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As the cost of next-generation sequencing diminishes and
genomic resources improve, crop wild relatives are well
positioned to make major contributions to the field of
ecological genomics via full-genome resequencing and
reference-assisted de novo assembly of genomes of
plants from natural populations. The wild relatives of
maize, collectively known as teosinte, are a more varied
and representative study system than many other model
flowering plants. In this review of the population and
ecological genomics of the teosintes we highlight recent
advances in the study of maize domestication, introgres-
sive hybridization, and local adaptation, and discuss
future prospects for applying the genomic resources of
maize to this intriguing group of species. The maize/
teosinte study system is an excellent example of how
crops and their wild relatives can bridge the model/
non-model gap.

The genomic era and crop wild relatives

Over the past decade, reference genome sequences have
been completed for numerous crops (e.g., Table 1 in [1]).
Although the purpose of such sequencing efforts has largely
been crop improvement, these newly developed resources
also hold great promise for population genomic studies in
related wild taxa. Genetic tools developed for crops have
been successfully applied in ecological and evolutionary
studies of wild relatives [2-6]. However, genomic studies
of natural populations have trailed behind those of domes-
ticated and other model species. The opportunities afforded
by the taxonomic proximity of wild relatives to species with
reference genomes are only beginning to be realized as the
diminishing cost of next-generation sequencing technolo-
gies and availability of large-scale genotyping arrays make
population-scale data feasible. Here we describe recent
progress in genomic studies in the genus Zea (family
Poaceae), which comprises an ecologically diverse collection
of species including domesticated maize and its closest wild
relatives. These taxa have large, complex genomes and have
already contributed much to modern plant genetics (Box 1).
The past few years have seen the publication of the maize
genome [7], full-genome resequencing of hundreds of
domesticated and wild Zea individuals [8-10], and charac-
terization of transcriptome-wide patterns of expression
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[11-14]. In describing recent advances we will: (i) present
wild Zea (collectively known as the teosintes) as an ideal
study system for ecological and population genomics; (ii)
describe longstanding questions that are benefiting from
the application of genome-wide data, including maize
domestication from teosinte, reciprocal gene flow between
teosinte and maize, and local adaptation of teosinte popu-
lations; and (iii) discuss future research prospects for this
fascinating system.

The teosinte taxa

The teosintes are a group of primarily outcrossing species
in the genus Zea endemic to a region stretching from
northern Mexico to Central America (Figure 1a,b). These
species occupy a wide range of habitats and have diverse
ecologies (Figure 1c; Table 1). The genus Zea includes five
species (Figure 1d). The annual species Zea mays consists
of four subspecies: (i) ssp. mays, the domesticated maize,
also known as corn; (ii) ssp. parviglumis, the direct pro-
genitor of maize [15], found in the mesic low and middle
elevations of southwest Mexico; (iii) ssp. mexicana, distrib-
uted across the cooler high elevations of the Mexican
Central Plateau; and (iv) ssp. huehuetenangensis, found
only in western Guatemala. The diploid Zea diploperennis
and tetraploid Zea perennis are closely related perennial
species narrowly distributed along the mountain slopes of
western Mexico. Finally, Zea luxurians and Zea nicara-
guensis are annual, flood-tolerant species that grow in
southeastern Guatemala and the Pacific coast of Nicara-
gua [16,17]. We refer to taxa hereafter solely by species or

Glossary

Allopatry: describes geographically and reproductively isolated populations.
Chromosomal knob: heterochromatic DNA in Zea comprised primarily of two
classes of tandem satellite repeats, 180 bp and the 350 bp TR-1. Knobs in Zea
are found both in the middle and on the ends of chromosomal arms, and have
been associated with meiotic drive.

Fine-scale/cryptic structure: non-random exchange of genetic material among
individuals in close proximity that is difficult to detect based on observable
characters.

Fractionation: the mutational process leading to the reduction of gene number
following a whole-genome duplication event.

Inferred allele frequency: frequency of alleles in the ancestral population
estimated based on knowledge of current genotypes, population structure, and
the process of genetic drift.

Introgression: gene flow and persistence of genetic material from one
population or species into the gene pool of another.

Purifying selection: a process of natural selection in which deleterious alleles
are removed from the gene pool.

Sympatry: describes populations which inhabit overlapping geographic areas
thus allowing mating.
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Table 1. Attributes of the teosinte taxa
Taxa
Chromosomes | Mean

number size 1C | precipitation
of knobs?® | (pg)® (mm)°
Zea mays ssp. 2n=2x=20 4 2.73 1141 + 802
mays
Zea mays ssp. 2n=2x=20 8.4 2.94 1141 + 194
parviglumis
Zea mays ssp. 2n=2x=20 8.5 2.58 794 + 149
mexicana
Zea mays ssp. 2n=2x=20 11.5 N/AS 2093 £ 275
huehuetenangensis
Zea diploperennis  2n=2x=20 7 2.65 1235 + 76
Zea perennis 2n=4x=40 N/A 5.28 1009 + 236
Zea luxurians 2n=2x=20 10 4.58 1629 + 1121
Zea nicaraguensis  2n=2x=20 N/A N/A 1746 + 85
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Genome | Mean annual

Mean annual
temperature
(°C)°

18.04 + 5.93

Average
altitude
(m)°

1328 + 1106

Life cycle | Hybridization with
other Zea taxa®

Annual Evidence for hybridization
with parviglumis, mexicana,
huehuetenangensis,
diploperennis, and luxurians
Viable hybrids commonly
formed with maize
supported with genetic
evidence; forms limited
hybrid zone with mexicana
Viable hybrids commonly
formed with maize
supported with genetic
evidence; forms limited
hybrid zone with
parviglumis; some genetic
evidence for hybridization
with luxurians

Capable of hybridization
with maize

Documented rare but
viable hybridization with
maize supported with
genetic evidence

No evidence of successful
hybridization

Limited evidence of
hybridization with maize
with some supporting
genetic evidence

N/A

22.84 £2.49 1203 +£387 Annual

16.38 £ 2.16 2179 £ 325 Annual

21.22 +1.06 1181 + 0.3 Annual

17.94 + 0.92 1779 + 152  Perennial

16.82 + 1.98 1946 + 329  Perennial

22.88 £ 1.17 858 + 327 Annual

27.91 + 0.1 24 + 0.1 Annual

2For ssp. mays, the number of knobs in B73 is as reported [84]. For all other species, mean knobs were calculated from [45].

bGenome sizes are reported from the Kew (http:/data.kew.org) Plant DNA C-Values Database (mays, diploperennis, perennis, luxurians) and from [8] ( parviglumis and

mexicana).

°Environmental information was estimated from bioclim (http://www.worldclim.org/bioclim) variables of sites where populations are documented.

9Hybridization reports originate from [2,43-45,50,51].
°N/A, not available.

subspecies name. Exploration continues to uncover diver-
gent populations of several Zea taxa [18], suggesting that
there may be more to learn about the ecological and
taxonomic diversity of the genus.

The teosintes garner much attention due to their close
relationship with maize and their relevance to the study of
plant domestication, but they also represent a particularly
attractive study system for ecological and evolutionary
genomics in their own right. Compared to other model
angiosperms, the larger size, higher content of repetitive
elements, and greater complexity of Zea genomes [8] make
them more representative of flowering plants (Box 1; for a
comparison of wild Zea to other emerging model systems
see Table 1 in [19]). In addition, in particular portions of
their ranges, numerous large and relatively undisturbed
natural populations of teosinte species can be found span-
ning steep environmental gradients [20,21]. These partic-
ular characteristics make the teosintes well suited for
studies of local adaptation and natural selection. The
teosintes also provide opportunities for the study of evo-
lution through hybridization due to the history of diffusion
of maize from its domestication center in the Mexican
lowlands into sympatry (see Glossary) with interfertile,

locally adapted teosinte taxa in novel environments
[15,22]. Finally, the teosintes include examples of both
ancient [23] and recent [24] polyploidy as well as species
with varied life-history strategies (e.g., perennial vs an-
nual growth habit and asexual vs sexual reproduction;
Table 1). As we will describe in the following sections, the
promise of genomic studies in this compelling study sys-
tem is now being realized, and answers to numerous
ecological and evolutionary questions will soon be within
reach due to the opportunities provided by newly emerging
genomic technologies.

Population genomics of teosinte

Evolutionary genomics of maize domestication

For much of the 20th century, the identity of the direct
progenitor of maize was actively debated (see [25,26] for a
summary). Genetic analysis of allozyme [27,28] and micro-
satellite data [15] largely settled the dispute, convincingly
demonstrating a single domestication of maize in the Balsas
River Basin of southwest Mexico from the teosinte paruvi-
glumis. One riddle in the geography of maize domestication
remained, however: maize landraces (i.e., varieties grown by
local farmers) most genetically similar to parviglumis were
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Box 1. The pan-Zea genome
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Early studies in maize were the first to physically map genes onto
chromosomes and reveal the phenomenon of crossing over [76].
Subsequent cytological studies showed large-scale structural differ-
ences in Zea genomes due to varying heterochromatic knob content
and chromosomal inversions (T.A. Kato Yamakake, PhD thesis,
University of Massachusetts, 1975; [77]). Array- and sequence-based
analyses have also demonstrated substantial genetic and structural
variation across taxa [8,12,42,78]. However, the recent origin of the
genus [61] and gene flow among taxa [2], when combined with evidence
for structural variation [79,80], suggest that researchers will be able to
describe core and dispensable fractions of a pan-Zea genome [81].

A large-scale effort is underway to investigate low-copy genic
regions in Zea species. Currently, the high-confidence filtered gene
set of the 2.1 Gb maize genome (maizesequence.org; release 5b.60)
includes ~40 000 genes. Microarray data indicated that ~10% of
genes across Zea mays accessions were associated with structural
variants [82,83]; however, estimates from next-generation sequencing
of 103 Zea genomes suggested structural variation in as many as 70%
of genes and identified significant associations between variants and
phenotype [8]. Analyses of syntenic regions between sorghum and
maize have shown that genes with lower expression were more likely
to be lost, suggesting a potential mechanism behind observed
variation in gene content in inbred lines [70,83].

Extensive variation is not limited to the genic fraction of Zea
genomes. Cytological studies of repetitive elements [knobs, trans-
posable elements (TEs), centromere repeats], which comprise >85%
of the genome, have shown dramatic differences across Zea [80,84].
Sequence-based analyses, however, indicate that whereas indivi-
dual families of TEs have changed in abundance in recent history
[12], the relative frequencies of most TEs appear similar between
maize and its sister species luxurians [42]. Sequence analysis also
confirmed predictions [85,86] that chromosomal knob content
correlates positively with genome size within Z. mays, whereas TEs
account for genome size differences between Z. maysand Tripsacum
[8] (Figure 1). Fluorescent in situ hybridization has previously shown
visible differences in centromere repeat (CentC) abundance between
parviglumis and maize, and these differences can now be confirmed
and quantified using low-coverage, whole-genome sequencing (cf.
[42]).

Analysis of shared and non-shared genomic regions across Zea
individuals has begun to describe the core and dispensable fractions
of the pan-Zea genome [81]. The emerging picture is much more fluid
than previously expected, and challenges the notion of genome
conservation even at the intraspecies level (Figure Il). Because of its
great diversity, a pan-Zea genome could serve as a model for
studying genomic evolution.
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Figure . Genomic content of different classes of structural elements in maize and its relatives. Genome size, represented as a line graph, is plotted on the left axis.
Repetitive element abundance was standardized against maize. B73 was used as the single reference line for maize, whereas parviglumis (n=9) and mexicana (n=2) are
averages. A single Tripsacum dactyloides individual was also used. Data for the figure were obtained from [8].
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Figure Il. Fluorescence in situ hybridization in two closely related Zea taxa, parviglumis and mexicana. Chromosome number is indicated on the upper axis, and
homologous chromosomes are shown. Karyotype probes include: 180 bp knob (blue), TR-1 knob (pseudo-colored white), CentC and subtelomere 4-12-1 (green), 5S
ribosomal gene (yellow), Cent4 (orange), NOR (blue-green), and TAG microsatellite (1-26-2) and subtelomere 1.1 (red). Regions of overlapping probes exhibit a
corresponding color change [84]. Reprinted, with permission, from [84] (S. Karger AG, Basel).
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Figure 1. Ecological and taxonomic diversity of Zea. The wild Zea are distributed across a wide climatic range of (a) temperature and (b) precipitation. (¢) Within-taxon and
between-taxa variation has also been observed in traits such as flowering time (summary based on data from [62]). (d) Phylogeny of Zea based on ~1000 SNPs from across

the genome (data from [65]).

from the Mexican highlands, where parviglumis is not found
[15]. This contradiction was recently resolved using a size-
able panel of single nucleotide polymorphisms (SNPs) typed
in parviglumis, mexicana, and landraces from across the
Americas [29]. Parviglumis and mexicana were less differ-
entiated from each other than either was from maize,
and much more admixture was found between maize and
mexicana than between maize and parviglumis. Somewhat
counter-intuitively, introgression from mexicana was
shown as the likely cause of the genetic similarity between
highland maize landraces and parviglumis. In contrast to

comparisons with parviglumis, when inferred allele fre-
quencies of ancestral maize were compared to extant maize
landraces, the highest genetic similarity was found with
landraces from lowland West Mexico, the putative maize
center of origin [29].

In addition to these phylogeographic questions, evolu-
tionary biologists studying maize have been keenly inter-
ested in identifying the genes responsible for the radical
phenotypic transformation that occurred during maize
domestication. One of the more notable differences be-
tween maize and teosinte is plant architecture: whereas
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parviglumis often produces numerous lateral branches and
tillers (basal branches), maize typically possesses an un-
branched single stalk. Much of this disparity in plant
architecture is caused by the gene teosinte branchedl
(tb1), encoding a transcription factor that represses the
growth of axillary organs [30]. The causal polymorphism at
the ¢b1 locus has recently been shown to be a single
transposable element insertion in the upstream regulatory
region of tb1 that acts as an enhancer of gene expression
[31]. The allele that confers the maize phenotype was also
found to be segregating in some teosinte populations [31],
suggesting domestication has, at least in particular
instances, occurred from standing variation in the wild
progenitor ([32,33] for additional potential examples).
Maize is also strikingly distinct from parviglumis and
other teosintes in the structure of its female infructescence:
teosinte possesses numerous spikelets of disarticulating
seed that are covered in a hard protective casing (glume),
whereas maize produces a small number of infructescences
with naked grain bound to a cob, making it entirely depen-
dent on humans for propagation. Variation in grain expo-
sure has been shown to be largely due to a single locus,
teosinte glume architecture (tgal [34]). Several other do-
mestication loci controlling traits such as flowering time,
kernel weight and quality, and prolificacy (i.e., number of
ears) have been identified through a combination of top-
down (phenotype to selected genomic region [35,36]) and
bottom-up (selected genomic region to phenotype [37—40])
genetic approaches (see [41] for a contrast and discussion of
these approaches).

Genomic technologies are now revealing that domesti-
cation involved more extensive changes between maize
and teosinte than merely the fixation of alternative
alleles at a few large-effect loci. The availability of ge-
nome-wide resequencing data from over 100 teosinte,
landrace, and modern improved lines as part of the maize
HapMap2 project [8] has recently allowed a population
genomic analysis of maize domestication and improve-
ment [12]. This work identified extended regions of dif-
ferentiation throughout the genome, revealed patterns
consistent with stronger selection during domestication
(the transition from teosinte to maize landraces) than
during subsequent crop improvement (the transition
from open-pollinated landraces to modern inbred lines),
and identified several compelling candidate genes with
stronger signatures of selection than the canonical loci
tb1 and tgal [12]. Comparison of polymorphism data in
maize landraces and teosinte confirmed a substantial loss
(17%) of diversity during the domestication bottleneck,
but a genome-wide excess of rare alleles provided evi-
dence that diversity has begun to recover. A slower
recovery was found within genes, likely due to the effects
of purifying selection. Several genomic regions in maize
landraces showed signs of introgression from the high-
land teosinte mexicana, suggesting an important role for
gene flow during post-domestication maize diffusion. The
magnitude and level of variation of gene expression were
also shown to have changed significantly during domes-
tication [12] with substantial re-wiring of coexpression
networks in the maize transcriptome relative to parvi-
glumis [14]. The maize HapMap2 project also revealed
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large-scale, structural changes across the genomes of Zea
(Box 1). Pervasive structural variants (SVs) were identi-
fied as regions showing differences in the presence or
copy-number of segments of the genome. Finally, genome
size differences within the species Z. mays were found to
be caused by segregation of heterochromatic regions
known as chromosomal knobs [8], whereas between-spe-
cies differences (Z. mays compared to luxurians [42] and
the closely related taxon Tripsacum dactyloides [8]) have
been shown to be due largely to transposable element
content.

Introgression between teosinte and maize

Subsequent to domestication, teosinte populations have
persisted in both allopatry and sympatry with maize.
Hybridization between maize and teosinte is well-docu-
mented where they co-occur [43—45], but genetic barriers
to hybridization are also well known. At least three loci are
known to act as prezygotic crossing barriers between
maize and teosinte: teosinte crossing barrierl (tcb1) and
gametophyte factors (ga) I and 2 [46—48]. The biochemical

Box 2. Genetic tools for studying maize

Maize reference genome (maizesequence.org). The version AGPv2
assembly of cultivar B73 consists of 2.1 x 10° bases, defines 39 656
genes, and reports 63 540 transcripts with high confidence. The
genome sequence facilitates both full-genome resequencing of
teosinte lines and annotation, which are essential for evaluating the
functional consequences of observed genetic variation. The refer-
ence genome can also be used in expression analyses through read-
mapping of sequenced RNA.

Genotyping methods. The Illumina MaizeSNP50 single nucleotide
polymorphism (SNP) array [87] and Genotyping by Sequencing
(GBS) [88] can be used for high-throughput genotyping in teosinte.
Zinc-finger nuclease genome modification. Facilitates precise addi-
tion and disruption of target nucleotides [89], and could be used to
transfer, for example, teosinte alleles into maize genomes.

Databases and resources

Ac/Ds Tagging and Mu Insertion Databases (plantgdb.org/prj/
AcDsTagging and teosinte.uoregon.edu/mu-illumina/). These re-
sources list loci with potentially disruptive transposon insertions
and provide seeds of the corresponding maize lines [90,91].

CoGe (genomevolution.org). Tools for plant comparative genomics,
including well-known classical genes in maize, and sets of maize
orthologs syntenic with other grasses.

Genomaize (genomaize.org/). Hosts multiple tools for maize biolo-
gists, including a genome browser for nucleosome occupancy and a
web tool for in silico PCR.

Maize Transcription Atlas (plexdb.org). Describes gene expression
in 60 tissues and developmental stages for tens of thousands of
genes in the reference cultivar B73 [13].

MaizeCyc (pathway.gramene.org/gramene/maizecyc.shtml). Cata-
logs metabolic and transport pathways of maize.

MaizeGDB (maizegdb.org). Incorporates maize genetic data from
various public resources in a comprehensive database and genome
browser [92].

Maize Stock Center (maizecoop.cropsci.uiuc.edu). Collection of
maize genetic stocks, including information on known mutants.
Maize Transposable Element (TE) Database (maizetedb.org). De-
scribes hundreds of maize TE families and has been used to
estimate abundance of individual TE families in maize and related
taxa [8,42].

Panzea (panzea.org). Numerous databases of genotypic and pheno-
typic data for association mapping and evolutionary analyses.
QTeller (qteller.com). A tool to summarize function, expression, and
synteny information from maize genes in a given genomic interval.
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mechanism underlying the action of these loci remains Hybridization barriers may dramatically limit the rate
unclear, but alleles conferring incompatibility at gal and  of gene flow, but theory predicts that if particular combina-
tcb1 appear to be present at higher frequency in mexicana tions of genotypes show increased fitness, introgression
than in parviglumis populations [48]. can occur despite barriers to gene exchange [49]. Recent
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Figure 2. Discovery process from population genomics in teosinte to crop improvement in maize. Natural variation among wild teosinte populations can be used to identify
genetic variation that correlates with environmental variables. Further, common garden experiments, maize mutation databases, and tissue-specific expression data can be
used to identify genes potentially underlying adaptation to the environment. Finally, causative variants can be transformed into maize to verify phenotypic effects.

611



evidence suggests reciprocal introgression between the
partially incompatible subspecies mexicana and maize
may be a compelling example of such gene flow. Following
its domestication in the lowlands of southwest Mexico from
parviglumis, maize diffused to the highlands of the Mexi-
can Central Plateau where it encountered dramatically
different environmental conditions and came into sympat-
ry with the highland teosinte mexicana. Modern highland
maize and mexicana share multiple phenotypic traits (e.g.,
abundant macrohairs and leaf pigmentation [45]). This
shared morphology has been attributed both to introgres-
sion from maize into mexicana conferring crop mimicry [50]
and to mexicana introgression into maize conferring high-
land adaptation [51]. The application of molecular markers
has revealed considerable evidence for gene flow in both
directions, suggesting that as much as 20% of the genome
of highland maize is derived from mexicana and approxi-
mately 10% of the mexicana genome is derived from maize
[29].

Recent work has taken advantage of the availability of
genome-wide SNP typing to evaluate the genomic imprint
of introgression in sympatric populations of highland Mex-
ican maize and mexicana [52]. Numerous genomic regions
of introgression were identified in both directions of gene
flow, but domestication loci appeared to be particularly
resistant to introgression. Interestingly, regions of mexi-
cana-to-maize introgression were shared across popula-
tions, suggesting either ancient gene flow or multiple
independent introgression events at the same loci. These
shared regions of introgression from mexicana into maize
were found to colocalize with previously identified QTL for
highland traits [53], suggesting a possible role for mexi-
cana in conferring maize adaptation to highland condi-
tions. A growth-chamber experiment simulating highland
conditions, and including maize populations with and
without mexicana introgression at these shared loci,
showed significantly higher leaf sheath macrohair counts,
extent of pigment, and plant height in populations with a
high frequency of mexicana-to-maize introgression [52].

Local adaptation in teosinte

Local adaptation occurs when resident genotypes have
higher fitness than genotypes from other locations [54].
Currently, there are only a handful of examples in which
the genetic basis of local adaptation is well understood.
Because of their sessile nature, plants are particularly well
suited for studies of local adaptation [19], and genome-wide
data have recently been analyzed in plant populations
across wide geographic ranges [55,56].

Among the teosintes, mexicana and parviglumis are the
best candidates for studies of local adaptation. Both have
widespread geographic distributions (Figure 1a,b) consist-
ing of hundreds of distinct populations [2,20,57] that dis-
play varying levels of genetic differentiation [2,58], from
very fine-scale structure (Fgr: 1-2%) within a site [59,60] to
more pronounced differentiation between subspecies (Fgr:
~15% [61]). Populations of parviglumis and mexicana also
span a wide climatic range of temperature and precipita-
tion (Table 1). Phenotypically, these subspecies are differ-
entiated based on the smaller spikelets and fruitcases
and more open tassels of parviglumis in comparison to
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mexicana [16], and by the hairier leaf sheaths and higher
pigment content found in mexicana [53]. Within subspe-
cies, individual parviglumis and mexicana populations are
known to vary in several morphological and phenological
characteristics [57,62,63]. It is not yet clear whether popu-
lation-level phenotypic differences are due to local adapta-
tion or if they are instead byproducts of genetic drift.

Recent studies have investigated the molecular varia-
tion underlying local adaptation in teosinte. A study of
variation in plant immunity genes across six parviglumis
populations found little evidence for widespread geograph-
ically variable selection, but did observe diversity patterns
suggesting localized natural selection in the gene wipI
[64]. The wip1 gene product, a protease inhibitor, is known
to interfere with the dietary proteins of insects, and selec-
tion at this locus could represent local adaptation to her-
bivory. A second study of SNP diversity in mexicana and
parviglumis identified Invin, a 50 Mb chromosomal inver-
sion found segregating in 33 parviglumis populations [65].
The frequency of InvIn was shown to vary along an altitu-
dinal cline (i.e., a continuous gradient) and associate with
environmental and morphological characters. Such inver-
sions are predicted to be beneficial when they capture
locally adapted alleles or when the breakpoints of the
inversions themselves are beneficial [66]. Most recently,
a genome-wide analysis of 36 719 SNPs typed in 10 mex-
icana and 11 parviglumis populations identified candidate
loci underlying local adaptation [67]. Contrary to previous
findings in Arabidopsis thaliana [56], enrichment of non-
genic SNPs was found among candidates, in line with the
observation that a substantial proportion of phenotypic
associations in maize are found in noncoding regions [8]. In
addition, several newly identified inversion polymor-
phisms showed an excess of differentiation among popula-
tions and subspecies, together with enrichment for
association with environmental variables such as temper-
ature and altitude. The complexity and size of the Zea
genome (Box 1) may provide ample opportunities for such
large-scale chromosomal rearrangements to occur. Finally,
the study revealed that factors such as hierarchical popu-
lation structure and uneven distribution of environmental
variation can bias detection of locally adaptive loci based
on a single statistical method, underscoring the impor-
tance of utilizing multiple approaches.

Concluding remarks and future prospects

The teosintes provide opportunities to examine many com-
pelling questions at the genome level using the vast number
of resources developed in maize (Box 2). As the cost of high-
throughput sequencing continues to decrease and de novo
reference-assisted assembly becomes commonplace in teo-
sinte, genomic studies can move farther beyond maize,
delving more deeply into the evolutionary histories of these
taxa. For example, the species luxurians and nicaraguensis
are uniquely adapted to the flooded and coastal conditions of
Central America. Unlike other teosintes, these taxa develop
aerenchyma (air channels that allow gas exchange between
submerged and above-water organs of a plant) both in
flooded and non-flooded conditions [68], and multiple QTL
have already been identified for this trait [69]. Past studies
have suggested potential hybridization between these



teosintes and local maize landraces [50,51,61], and addi-
tional field and genome-wide analyses should assess evi-
dence for adaptive introgression for flood tolerance in
landraces at loci encoding these traits.

The teosintes also provide an excellent system in which
to study the genetics of speciation. The genus appears to
have radiated relatively recently, and shared polymor-
phism and ongoing gene-flow are evident across species
[61]. Perhaps of greatest interest would be field-based
studies of local adaptation (e.g., development of near-iso-
genic lines and reciprocal transplant experiments), incipi-
ent speciation, and admixture between parviglumis and
mexicana. These subspecies appear to have diverged only
recently, but already exhibit locally adaptive phenotypes,
and gene flow between them is limited to a narrow hybrid
zone [2,67]. Studies of gene flow and reinforcement within
this zone could shed light on the process of divergence in
these subspecies.

A further potential topic of investigation in Zea is the
recent autopolyploidization (within the last few hundred
thousand years [24]) of perennis. Investigation of the more
ancient polyploidization event ancestral to all of Zea has
shown that genome fractionation has been biased toward a
single subgenome and is ongoing, distinguishing even
modern inbred maize lines [70]. Perennis presents an
opportunity to investigate incipient fractionation/diploidi-
zation in natural populations by utilizing newly developed
resources to assess genome-wide patterns of gene expres-
sion, DNA methylation, and deletion.

Genomic resources could also be brought to bear on the
evolution of the perennial life-history in diploperennis and
perennis, a feature that distinguishes these species from
the remaining annual Zea taxa. A previous QTL investi-
gation of diploperennis and parviglumis did not find large-
effect loci controlling traits associated with perennialism,
and very few genes were linked to the evolution of the
perennial growth habit [71]. Full genome resequencing
may allow population-genetic-based assessment of selec-
tion, but it seems likely that increased marker density
would be better exploited by multiparent mapping popula-
tions (e.g., [72,73]) of annual/perennial taxa that can take
advantage of a large number of recombination events to
provide increased resolution. Full transcriptome patterns
of gene expression would also provide valuable data
for identifying loci involved in the contrasting growth
habits across Zea. Once these full-genome data are gener-
ated, and we have a better idea about the loci involved in
Zea perennialism, many fascinating ecological and evolu-
tionary questions can be investigated. For example: do
genes associated with perennialism explain the capacity
of these species to tolerate conditions outside the normal
growing season of the annual Zea (e.g., cold-tolerance or
drought-resistance loci)? To what degree is there overlap
with the pathways and orthologous genes involved in
perennialism in closely related taxa such as rice and
sorghum?

Although several fascinating evolutionary questions can
be addressed within Zea on a species-by-species basis, the
genus as a whole can also be seen as an ideal study system
for investigating broader and potentially far-reaching
topics. For instance, Zea genomes are more representative
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than the genomes of most current angiosperm models in
that they are comprised primarily of repetitive elements
[transposable elements (TEs), microsatellites, and centro-
mere and chromosomal knob repeats] [74]. Within Zea, the
evolution of repetitive elements can be studied over hun-
dreds of thousands of years, revealing epochs of TE trans-
position, the expansion and contraction of knob and
centromere repeat arrays, and the structural and functional
roles of this largely ignored fraction of the genome. Zea
species also have a wide range of effective population sizes,
allowing comparisons of the efficiency of natural selection
and the effects of rare variants across closely related taxa.
Association studies in the wild taxa of Zea will also provide
greater resolution for the genetic architecture of complex
traits than is currently possible in their domesticated con-
geners owing to the increased number of recombination
events in natural populations and the rapid decay of linkage
disequilibrium [8].

Finally, much of the proposed evolutionary genomic
work in the teosintes could feed back into the improvement
of maize (Figure 2). For example, temperature-related
highland adaptation loci could be important for maize
breeding in the face of climate change, flood-tolerance loci
identified in introgression or continued QTL studies of
luxurians and nicaraguensis could help mitigate crop
losses due to flooding [75], and genomic studies of diplo-
perennis and perennis may facilitate the development of
perennial maize, a resource that could potentially reduce
inputs and prove particularly useful in agroecosystems of
the developing world. In this way, the model/non-model
gap will be bridged not only through application of maize-
derived technologies to teosinte, but also through valuable
contributions from the rich evolutionary past of Zea to the
future of maize.
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