UC Berkeley
UC Berkeley Previously Published Works

Title
The origin and evolution of maize in the Southwestern United States

Permalink
https://escholarship.org/uc/item/66k657gh

Journal
Nature Plants, 1(1)

ISSN
2055-026X

Authors

da Fonseca, Rute R
Smith, Bruce D
Wales, Nathan

Publication Date
2015

DOI
10.1038/nplants.2014.3

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-
NonCommercial-NoDerivatives License, availalbe at

https://creativecommons.org/licenses/by-nc-nd/4.0J

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/66k657qh
https://escholarship.org/uc/item/66k657qh#author
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/

nature

plants

LETTERS

PUBLISHED: 8 JANUARY 2015 | ARTICLE NUMBER: 14003 | DOI: 10.1038/NPLANTS.2014.3

The origin and evolution of maize in the
Southwestern United States

Rute R. da Fonseca'?*, Bruce D. Smith3, Nathan Wales’, Enrico Cappellini’, Pontus Skoglund*,
Matteo Fumagalli®, José Alfredo Samaniego’, Christian Carge', Maria C. Avila-Arcos's,

David E. Hufnagel’, Thorfinn Sand Korneliussen', Filipe Garrett Vieira'5, Mattias Jakobsson8?,
Bernardo Arriaza'®, Eske Willerslev', Rasmus Nielsen'", Matthew B. Hufford’, Anders Albrechtsen?,

Jeffrey Ross-Ibarra™ and M. Thomas P. Gilbert"'**

The origin of maize (Zea mays mays) in the US Southwest
remains contentious, with conflicting archaeological data sup-
porting either coastal™® or highland>¢ routes of diffusion
of maize into the United States. Furthermore, the genetics of
adaptation to the new environmental and cultural context of
the Southwest is largely uncharacterized’. To address these
issues, we compared nuclear DNA from 32 archaeological
maize samples spanning 6,000 years of evolution to modern
landraces. We found that the initial diffusion of maize into
the Southwest about 4,000 years ago is likely to have occurred
along a highland route, followed by gene flow from a lowland
coastal maize beginning at least 2,000 years ago. Our popu-
lation genetic analysis also enabled us to differentiate selection
during domestication for adaptation to the climatic and cultural
environment of the Southwest, identifying adaptation loci
relevant to drought tolerance and sugar content.

Documenting ancient diffusion routes of domesticates and how
they were modified when introduced into new regions has long
been a challenge. For example, hybridization and gene flow have
long confounded attempts to understand the origins of either indica
rice? in the Indian subcontinent or maize in southern Mexico®. The
origin and adaptation of maize in the US Southwest is a similarly
difficult case. Following its initial domestication from the wild grass
teosinte in southern Mexico'®!!, maize diffused throughout the
Americas, spreading through much of the continental United States
after its introduction to the Southwest around 4,100 calendar years
before present (Bp)’. There has been considerable debate about the
arrival of maize into the Southwest, however, as early archaeological
samples suggested a highland route®S, whereas more recent
samples'? and morphological similarity to extant Mexican maize
support a lowland, Pacific coast route*!. And while temporal variation
in Southwest maize cob morphology has been described?, the genetic
changes responsible for adaptation to the Southwest environment
during the last 4,000 years are still uncharacterized.

In order to resolve questions about the diffusion of maize into
the Southwest as well as to track genetic changes in Southwest

maize through time, we sampled DNA from archaeological speci-
mens dating to around 4,000-3,000, 2,000 and 750 Bp (SW3K,
SW2K and SW750 hereafter), as well as four ancient Mexican
samples dating to around 5,910 Bp, 5,280 BP and 1,410 sp (Table 1)
and a single modern open-pollinated highland Mexican maize
accession (Supplementary Table 5). We generated sequence data
from ancient samples using a hybridization target capture approach
that was enriched for the exons of 348 genes (depth of covered sites
~10x on target and ~2x elsewhere; selection criteria are in
Supplementary Tables 8, 9 and 11); our modern highland sample
was sequenced using a whole-genome shotgun approach. To these
data we added published sequence data from an additional
ancient sample from Mexico!? and modern samples of teosinte sub-
species, Zea mays parviglumis and Zea mays mexicana, as well as
Southwest and Mexican maize'>.

Comparison of shared derived alleles between ancient Southwest
samples and the Mexican highland landrace Palomero de Jalisco or
the Mexican lowland landrace Chapalote using D statistics!* argues
for a highland origin of the earliest Southwest maize (SW3K;
Fig. 1a), consistent with low-density single nucleotide polymorphism
data'® from a sample of more than 2,000 modern maize landraces and
teosinte (Supplementary Fig. 6). In contrast, values of D in SW2K
support gene flow from Chapalote (Fig. 1a). TreeMix'® also identifies
introgression from lowland maize to the SW2K population (Fig 1b)
and agrees with previous evidence for introgression from the teosinte
Z. mays. mexicana into Mexican highland landraces'”. Finally, admix-
ture analysis (Fig. 1c, and Supplementary Fig. 5) reveals evidence of
teosinte admixture in all ancient Southwest maize. As there is no
history of teosinte in the Southwest, this is consistent with a highland
origin. Assignment to the group that includes the lowland samples
Chapalote and Reventador, however, increases in the SW2K and
SW750 samples; we interpret the lack of observed admixture with
teosinte or Mexican maize in the extant Southwest Santo Domingo
landrace (USA17) to be a result of recent extensive genetic exchange
with other American landraces (Supplementary Fig. 5). Together,
these results argue for a complex origin of Southwest maize, originally
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Table1 | Identification and summary statistics of the ancient samples sequenced in this study.

Age Type of IDS Intercept of radiocarbon  Cob morphology shape Site Retained Average depth
group analyses* age with calibration curve (pineapple, P; cylinder, C), nucleotides (targets)
years gp' row number, cob diameter

SW3K ad SW443 2,780 McEuen Cave, USA 8,230,593 13
t,a,d SW4Ba 3,390 Bat Cave, USA 17,621,611 9

SW2K ads SW207 1,860 P, 12 row, 2.0 cm Tularosa Cave, USA 5,870,362 n
3 SW256 ~1,850-1,750 P, 12 row, 2.5 cm 3,768,546 9
s SW261 ~1,850-1,750 P, 10 row, 1.9 cm 4,613,152 9
ads SW264 1,820 P, 12 row 1.8 cm 15,134,398 14
s SW278 ~1,850-1,750 P, 12 row, 2.2 cm 3,431,137 10
ads SW280 ~1,850-1,750 P, 10 row, 2.1cm 5,209,183 6
s SW283 1,860; 1,850; 1,830 P, 12 row, 2.2 cm 5,642,954 3
s SW288 ~1,850-1,750 P, 12 row, 2.3 cm 148,791 1
s SW296 ~1,850-1,750 P, 10 row, 1.9 cm 2,072,254 5
t,ads SW298 1,770; 1,760; 1,740 P, 12 row, 2.0 cm 80,568,726 10

SW750 S SW105 670 C, 10 row, 1.5 cm Tularosa Cave, USA 2,058,626 4
ads SW107 ~700-900 C, 8 row, 13 cm 34,929,483 20
ads SW109 ~700-900 C, 8 row, 13 cm 12,364,145 15
ads SW110  ~700-900 C, 8 row, 1.6 cm 35,088,565 17
ads SWIM ~700-900 C, 8 row, 1.5 cm 29,640,515 19
ads SW112  ~700-900 C, 8 row, 1.4 cm 22,887,209 16
s SW118  ~700-900 C, 8 row, 1.2 cm 3,855,808 4
ads SW121 790 C, 10 row, 1.5 cm 29,736,402 7
ads SW124  ~700-900 C, 8 row, 1.3 cm 33,518,448 18
ads SW132 740 C, 8 row, 1.4 cm 17,131,288 18
tad,s SW146 690 C, 8 row, 1.3 cm 111,329,149 12
s SW1b9S 740 C, 8 row, 1.5cm 68,634 2
a SW1AX 670 Turkey House Ruin, USA 59,526,622 25
a TH563 5,910 4 ranks, 8 rows, 1.2 cm Tehuacan Caves, Mexico 9,544,881 3
ta TH564  5,280; 5,160; 5,140; 5,100 4 ranks, 8 rows, 1.1 cm 10,791,297 5
a TH157 1,410 8 rows, 1.5 cm 18,126,654 2
a AR14B Arica, Chile 5,328,366 16
a AR1AS 11,261,584 1
a ARIA8 286,639,854 24
a AR171 159,400,189 21

*t, TreeMix (Fig. 1a); a, NGSadmix (Fig. 1b, and Supplementary Fig. 5); d, D-statistics (Fig. 1c, Supplementary Fig. 12); s, selection tests (Figs 2 and 3, and Supplementary Fig. 10).

TINTCALO9 calibration curve.

entering the United States via a highland route by 4,000 sp and
subsequently receiving gene flow from lowland maize via the
Pacific coastal corridor starting around 2,000 Bp.

Maize was faced with a number of environmental challenges
upon arrival in the Southwest, from extreme aridity to new dietary
preferences’. Our population-level samples corresponding to tem-
porally distinct occupations of the same cave site (Tularosa cave:
SW2K, n =10; SW750, n=12), combined with published genomic
data of the maize progenitor Z. m. parviglumis (Supplementary
Table 4), allow us to distinguish evidence for these more recent adap-
tations from selection that occurred during maize domestication. We
first used the population branch statistic PBS'® to identify genes with
the highest dissimilarity between teosinte and our ancient Southwest
landraces (Fig. 2a). These genes were likely to be early targets of
maize domestication that preceded arrival in the Southwest. Many
of these genes also show a very negative Tajima’s D, consistent
with the effects of strong selection (Fig. 2a), and seven of the top
ten genes (Supplementary Table 1) are located in previously ident-
ified selected regions'®. The top gene, zagll, corresponds to a
MADS-box transcription factor associated with shattering, a key
domestication feature strongly selected for by human harvesting®.
Several other genes are also well known for their roles in domesti-
cation: bal has a major role in the architecture of maize®!, zcnl
and gi are associated with the regulation of flowering®*?? and tgal
controls the change from encased to exposed kernels®.

Comparison of the ancient maize population samples from Tularosa
cave then let us assess changes between 2,000 and 750 years Bp, a

2

period of ongoing adaptation to the Southwest. Median values of
Tajima’s D in the SW750 population are higher than in the SW2K
(Supplementary Fig. 8 and Supplementary Table 2), consistent with
model-based estimates suggesting a smaller effective population
(Supplementary Fig. 9). Nonetheless, we find several genes showing
evidence of selection. The top PBS outlier in the SW750 population
is a dehydration-responsive element-binding protein shown to be
upregulated as much as 50-fold in maize roots under drought con-
ditions?*, perhaps a signature of adaptation to arid Southwest con-
ditions (Supplementary Fig. 10). Analysis of genes in the starch
biosynthesis pathway provides perhaps the best example of the
power of our population-sampling approach. While the reduction of
diversity at ael is seen in all Southwest maize, consistent with selection
during domestication, diversity at sugaryl (sul) is reduced more than
60% between the SW2K and SW750 populations (Fig. 3). sul also
shows an elevated PBS and a negative Tajima’s D (Fig. 2) consistent
with strong selection. The timing of selection on sul appears to corre-
late with a shift towards larger cobs and floury kernel endosperm in
archaeological maize around 800-1000 AD? Both ael and sul affect
the structure of amylopectin®®, which is involved in the pasting prop-
erties of maize tortillas and porridge“. Furthermore, it has been
shown that storing non-structural carbohydrates can be beneficial in
a drought scenario, consistent with adaptation to the Southwest
climate?”. The sul mutation with the highest allele frequency differ-
ence between SW2K and modern individuals (Supplementary
Fig. 3) is known to cause the partial replacement of starch by sugar
in sweetcorn®®. Several Native American tribes grew sweetcorn
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Figure 1 | Origins of the Southwest ancient maize samples. a, SW3K, SW2K and SW750 correspond to Southwest maize from ~3,000, ~2,000 and

~750 sp. The ancient Mexican sample dates to 5,100 sr (TH564). The Mex prefix indicates modern Mexican samples from across Mexico. Coastal lowland
(Reventador, Chapalote) and highland (Palomero Toloquefio) landraces are highlighted on the map. Further details are available in Table 1 and
Supplementary Tables 4 and 5. Allele frequency-based D-tests suggest an initial highland diffusion route from Mexico to the Southwest of the United States
followed by extensive gene flow from the Pacific coast Chapalote race (Supplementary Table 6 and Supplementary Fig. 12); positive values of D indicate gene
flow from the coastal varieties into the Southwest maize; thick and thin bars correspond to 2 and 3 standard errors, respectively. b, TreeMix maximum
likelihood tree depicting the expected signal of gene flow from Z. m. mexicana into the highland landraces (also Supplementary Fig. 12) and gene flow from
the coastal Chapalote into the SW2K. ¢, A subset of the population structure plot determined by NGSadmix with K=5 (full plot in Supplementary Fig. 5);
each individual is represented by a stacked column of the five proportions.
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Figure 2 | Potential targets of selection during domestication. a, Tajima's D for the two Southwest populations dated to ~2,000 (coloured dots) and

~750 Bp (white triangles) plotted against the PBS distance for Z. m. parviglumis. zaglT shows the highest dissimilarity between Z. m. parviglumis and the
ancient Southwest landraces, that is, the largest PBS (Z. m. parviglumis). The gene with the lowest Tajima's D value for the SW750 population is also zagll.
Genes with major roles in domestication traits are depicted in trapezoids. b, Gene trees built using PBS distances. dehydiA is the top outlier for PBS(SW750)
(Supplementary Fig. 10) and suT displayed the highest decrease in nucleotide diversity between the SW2K and the SW750 populations.

before the arrival of Europeans and the high frequency of a sul As demonstrated here, the application of new paleogenomic
mutation in Southwest maize could help explain the early appearance  approaches to well-documented temporal sequences of archaeologi-
and maintenance of sweetcorn varieties by Native Americans. cal assemblages opens a new chapter in the study of domestication:

The study of domestication and early crop evolution has largely it is now possible to move beyond a simple distinction of ‘wild’
been limited to the identification of key phenotypic, morphological ~ versus ‘domesticated?*® and track sequence changes in a wide
and genetic changes between extant crops and their wild relatives. — range of genes over the course of thousands of years.
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Genes involved in starch metabolism
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Figure 3 | Timing of selective pressures on genes involved in the starch
metabolism. Nucleotide diversity variation for two key elements of the starch
metabolism pathway ael and sul. Comparison between the two Southwest
populations dated to ~2,000 and ~750 gp (Table 1), and modern landraces
and teosintes (Supplementary Table 4) plotted against the PBS distance for
Z. m. parviglumis. There is a steep decrease in nucleotide diversity before
2,000 sr for ael, whereas the reduction in nucleotide diversity (x) for sugary1
to less than half occurred after 2,000 and before 750 sp.

Methods

Materials. Twenty-five archaeological maize cob samples from the Southwest
United States dating from 4,300 to 740 years Bp, three from Mexico dating from
5,910 to 1,410 Bp, and four ancient Arica samples were obtained from the repositories
and individuals listed in Supplementary Table 7 following established policies

and procedures for destructive sampling. In addition, previously published
sequence data'? corresponding to an ancient sample from Mexico, was also

used (Supplementary Table 7).

With the exception of the Turkey House Ruin sample, all of the archaeological
cob samples from the Southwest United States and Mexico were recovered from
dry cave contexts, and the Chilean (Arica) samples came from the dry desert
coast of South America. All of the archaeological samples were desiccated,
uncarbonized and in an excellent state of preservation. The cobs recovered from sites
in the Southwest United States fall into two distinct morphological and temporal
categories. These two temporally separated and morphologically distinct forms
of maize correlate quite closely with the structural analysis groupings based on
aDNA. The early southwestern maize, including samples from McEuen and Bat
Caves, and from the early occupation at Tularosa Cave (1,850-1,750 Bp), variously
labelled as ‘Chapalote’ or ‘small cob maize™ is a small cob, small kernel form
having a thick midsection (1.9-2.5 cm diameter) and tapered ends (Pineapple
shape) and 10-12 rows of kernels. The maize from the later occupation at Tularosa
Cave (700-900 Bp), as well as the Turkey House Ruin sample (670 Bp), is a larger
cob, larger kernel form, having parallel sides (cylinder shape), eight to ten rows
of kernels, and a much smaller diameter than the earlier form (1.3-1.6 cm)

(Table 1).

Data for modern samples (maize landraces, Z. m. parviglumis and tripsacum)
were obtained from the HapMap2 set and downloaded from Panzea’s website
(www.panzea.org). Additionally, we generated shotgun data from an individual
from the highlands of northern Mexico. Information about modern samples can
be found in Supplementary Tables 4 and 5.

Reads mapping to the target regions were extracted from HapMap2 bam files
and remapped and filtered in the same way as the ancient maize samples
(Supplementary Table 4).

Target selection and bait design. A total of 348 genes were targeted: 318 genes
were chosen because their similarity to sorghum was between 70% and 95%

(a conservation level that is indicative of high functional relevance, and avoiding
genes that are potentially invariable in maize), and they had some kind of functional
annotation (Supplementary Table 9). The other 30 genes have been suggested to
have an important role in traits selected during maize domestication?*-2>3!32
(Supplementary Table 8). Maize gene sequences were downloaded from ENSEMBL
(annotation version ZmB73_5b). An extra 120 base pairs (bp) flanking region was
added to each bait; 120 bp probes were designed with 20 bp tiling, resulting in a
final number of 53,063 probes.

aDNA extraction. Archaeological maize remains were processed at a dedicated
clean laboratory facility at the Centre for GeoGenetics, University of Copenhagen.
All steps prior to library amplification were conducted in an isolated laboratory
that utilizes nightly UV radiation and air filtration systems to avoid contamination,
thereby conforming to the requirements of aDNA research®.

To minimize modern DNA contamination, maize kernels were washed in 5%
commercial bleach solution (NaClO) and rinsed in molecular grade water before

4

extraction. Maize cobs could not be washed with bleach because they would absorb
the solution, potentially leading to degradation of endogenous DNA. Instead,
sterile scalpels were used to remove the external surface of cobs to expose material
with presumably lower levels of contamination. Maize kernels were pulverized
using a sterilized hammer and maize cob samples were sliced into fine slivers using
a sterile scalpel. Either one kernel or ~0.1 g of cob shavings were used for

an extraction.

DNA extractions were conducted according to an established protocol originally
designed for extracting DNA from ancient hair samples®, but which has also been
applied to ancient grape pips and maize!>*. Recent testing has demonstrated the
method generally outperforms other extraction techniques for a broad range of
archaeobotanical remains, including maize cobs and kernels®. Pulverized samples
were placed in 750 pl of extraction buffer (850 pl for cobs), as described previously'?,
and incubated overnight at 55 °C. The following day, a phenol and chloroform
extraction was conducted, followed by purification in Qiagen MinElute silica
spin columns.

Library construction and amplification. DNA extracts were converted to
Ilumina-compatible DNA libraries using NEBNext library building kits for
second-generation sequencing (New England Biolabs, Ipswich, MA; catalogue
numbers: E6070L, E6090S). Libraries were prepared according to manufacturer’s
directions, except that no DNA size selection or fragmentation steps

were undertaken.

Libraries were amplified with either Phusion High-Fidelity PCR Master
Mix (Thermo Fisher Scientific, Waltham, MA) or AmpliTaq Gold (Life
Technologies, Carlsbad, CA). Libraries constructed in the later phases of the
project were always first amplified using AmpliTaq Gold to incorporate
molecules with damaged nucleotides. Apparent C to T transitions at the 5" and
3’ ends of aDNA molecules resulting from the paring of adenine with deaminated
cytosine (uracil) can thereby be used to investigate for characteristic aDNA
damage patterns and help authenticate the presence of endogenous aDNA%.
Nonetheless, libraries amplified during the earlier phases of the project were
overall similar to those amplified with AmpliTaq Gold, and therefore should
not lead to biases in analyses. Libraries were amplified 12-18 initial cycles,
depending on the sample.

To reach DNA concentrations required for in-solution hybridization captures,
libraries were amplified again, using a subset of the first amplification. These
second amplifications were exclusively done with Phusion High-Fidelity PCR
Master Mix because the polymerase replicates DNA with higher fidelity than
AmpliTaq Gold, thereby reducing erroneous sequence polymorphisms. The
second amplifications were conducted using 10-18 cycles. When necessary,
libraries were size selected on a 2% agarose gel to remove adapter dimers.
Libraries were characterized on a Qubit 2.0 fluorometer (Life Technologies) and
Agilent 2100 Bioanalyzer (Santa Clara, CA).

Targeted capture. Enrichment of relevant genetic loci*®® was conducted using
a custom-designed MYBait-3 target enrichment kit (MYcroarry, Ann Arbor,
MI; 120 bp length RNA baits). The manufacturer of the kit recommends
100-500 ng of amplified library to be used for a capture, and all were
performed at the higher end of this range, generally 300-500 ng of DNA.
Libraries were hybridized for 24 hours at 65 °C in an Applied Biosystems
Veriti thermal cycler (Life Technologies) using a heated lid to prevent
condensation. Following hybridization with RNA probes, the samples were
processed according to the manufacturer’s protocol. Post-capture amplification
was done with Phusion High-Fidelity PCR Master Mix, using 12-18 cycles.
Samples were sequenced on an HiSeq 2000 in the single read 100 bp mode,
three samples per lane.

This procedure resulted in a depth within the target regions of around 10x,
a fivefold increase relative to other sites in the genome (Table 1).

See the Supplementary Information for more Methods.
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