum
maize (mexicana) (Balsas)
P3 P2 P1 P4

D= 0.08434
p=0.1

Fig. 5.- Four taxon ABBA-BABA introgression tests that yielded significant results. a)
Significant positive D value means introgression between highland maize and 12 Gua (Jalisco) ,
F4 denotes de proportion of shared alleles. b) Non-significant D value between Highland maize
and 38 Ten, but significant F; value (Z-score= 2.4) equating to 16% of shared alleles.

Supplementary Materials:

Materials and Methods:

Sampling
Plant material was collected from 28 populations of teosinte, 15 populations of mexicana and 14 populations of
parviglumis for a total of 403 individuals, which covers the entire range of geographical and environmental
conditions of both subspecies. Details of the sampling design, DNA extraction, genotyping and locality information
are described in (/3, 29), and in the Supplementary Material.

Maize samples comprised 161 individuals from 46 landraces from all over Mexico, averaging 3.6

individuals per landrace. Information about sampling, DNA extraction and genotyping can be found in (/5).
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SNP calling and data quality assessment

Single nucleotide polymorphisms were detected with the Illumina Maize SNP50 Bead Chip as described for maize
by Arteaga et al. (15) and for teosinte in Aguirre-Liguori et al. (/3). Automated allele calling was performed using
GenomeStudio 2010.1 (Genotyping module 1.7.4; [llumina), excluding those loci with a GenTrain score <0.3 and
those with more than 10% of missing data. Scores between 0.3-0.45 were manually checked and curated. After those
filters, a total of 34,981 SNPs were recovered. To reduce the redundancy of the data, loci in strong linkage

disequilibrium (r*>0.8) were removed using Plink 1.07 (30), for a total remaining of 32,739 loci.

Genetic differentiation and genetic structure
Genetic differentiation was explored with a Principal Component Analysis with all the 32,739 loci of maize and
teosinte, using the package Adegenet and ade4 (37) implemented in R (32). The clustering analysis was performed
with UPGMA implemented by ade4 (33). Nei’s genetic distances between individuals were computed using the R
package ape, and used to construct a Neighbor-Joining dendogram with the same package (34).

Genetic clustering analyses were performed with fastSTRUCTURE (35). The number of K values tested

ranged from 1 to 10, with 10 iterations. The optimal K values were evaluated with the Evanno method (36)

Gene flow and ancestral introgression

It is difficult to discern between shared ancestral polymorphism and gene flow (37). To do so, we used Treemix,
which is based on a maximum-likelihood population tree and identifies pairs of populations with a higher covariance
of allelic frequencies than expected under the no migration model (/4), and determines ancestral allele frequencies
by using a suitable out-group, Tripsacum dactyloides (data from the SOK SNP dataset from (/2)). The analysis was
carried out with a dataset of 30,673 SNPs that were shared between teosinte, maize and 7. dactyloides.

To further explore gene flow between populations, especially with highland maize landraces, we performed
an ABBA-BABA test which estimates de D-statistic based on the distribution of ABBA and BABA polymorphisms
in a four taxa tree with 7. dactyloides as an outgroup. The D-statistic estimates the deviation from the expected
random distribution of ABBA-BABA polymorphism in a four taxon tree. We also estimated the proportion of
introgressed loci using the f; statistic (/7). We tested two introgression hypotheses: 1) Balsas (1 Teloloapan) and

Jalisco (12 Guachinango) with maize; 2) Balsas (1 Teloloapan) and highland mexicana (38 Tenancingo) with
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maize. The teosinte samples included 10 individuals per population, and the maize sample was performed using 10
individuals from highland landraces,which were early divergent in our distance analyses. A second analysis was
performed with a random sample of 40 individuals from all landraces (lowland, midland and highland), but those
tests were not significant. All non-variable loci in the sample were removed, yielding a total of 26,162 loci and were

analyzed in blocks of 1000 using the package HybridCheck (16).

GBS data analyses
The analyses of GBS teosinte and maize data from Swarts et al. (/8) were performed by filtering all sites with over
50% of missing data using and those with missing allele frequencies under 0.05 using vcftools

(http://vcftools.sourceforge.net/). That yielded a total of 165 192 SNPs, but after removing sites with gaps, the

total was 122 085 SNPs. The Principal Component analysis was done with the glPca function of the Adegenet
package (31), forcing the number of alleles to be centered and scaled. We retained 10 principal components that
represented 17.9% of the total variance. Finally, we plotted the first two principal components, assigning to each dot
the race or subspecies to which they belong. The Neighbor-joining dendrogram was constructed from a Nei’s

distance matrix obtained from the PCA results described before, using the ape package in R (34).

Author contributions: AML performed the analyses and wrote the manuscript; LEE, BSG and MIT designed the
study and improved the manuscript; JAL and AVL performed lab work and preliminary bioinformatics analyses; DP

provided all the maize samples and SNP data.
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Fig. S1.- FastStructure analysis carried out with the full dataset. Best K values were K=3 and K=4.

21


https://doi.org/10.1101/239707

bioRxiv preprint doi: https://doi.org/10.1101/239707; this version posted January 15, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

® maize Mexico .
maize US-Puebloan
@ Maize South America e e
® parviglumis Oaxaca "
® parviglumis Jalisco o®
[}
o ® parviglumis Balsas Low LY
S T @ parviglumis Balsas Mid
[ ]
® parviglumis Balsas High °©
° ® mexicana
Poe ® Juxurians
°
.g' huehuetenanguensis
'Y o
°
(1)
°
° °
o °
[To RN L] e ©
">
L
°
® o0
o ©
< * e,
o ® o °
4 008 o ® o o
Q .o%
N [ 4
O
s ° & °
ole o °® . % °
. X,
3 ] 30
oo < w‘ »
) L)
‘.‘ o° o0 *,: ° \
° °
[} ® !
®
e
3 - i
e,
(X J
[ J [ J
[ J
o
I I I [ I
-100 -50 0 50 100

PC1(4.73%)

Fig. S2.- Principal component analysis of 12, 085 SNPs originally published by Swarts et al. (2017)
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Fig. S3.- Neighbor-joining dendrogram of 122 085 SNPs from Swarts et al. (/8). Note the close relationship of Zea
luxurians, Zea mays subsp. huehuetenanguensis and Zea mays subsp. parviglumis. The labels correspond so
sampling sites close to those used in our study: a) Site 15km North of 1Teloloapan; b) site 16 km West of

12Guachinango; c¢) Highland maize landraces.
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