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Wild Relatives of Maize Creck o

Carlos I. Cruz-Cardenas, Moisés Cortés-Cruz, Candice A. Gardner,
and Denise E. Costich

Abstract Crop domestication changed the course of human evolution, and
domestication of maize (Zea mays L. subspecies mays), today the world’s most
important crop, enabled civilizations to flourish and has played a major role in shap-
ing the world we know today. Archaeological and ethnobotanical research help us
understand the development of the cultures and the movements of the peoples who
carried maize to new areas where it continued to adapt. Ancient remains of maize
cobs and kernels have been found in the place of domestication, the Balsas River
Valley (~9,000 years before present era), and the cultivation center, the Tehuacan
Valley (~5,000 years before present era), and have been used to study the process
of domestication. Paleogenomic data showed that some of the genes controlling the
stem and inflorescence architecture were comparable to modern maize, while other
genes controlling ear shattering and starch biosynthesis retain high levels of vari-
ability, similar to those found in the wild relative teosinte. These results indicate that
the domestication process was both gradual and complex, where different genetic
loci were selected at different points in time, and that the transformation of teo-
sinte to maize was completed in the last 5,000 years. Mesoamerican native cultures
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domesticated teosinte and developed maize from a 6 cm long, popping-kernel ear
to what we now recognize as modern maize with its wide variety in ear size, kernel
texture, color, size, and adequacy for diverse uses and also invented nixtamalization,
a process key to maximizing its nutrition.

Used directly for human and animal consumption, processed food products, bio-
energy, and many cultural applications, it is now grown on six of the world’s seven
continents. The study of its evolution and domestication from the wild grass teosinte
helps us understand the nature of genetic diversity of maize and its wild relatives
and gene expression. Genetic barriers to direct use of teosinte or Tripsacum in maize
breeding have challenged our ability to identify valuable genes and traits, let alone
incorporate them into elite, modern varieties. Genomic information and newer
genetic technologies will facilitate the use of wild relatives in crop improvement;
hence it is more important than ever to ensure their conservation and availability,
fundamental to future food security. In situ conservation efforts dedicated to pre-
serving remnant populations of wild relatives in Mexico are key to safeguarding the
genetic diversity of maize and its genepool, as well as enabling these species to
continue to adapt to dynamic climate and environmental changes. Genebank ex situ
efforts are crucial to securely maintain collected wild relative resources and to
provide them for gene discovery and other research efforts.

Keywords Maize wild relatives - Crop domestication - Teosinte - Tripsacum -
In situ conservation - Ex situ conservation - Plant genetic resources

1.1 Introduction

All the rain gods participated in the project —the blue, the white, the yellow, and the
red gods- and in a final effort, Nandhuatl struck the mountain and made it release
its treasure. The mountains spilled out white corn, black corn, yellow corn, and red
corn (The legend of the Suns, Aztec mythology).

1.1.1 Origin of the Crop and Brief History of Use Worldwide

Domestication of maize (Zea mays L. ssp. mays) happened during the last
~9000 years before present (BP) from its wild relative grass teosinte (Z. mays ssp.
parviglumis H. H. Iltis and Doebley). This process took place in the Balsas River
Valley of southern Mexico (Matsuoka et al. 2002; Piperno et al. 2009), with subse-
quent introgression from Z. mays ssp. mexicana (Schrad.) H. H. Iltis and Doebley
into highland Mexican maize (van Heerwaarden et al. 2011).

Archaeological remains of maize cobs, pollen, starch grains, kernels, phytoliths,
and ceramics indicate early use of maize by at least 8700 years BP (Piperno et al.
2009; Ranere et al. 2009) and a widespread dispersal through the Americas, reaching
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Ecuador (6400-5000 BP), Peru (4800-4600 BP), Colombia (4745-4380 BP),
the Caribbean (1140-1350 B. P.), and Puerto Rico (3295-2890 BP) (Bonzani and
Oyuela-Caycedo 2006).

Following diversification in the Mexican highlands, maize was introduced to the
southwestern USA by 4000 BP, according to archaeological evidence from the tem-
perate highlands of the Colorado Plateau and the lowlands deserts of southern
Arizona (Vierra 2005; Huckell 2006), via the inland Mexican route (da Fonseca
et al. 2015). Soon after introduction in the southwestern USA, maize agriculture
was adopted by locals, whereas in the highlands, maize agriculture was initiated
between 2400 and 1800 BP, despite evidence of earlier presence of maize (Wills
1988; Huckell 2006; Cordell and McBrinn 2012). One theory attributes the differ-
ence in time of adoption for cultivation to insufficient adaptation of the early intro-
duced materials to the highland environmental conditions (Matson 1991).

The earliest evidence for the introduction of maize into the temperate northeast
of the continent is 275 AD (Ohio) and 460 AD (southern Ontario) (Hart and Means
2002). Using tree ring calibrated radiocarbon dating; Little (2002) found that maize
was introduced into the lower Hudson River valley around 1000 AD. Maize cultiva-
tion thus spread from west to east, evidenced by archaeological samples recovered
more frequently from New England that date to the period of 900 to 1500 AD
(Hart and Means 2002; Little 2002).

During the late 1500s AD, maize spread by various routes into Europe, Africa,
and Asia (Dubreuil et al. 2006; Rebourg et al. 2003) and during the 1600s AD into
Africa (McCann 2005). The spread of maize along a north-south axis, as opposed to
a west-east direction post domestication, was relatively slow due to the need to
adapt to local day length to initiate flowering (Hung et al. 2012).

Mir et al. (2013) proposed a preliminary overview of the global movement
of maize germplasm by analyzing 784 different landrace populations with 17
unlinked SSR molecular markers. Their results classified the maize germplasm
of the Americas based on their geographic origins into seven different groups
(US Northern Flints, Mexican highland, tropical lowlands, Andes, middle North
American, South American, and middle South American). By associating the levels
of similarity with other landraces from other continents, Mir et al. (2013) revealed a
migration route (Fig. 1.1). Previously documented diffusion of US Northern Flints
through Europe, from northern France eastwards, starting in the sixteen century was
confirmed, as well as their contribution to the Pyrenean-Galician landraces. A pre-
dominance of US Northern Flints in the admixed ancestry of Portuguese landraces
suggested a hybrid origin, and perhaps a second independent introduction of US
Northern Flint into Portugal, possibly via Portuguese expeditions in North America
in the early sixteen century. Middle Eastern and Eastern African maize introduc-
tions traced back to the middle North American maize germplasm, contradicting
previous reports of early diffusion of Caribbean maize through Southern Europe
into Egypt (ca. 1517) and onward throughout Eastern Africa (Porteres 1955).
The same source of maize was introduced to into northern China (Mir et al. 2013).

Traces of ancestry from the Mexican highlands cluster were found throughout
eastern Asia, along the coasts, suggesting maritime introduction(s), initiating in
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Fig. 1.1 Map of hypothetical major routes of global maize diffusion out of the Americas (Mir
etal. 2013)

Indonesia and diffusing northwards and toward Japan. The tropical lowland cluster
contributed to southern Spanish maize, in agreement with reports that Columbus
traveled back to Spain with maize from the Caribbean. The same ancestry was
found in Moroccan landraces, and in those of western Asia, from Nepal to
Afghanistan. However, tropical lowland ancestry decreases southeastwards through
Asia, where Mexican ancestry becomes predominant, suggesting that Asia was the
contact zone between these two diffusion routes (Mir et al. 2013).

The northern South American cluster was present as a second contributor to
southern European landraces, even exceeding the Tropical lowland ancestry in some
Pyrenean, Italian, southern Spanish, and Galician landraces. Some northern South
American and middle South American contributions to western sub-Saharan African
landraces were also identified (Mir et al. 2013). Finally, the Andean ancestral cluster
did not show clear evidence of direct diffusion out of the Americas. This may be due
to its relative geographical isolation from main trading routes and adaptation to
extreme high altitude conditions, as reported by Gouesnard et al. (2002).

1.1.2 Modern Day Use

Maize has emerged as a crop of global importance due to its multiple uses as a
human food, as a feedstock for livestock and bioenergy, and for important compo-
nents for industrial products, made possible by the unparalleled crop genetic diver-
sity that has supported adaptation to a tremendous range of agroecological conditions
and production challenges. The world’s most multipurpose crop, maize, serves as a
food staple for hundreds of millions of people in the developing world, feed for bil-
lions of livestock, and raw material for an increasing number of industrial and bio-
fuel uses. Cultivated on 222 million hectares (Mha) globally (FAOSTAT 2014),
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maize is fundamental to global food and economic security, and of immense histori-
cal and current cultural value, providing 20% of the total calories in human diets in
21 low-income countries, and over 30% in the 12 countries that are home to a total
of more than 310 million people (Anon Maize Phase II, CGIAR-Research Program
on Maize Anon 2016).

Globally, about 1016.73 million metric tons of maize are produced every year —
the highest among major staple cereals (FAOSTAT 2014). It is cultivated in 160
countries on all continents except Antarctica (Fowler 2006; Ben-Ari and Makowski
2014), and from 58 N latitude to 40 S, in tropical, subtropical, and temperate envi-
ronments, and from sea level to 3,800 m (Paliwal 2000; Farnham et al. 2003). The
leading countries for world production (percent) are the USA (35), China (25),
Brazil (7.7), Argentina (3.2), Ukraine (2.7), Mexico (2.5), India (2.2), and Indonesia
(1.8) (FAOSTAT 2014). Maize hybrids with increased production per unit area are
required to feed the world’s ever-growing population. The introduction of new
improved maize varieties into west and central Africa has moved more than one
million people per year out of poverty since the mid-1990s (Alene et al. 2009). Each
decade since the 1970s, global maize yield has increased, but yield gains have not
occurred in all areas and have actually decreased in some (Hengsdijk and Langeveld
2009). Globally, maize yields are increasing in 70% of the planted area (103 Mha),
stagnating in 26%, and decreasing in 3% (Ray et al. 2012, 2013). Some of these
increases reflect step changes as countries modernize production methods and tech-
nologies and do not necessarily indicate a permanent trend.

A recent study of genetic gain for US maize (Smith et al. 2014) showed the rate
of genetic gain increased compared to results from a previous survey conducted a
decade earlier. Duvick and Cassman (1999) show the proportion of yield gain due
to improved genetics increased from approximately 50% to 75%. If yield gains due
to improved farm management cannot keep pace with those of the past decades,
increasing the rate genetic gain to increase yield becomes more imperative (Cassman
et al. 2003; Lobell et al. 2009). Coupled with the need to improve sustainability of
global production, the demand for genetic contributions continues to accelerate.

A rich body of literature testifies not only to the importance and success of efforts
to increase maize productivity in the temperate USA over time but also to under-
standing the basis for these improvements. Duvick (1977) tested production of
popular hybrids grown over a period of 40 years at a range of plant densities, dem-
onstrating that hybrids were selected over time for increased yield and positive
agronomic trait performance under increased plant density, while individual plant
yield did not increase. There has been no published evidence that contradicts the
statement that yield on a single hybrid plant basis has not changed. Over the 40-year
period that spanned the transition from production of open pollinated varieties to
double-cross hybrids and then to single-cross hybrids, yield increases averaged
115 kg/ha/yr. (United States Department of Agriculture National Agricultural
Statistics Service (USDA-NASS) 2004). Duvick (2005) provides an excellent
review of the research conducted to examine the factors contributing to this prog-
ress, via improved agronomics, new breeding methods, and the interaction of the
two. Changing management practices, earlier planting dates made possible by
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increased abiotic stress tolerance and use of seed treatments, use of mechanized
harvest equipment, increased application of nitrogen fertilization, and an average
increase in plant density of 1000 plants/ha/yr. contributed to major technological
achievement. Major plant traits underwent modification in this period. Improved
root and stalk health and strength resulted in erect plants at harvest and reduced
lodging, which enabled mechanized harvesting. More upright leaf angles reduced
shading of lower leaves in the canopy, increasing photosynthetic capacity. Reduced
tassel size allowed more photosynthate to be partitioned to the ear. Improving stay-
green (delayed senescence) extended the grain fill period relative to the plant’s life
cycle. Improved biotic stress tolerance and selection for resistance to disease and
insect pests contributed to plant health and grain yield. The delay between time of
pollen shed and silk emergence, known as the anthesis-silking interval, decreased as
abiotic stress tolerance improved. Stronger silking under high density or drought
stress reduced grain loss due to poor grain fill. Selection against barrenness (failure
to produce an ear) under high plant density was important. These traits and more,
coupled with longer grain fill period and rapid dry-down at harvest, supported
increased production, movement of production areas to higher latitude environ-
ments, and increased global grain trade.

During the 1970s to the 1990s, research expenditures for maize increased,
devoted to integration and application of new biotechnology tools in plant breeding
and also to increased expenditures for more maize breeders, testing locations, and
numbers of yield test plots (Duvick and Cassman 1999). The trend in increased
research costs per unit of genetic gain for maize continued into the second decade
of the twenty-first century (Smith et al. 2014). This implies that “the marginal yield
increase per unit of research investment has decreased substantially over time”
(Grassini et al. 2013).

Over the past 20 years, the maize seed industry has become increasingly interna-
tional, with vast resources consolidated in and deployed by a few major international
companies in North and South American and in Europe. The public sector breeding
effort has simultaneously been reduced in scope. This is cause for concern, as the status
of genetic diversity deployed commercially vs. genetic vulnerability is unknown.

Society depends upon agriculture being successful over centuries and beyond,
and access to diverse genetic resources is key. The Rockefeller Foundation provided
support from 1945-1960 to collect races of maize representing the diversity of
maize grown across the Americas, which provide the main basis for characterization
and classification, including understanding comparative germplasm constitution
and phylogenies (Brown and Goodman 1977). The few racial complexes that have
attained global importance include the Mexican Dents, Corn Belt Dents, Tuséns,
Caribbean Flints, Northern Flints and Flouries, and the Catetos or Argentine Flints,
although additional races contribute regional importance (Goodman 1978).

Maize serves as a model organism for biological research worldwide. The genetic
discoveries of Barbara McClintock (1956, 1984) led to insights into the diversity of
the maize genome, the discovery of transposable elements, and the revolutionary
understanding that the genome is dynamic and subject to rearrangement essentially
continually generating new diversity. More than 50 years passed before the role of
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these elements in regulating genes was understood (Biemont and Vierira 2006).
Today’s technologies enable innovative research to understand gene function and to
capture traits from the wild relatives, which previously has not been possible. The
sequencing of the maize genome and publication of B73 ReGen_v1 (Schnable et al.
2009) marked a paradigm shift as genomic information became readily available for
researchers to use in both basic and applied endeavors to understand maize genetic
diversity and capture useful diversity for crop improvement and food security.
Today, we are well-equipped to conduct research to better utilize not only maize
landraces but also the wild relatives.

1.1.3 Challenges in Cultivation
1.1.3.1 Pests, Diseases, and Edaphic and Climatic Limitations

Mesoamerica and the northern part of South America are the regions where the
greatest maize diversity originated. The diversity of environmental conditions sup-
ported development of maize varieties well adapted to specific soil and climatic
conditions as well as to biotic and abiotic stresses. Cultural practices in the com-
munities where landraces are grown, which affect the production systems used and
the patterns of dietary consumption and ritual uses of maize, have been found to be
also closely correlated with patterns of maize diversification and variation (Louette
and Smale 1998).

Over its vast geographical distribution, maize encounters a large number of
diverse pests and pathogens during its life-span. Leaf blights and foliar diseases,
stalk rots, and ear molds that may or may not produce toxins, and an array of insects
that either directly cause economic damage or vector diseases, all challenge maize
production. Tropical landraces and inbreds from Africa and Asia typically offer
some level of resistance to diseases and insect pests endemic to those production
areas. Disease-causing organisms include viruses, bacteria, fungi, spiroplasma, and
mycoplasma, and other pathogens, all of which are under constant selection pres-
sure to evolve virulence alleles to overcome host resistance alleles. More than 50
viruses have been identified as infecting maize (Lapierre and Signoret 2004). At
least a dozen viruses from eight families cause significant agronomic problems in
maize worldwide (Louie 1999; Redinbaugh and Pratt 2008).

Worthy of considerable note among emerging diseases is maize lethal necrosis
(MLN) in sub-Saharan Africa, which can result in total yield loss. Estimated losses
of 126,000 metric tons occurred in 2012 in Kenya alone. First reported in September
2011 (Wangai et al. 2012a, b), MLN results from a coinfection of maize chlorotic
mottle virus (MCMYV) and sugarcane mosaic virus (SCMV) (Goldberg and Brakke
1987; Niblett and Claflin 1978; Uyemoto et al. 1980). It can be mechanically trans-
mitted by a number of insects, including maize thrips (Frankliniella williamsi,
Cabanas et al. 2013) and casual introduction into plant tissue via abrasion and seed
transmission (Jensen et al. 1991; Mahuku et al. 2015). Massive efforts have been
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undertaken to identify MLN-tolerant germplasm, and the genetics and inheritance
of MLN resistance is complex. Gowda et al. (2015) used genome-wide association
study (GWAS) and genome selection (GS) tools to examine a wide variety of maize
breeding program resources, including ones from African countries and from the
Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT), and identified
a series of single nucleotide polymorphisms (SNPs) localized to eight of the ten
chromosomes and six detected quantitative trait loci (QTLs). CIMMYT’s informa-
tion portal reports progress in development and release of MLN-tolerant germplasm
(http://mln.cimmyt.org/mln-resistanttolerant-germplasm/).

Late wilt of maize, caused by the fungus Harpophora maydis, is a soilborne and
seedborne fungus (Pésci and Németh 1998) considered to be an invasive species.
Important and known to occur in Egypt since 1963 (Samra et al. 1962, 1963) and
India (Payak et al. 1970), it has also been reported in Hungary (Pésci and Németh
1998) and in Portugal and Spain (Molinero-Ruiz et al. 2010). This disease presents
serious threats to global maize production, given the risks of pathogen movement
through contaminated soil and/or infested seed.

Finally, tar spot of maize appears to be increasing in impact in Mexico and
Central America and can cause estimated yield loss up to 30% or more (Hock et al.
1995). Tar spot predisposes the plant to subsequent infestation by other pathogens
and also reduces grain quality and the quality of fodder (Bajet et al. 1994). It is
caused by the interaction of two fungi, Phyllachora maydis and Monographella
maydis, and has been found historically at high elevations in cool, humid areas of
Latin America but has proliferated and spread to South American tropics and parts
of North America.

Other diseases such as common and southern rust have serious impacts as well.
Continual breeding effort is needed to overcome development of more virulent
strains and races of pathogens. There are landraces like Tuxpefio Crema, a subpopu-
lation of landrace Tuxpefio, from Mexico that is well known for its resistance to
tropical foliar diseases (Rodriguez et al. 1998). A popcorn landrace, Palomero
Toluquefio, was found to have resistance to the maize weevil, Sitophilus zeamais
(Arnason et al. 1994); this resistance may be due to biochemical composition, peri-
carp hardness, or both, which are genetically controlled. A few Caribbean landraces
were found to be tolerant to larger grain borer (Prostephanus truncatus) (Kumar
2002). There are Mexican maize landraces that offer various types of abiotic stress
tolerance; sources include Conico, Conico Nortefio, Bolita, Breve de Padilla, Nal
Tel, Tuxpefio (drought tolerant), Oloton (acid soil tolerant), and Chalquefio x Ancho
de Tehuacan cross (alkalinity tolerant) (Prasanna 2012). Some of the derived lines
from La Posta Sequia, an open pollinated variety developed by CIMMYT, are toler-
ant to both drought and heat stresses (Cairns et al. 2013).

1.1.3.2 Nutritional, Functional Use

The nutritional safety and health of people are vital requisites for the progress of
societies. Maize is a widely consumed and multipurpose crop that provides many
constituents required for human nutrition, including carbohydrates, fiber, protein,
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vitamins, and some micronutrients. It provides over 20% of the total calories
consumed in 21 countries and over 30% in 12 countries that are home to a total of
more than 310 million people (Shiferaw et al. 2011).

Maize landraces exhibit diverse grain colors, including white, light and dark yel-
low, orange, red, blue, and purple. Typical yellow maize contains many important
vitamins with the notable exception of vitamin B-12. Vitamin A, as provitamin A
carotenoids, and vitamin E, as tocopherols, are the predominant fat-soluble vita-
mins found in maize. Both carotenoids and tocopherols play important roles as anti-
oxidants among other functions (Kurilich and Juvik 1999). In humans, these
carotenoids have been implicated in preventing various eye and cardiovascular dis-
eases, as well as several types of age-related diseases, most likely via their role as
antioxidants and/or as regulators of the immune system. Even though carotenoids
are yellow-orange phytopigments, orange or yellow grain color is not necessarily
correlated with provitamin A concentrations due to variable accumulations in seed
coat, endosperm, and germ (Harjes et al. 2008). Consumption of orange maize has
been demonstrated to improve total body vitamin A stores as effectively as supple-
mentation (Gannon et al. 2014) and significantly improve visual function in margin-
ally vitamin A-deficient children (Palmer et al. 2016).

Other pigment molecules found in maize are anthocyanins. These flavonoid
compounds (cyanidin, pelargonidin, and peonidin) range from red to blue in color,
giving some maize varieties an almost black or red pigmentation (Boyer and
Shannon 1987). Flavonoids are not considered essential nutrients, but are strongly
recommended for optimal health due to their potent antioxidant behaviors (Gropper
et al. 2005).

Vitamin E constituents are found in significant amounts in maize seed (Grams
et al. 1970; Reiners and Gooding 1970). Water-soluble vitamins are found princi-
pally in the endosperm, although the highest concentrations are in the aleurone
layer. The process of nixtamalization (cooking maize with lime, heat, and/or pres-
sure) can change the composition of nutritional state and sometimes release com-
pounds with high nutritional value.

Significant advances have been made in genetic enhancement of maize for nutri-
tional value. Biofortified provitamin A maize is an example for an efficacious source
of vitamin A when consumed as a staple crop (Welch and Graham 2004). Exogenous
and endogenous fortification efforts to improve the levels of limiting amino acids,
provitamin A carotenoids, B vitamins, and trace minerals are gaining emphasis in
the battle against malnutrition problems in high-risk populations who rely on maize
as a staple food (Giuliano 2017; Muzhingi et al. 2017).

1.1.3.3 Anticipating Climate Change

As the planet warms, we are already seeing the impact of inconsistent weather pat-
terns and extreme weather events on global maize production. Ray et al. (2014)
noted that across the nine major grain belts of the globe, 41% of inter-year yield
variation was due to climate variability, and the percentage effect of climate vari-
ability on yield variability increased to 60—75% for the USA and China. The global
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movement of seeds, soil, and pests plays a significant role in the pace of develop-
ment of new production threats across global production areas. Modern genetic and
breeding technologies, coupled with big data analytics, will be necessary to assist in
identification of germplasm that may offer useful alleles from non-elite sources
such as the landraces and wild relatives. Important to enabling these processes are
systematic genotyping and phenotyping activities to document genetic resource per-
formance under a variety of edaphic and biologically challenging conditions. Maize
and maize wild relative germplasm must be available for these efforts, critical for
food security.

1.2 Maize Wild Relatives

Archaeological and Molecular Evidence Links Modern Maize to Its Wild
Relatives

The genus Tripsacum is the closest wild relative of Zea, and the genera have been
estimated to have diverged between 4.5 and 5.2 million years ago, based on com-
parative DNA sequence data and mutation rates per nucleotide under neutral selec-
tion (Hilton and Gaut 1998; Buckler and Stevens 2005). Tripsacum comprises
15-16 perennial species. Members of the genus are widely distributed in the
Americas, from northeastern and north central USA to Mexico and Central America,
the West Indies, and South America to Bolivia and Paraguay (Doebley 1983; Blakey
et al. 2007).

Hilton and Gaut (1998) estimated that the time of divergence between Z. luxuri-
ans (Durieu and Asch.) R. M. Bird and Z. mays ssp. parviglumis occurred at least
100,000 years ago. However, White and Doebley (1999) stated that estimates may
be inaccurate and depend upon improved knowledge of mutation rates for specific
genes; thus estimates must be validated by fossil records. They also provided a sum-
mary of divergence times as follows:

e The genera Zea and Tripsacum diverged between 2.3-2.6 m yr. and
4.5-4.8 m yr.

e The age of the Zea genepool is between 0.7 m yr. and 4.7 m yr., possibly between
l1.2and 1.4 myr.

* Z mays and Z. luxurians represent potentially the first phylogenetic divergence
within Zea and occurred approximately 700,000 yr. ago.

Considering the short span of time between divergence and domestication of the
genus Zea, it is not surprising that considerable diversity resides in the wild relatives
of maize, including both sister genera, Zea and Tripsacum (Smith et al. 2017).

Based on biochemical and molecular data, it has been shown that the domesti-
cation of maize took place in the Balsas River Basin in southwestern Mexico
about 9000 years B.P. and that Z. mays spp. parviglumis is the closest extant wild
relative of maize (Doebley et al. 1987; Doebley 1990a, b; Matsuoka et al. 2002).
However, in the case of landraces, which by origin are more similar to Z. mays
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ssp. parviglumis, their predominant distribution was in the Mexican highlands,
the natural habitat for Z. mays ssp. mexicana. Using single nucleotide polymor-
phisms (SNPs), van Heerwaarden et al. (2011) genotyped the Zea subspecies
parviglumis and mexicana and landraces from across the Americas demonstrating
that the two subspecies were less differentiated from each other than from the
landraces, identifying much more admixture between the landraces and Z. mays
ssp. mexicana than between the landraces and Z. mays ssp. parviglumis. These
results suggested that Z. mays ssp. mexicana had an important role in the adapta-
tion of maize to the highlands.

Further studies analyzed the morphological differences between maize and teo-
sinte. An example of this is the degree of apical dominance; Z. mays ssp. parvi-
glumis shows numerous lateral branches and tillers in contrast to maize, where the
plant is usually an unbranched single stalk. Doebley et al. (1997) identified the gene
responsible for the differences in plant architecture, feosinte branchedl (tb1), which
encodes a transcription factor that represses the growth of axillary organs. Studer
etal. (2011) demonstrated that a transposable element insertion in the upstream regu-
latory region of 7b1 locus acts as an enhancer of the expression of the gene. Using a
diverse array of teosinte populations, teosinte inbreds, maize landraces, and maize
inbreds in this study, the authors also found that the allele that confers the maize phe-
notype was segregating in some teosinte populations, suggesting that the process of
domestication acted on standing variation present in teosinte. The distal and proximal
components in the complex control region were found to contribute independently to
phenotypic traits such as tillering and also to internode length and cupules per rank.

Another example of contrasting phenotypes between maize, Z. mays ssp. par-
viglumis and other teosintes, is the structure of the female infructescence. Teosinte
presents numerous spikelets of disarticulating seeds covered by a hard protective cas-
ing (glumes), whereas maize produces only a small number of infructescences with
naked grains attached to the cob. This variation is explained by a single locus, feo-
sinte glume architecture (tgal) (Wang et al. 2005). Several other domestication loci
have been identified through different genetic approaches (Ross-Ibarra et al. 2007).

With the development of new genomic technologies, the understanding of the
domestication process in maize is improving. In two independent studies, Ramos-
Madrigal et al. (2016) and Vallebueno-Estrada et al. (2016) sequenced the genomes
of ancient cobs from the San Marcos caves in the Tehuacan Valley of Puebla state in
Mexico. Vallebueno-Estrada et al., returned to the original cave sites and discovered
additional specimens, dated about 5000 years old, and sequenced the genomes.
Their results identified modern maize variants of the loci tb1 and bt2 (brittle2, gly-
cogen biosynthesis, increasing the starch content and sweetness of the kernels), but
the locus tgal was a teosinte (Zea mays ssp. parviglumis) variant. Ramos-Madrigal
et al. (2016) sequenced the genome of the original cob discovered by the archaeolo-
gist Richard MacNeish in the mid-1960s and stored in a museum in Andover,
Massachusetts (Janzen and Hufford 2016). The sequencing results showed modern
variants of the loci #d! (related to inflorescence architecture), zmgl (circadian clock
and flowering time), bal (lateral meristem development), bt2, and rgal. They
also found the Zea mays ssp. parviglumis variants for the loci zagl/!I (related to ear
shattering), sul, and wx/ (starch biosynthesis).
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In both cases, the genome of the ancient cob was more closely related to modern
maize than to teosinte; however, genes related to the domestication syndrome were
different between modern landraces and improved maize lines (Allaby 2014;
Ramos-Madrigal et al. 2016). The results showed that the ancient genome had mul-
tiple loci selected at different points in time and that the domestication process of
maize was still on going.

Archaeological, botanical, and genetic evidence indicate that Z. mays spp. mays
was domesticated in the Balsas River Valley of southern Mexico from its wild rela-
tive, one of the teosintes (Z. mays spp. parviglumis). Extensive molecular analysis
indicated that maize arose through a single domestication event about 9000 years
BP (Matsuoka et al. 2002; Piperno et al. 2009). These same studies located the pop-
ulations of Balsas teosinte, considered to be the most closely related to extant maize,
at the intersection of the states of Michoacan, Guerrero, and Estado de México,
suggesting that maize diverged from an ancestral teosinte population in the Balsas
River Valley (Fig. 1.2; Matsuoka et al. 2002; Doebley 2004; Piperno et al. 2009).
Phytolith and starch grain evidence indicate that maize was present in the Balsas
River Valley by 8700 years BP (Piperno et al. 2009); however, the most ancient
Mexican maize specimens are two inflorescence fragments found in the Guild
Nagquitz cave from the highlands of Oaxaca, averaging 6,235 years BP (Piperno and
Flannery 2001; Benz 2001).

Unlike the specimens found in the Guild Naquitz cave, the materials found in the
San Marcos cave in the Tehuacan Valley of Puebla state are remarkably uniform and
present polystichous cobs, dating to between 5300 and 5000 years BP (Benz and
Long 2000). Morphometric examination of these specimens suggested that these
materials were fully domesticated since they showed morphological traits indistin-
guishable from those found in some extant landraces (Benz and Iltis 1990). The
changes in the cob architecture were considered the result of early efforts to gain
access to the grains (improved seed retention and harvestability) and increase pro-
ductivity. Recent paleogenomic studies on ancient cobs from the Tehuacan Valley
have shown that even some of the genes controlling the stem and inflorescence
architecture were comparable to modern maize, while other genes controlling ear
shattering and starch biosynthesis still retained high levels of variability, similar to
those found in the wild relative teosinte. As more paleogenomic information is
generated, using samples from different time periods, the shifting forces behind the
transformation of teosinte into maize will be elucidated.

1.2.1 Maize Crop Wild Relatives (CWR) and Their Genepool
Classifications

... no more useless grasses from the standpoint of human consumption could be devised
than the American relatives of maize. (J.H. Kempton 1937)

No one would disagree that the hard-coated, seemingly inedible, seeds of the
teosintes, at that time classified in the genus Euchlaena, and those of Tripsacum,
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Fig. 1.2 Map of the locations of the Guila Naquitz cave and the Tehuacan valley archaeological
sites (red circles) and with the modern distribution of the populations of Zea mays ssp. parviglumis
H. H. Iltis and Doebley from the Central Balsas River Valley (area outlined in blue)

bear little resemblance to the highly edible kernels of maize. This incongruity alone
generated decades of research and, at times, heated debates, about the origin of
maize and the identification of its extant wild relatives. As early as 1939, George
Beadle published a short review of the evidence — cytology and hybridization data —
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that supported the hypotheses of a very close relationship between maize and
teosinte and a more distant relationship between these taxa and the genus
Tripsacum. However, many were not convinced, and it was only when Beadle
returned to maize research in the 1970s (as a retired Nobel Prize winner) that he
was able to carry out the key experiments, based on simple Mendelian genetics,
that, along with the advent of molecular biology, started the paradigm shift in our
understanding of the genetic processes that led to the origin of maize as a domes-
ticated crop plant (Beadle 1972, 1980; Doebley 2001, 2004; Berg and Singer
2003). This continues to be a very active area of research, both biological and
archaeological, as described in the previous section. Here we describe the rela-
tionships among maize and its closest wild relatives, using the currently accepted
taxonomy [See recent reviews of Zea (Hufford et al. 2012) and Tripsacum (Blakey
et al. 2007)].

The two genera that form the genepool of maize, Zea and Tripsacum, comprise
subtribe Tripsacinae, tribe Andropogoneae, and subfamily Panicoideae of family
Poaceae (Grass Phylogeny Working Group 2001). They represent the genetic diver-
sity that is potentially available to the target crop species, either through direct
hybridization or artificial means, such as embryo rescue. All taxa are classified
based on the ease of genetic exchange with the crop (Harlan and de Wet 1971).
In Fig. 1.3, we present the genepools in a pyramid format, with maize (Z. mays ssp.
mays) at the apex, representing the primary genepool, all other taxa in the genus Zea
(the “teosintes”) as the secondary genepool, and all of the species in the genus
Tripsacum at the base of the pyramid, as the tertiary genepool.

Zea mays
subsp. mays

1° Genepool

Z. mays
subspecies:
parviglumis, mexicana,
2° Ge nepo O| huehuetenangensis
“Teosintes”

Other Zea species:

Annuals: luxurians, nicaraguensis
Perennials: diploperennis, perennis [4X]

3° Genepool Tripsacum - sister genus to Zea
[Widespread New World perennial, polyploid grasses]

Fig. 1.3 Genepool classifications of maize and its wild relatives
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Within the teosintes, we have split the three subspecies of Z. mays, all of which
are annuals and can readily cross with maize, from the other three Zea species, one
of which (Z. luxurians) is an annual and two of which, Z. diploperennis Iltis, Doebley
and Guzman and Zea perennis (Hitchc.) Reeves & Manglesdorf, are perennials, and
diploid or tetraploid, respectively. These three Zea species show increasing incom-
patibilities with maize, but all share the same base chromosome number, n = 10.

At the outer edge of the maize genepool, the tertiary level, the base chromo-
some number shifts to n = 18 in Tripsacum spp., all of which are perennials.
This difference in chromosome numbers provides an effective barrier to genetic
exchange between Zea and Tripsacum. However, a recent comparison of the maize
and diploid Tripsacum dactyloides L. genomes indicates that they contain very
similar gene contents, in contrast to major differences between the two in the com-
position and abundance of the transposable element families (Chia et al. 2012).
These results confirm that 7ripsacum is indeed part of the maize genepool but
that access to the abundant, potentially useful, diversity in Tripsacum for maize
improvement may only be attainable directly in the future via gene editing tech-
nologies (Smith et al. 2017).

Tripsacum species display considerable variation in ploidy level: a few are strictly
diploid, others show a range from diploid to tetraploid and, in some cases, pentaploid
and hexaploid, while still others are strictly tetraploid. The complexity of this ploidy
variation has still not been fully explored: in a survey of ploidy levels (2x, 3x, 4x,
5-6x) in 174 Mexican populations, 15 out of 37 ploidy level-taxon combinations
(41%) had never been reported before, and in more than half of the cases, the “new”
ploidy was triploid (Berthaud et al. 1997). There has been no subsequent investiga-
tion of this phenomenon in the 20 years since these results were published.

Ploidy level is intimately associated with the reproductive system of species in
the maize genepools. In Tripsacum species, all of the diploids are sexual, while the
polyploids exhibit facultative diplosporic, pseudogamous apomixis. This signifies a
complete breakdown of meiosis in the embryo sac and the development of embryos
that are genetically identical to the maternal plant. Endosperm development does
require fertilization by a reduced or unreduced sperm cell. Male meiosis is also
disrupted, resulting in 25% of the pollen grains with variable ploidy (Farquharson
1955; Burson et al. 1990; Leblanc et al. 1995). Despite this dysfunction, sexual off-
spring are produced on rare occasions by the apomictic polyploids (Grimanelli et al.
2003). This low level of sexual reproduction allows for gene flow among diploid
and polyploid species in areas of sympatry. This could account for the complex pat-
tern of overlapping and highly variable morphology seen in the centers of species
diversity in Mexico and Guatemala (Randolph 1970; Li et al. 1999; Springer and
Dewald 2004).

An interesting case that illustrates the commonality of the Zea and Tripsacum
genomes, as well as the complexities and consequences of the reproductive biology
in the group, is the species 7. andersonii J.R. Gray, a natural Tripsacum x Zea
hybrid (Talbert et al. 1990; Larson and Doebley 1994; Berthaud et al. 1997).
Diploid Zea luxurians was identified as the Zea parent, while triploid 7. latifolium
(2n = 3x = 54), the result of a hybridization between 7. latifolium Hitchc. (2x) and
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T. maizar Hern.-Xol. and Randolph (2x), is proposed to be the Tripsacum parent
(Berthaud et al. 1997). T. andersonii, commonly known as Guatemala grass, with its
abundant vegetative growth, has become a global forage success story (see Sect. 1.3).

1.2.2 Distribution/Habitat/Abundance

The center of diversity for both Zea and Tripsacum is Mexico and Guatemala.
Excluding the global distribution of maize, the main difference between the ranges
of the two genera is that Tripsacum is much more widespread than Zea (teosintes)
(see maps Figs. 1.4 and 1.5). Tripsacum species are distributed from the central and
eastern USA to Paraguay, growing from sea level to nearly 2,700 m in tropical and
subtropical forests, savannas, grasslands, dry scrubland, and temperate forests. The
only cold-tolerant taxon in the maize genepool is Tripsacum dactyloides, which
allowed it to expand its range to most of the central and eastern parts of the conti-
nental USA, as the glaciers receded. The distribution of the teosintes is restricted
to central Mexico, with scattered sites in Central America and a few sites in north-
ern Mexico (Fig. 1.5). In Mexico, the distribution of the teosintes has been
described in detail (Wellhausen et al. 1952; Sanchez-Gonzdlez and Ordaz 1987,
Wilkes 1967; Taba 1995; Sanchez-Gonzalez and Ruiz-Corral 1996), and most of

e Tripsacum

Fig. 1.4 Map of center of diversity and widespread distribution for Tripsacum L. in North America
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Fig. 1.5 Zea L. center of diversity and widespread distribution map in North America

the information regarding several species of teosinte has been updated by Sdnchez-
Gonzélez et al. (1998). It was estimated that about 20% of teosinte populations
remain uncollected in their potential areas of distribution. Despite this lack of
information, teosinte has been monitored more or less regularly, and the reported
distribution is considered to be accurate (Sanchez-Gonzilez and Ordaz 1987,
Sanchez-Gonzilez et al. 1998).

The genus Zea includes cultivated maize (Z. mays spp. mays) and its closest wild
relatives, the teosintes (spp. parviglumis and spp. mexicana, both present in Mexico
in the mesic low and middle altitude of southwestern Mexico and across the cooler
high elevations of the Mexican Central Plateau, respectively (Fig. 1.5), and spp.
huehuetenangensis, found only in western Guatemala). Additionally, the genus also
includes the species Z. diploperennis (diploid) and Z. perennis (tetraploid) both
perennial and narrowly distributed along the mountain slopes of western Mexico.
Finally, Z. luxurians and Z. nicaraguensis Iltis & Benz, annual, flood-tolerant spe-
cies, are present in southeastern Guatemala and the Pacific Coast of Nicaragua (Iltis
and Doebley 1980; Doebley and Iltis 1980).

The genus Tripsacum (L.) has its center of diversity in Mexico and Guatemala
and is widely distributed in Mexico and the USA; however, the species-level
classification is not always reliable due to weaknesses in the current taxonomy,
based entirely on morphology. For this reason individual species are not indicated
in the Tripsacum distribution map (Fig. 1.4). A fairly recent survey (1989-1992)
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described three groups of Tripsacum species in Mexico, organized by geography
(Berthaud et al. 1995, 1997). A more recent review of the genus (Blakey et al. 2007)
summarizes the current state of the taxonomy. A modern monographic treatment of
the genus is critically needed.

1.2.3 Utilization

1.2.3.1 Breeding and the Relative Importance of CWR
(Use to Date, Valuation)

The use of CWR for plant improvement has a variable record of success, depending
on the species and biological barriers. This notably includes maize, and the high
levels of genetic diversity known to exist in the wild relatives have been essentially
untapped for the improvement of elite maize germplasm. While studies indicate that
useful genetic variation in wild species can be introgressed and expressed in a maize
background, we are unaware of any commercial temperate maize production with
wild relative introgressions. Biological challenges in the form of abiotic or biotic
stress tolerance or novel applications may increase the need for access to expanded
genetic variation, and newer genetic technologies may ease the process of tapping
CWR variation for the development of high-performing varieties.

Hybrids between tetraploid perennial teosintes and maize have low fertility
and produce few viable kernels. Incompatibility factors can disrupt hybridizations
attempted using weedy types of teosinte as female. Three genetic systems conferring
cross incompatibility have been described in Zea: teosinte crossing barrier1-strong
(Tcbli-s) found in teosinte and gametophyte factorl-strong (Gal-s) and Ga2-s
found in maize and teosinte (Evans and Kermicle 2001; Kermicle and Evans 2010).

Teosinte may be a source of alleles for useful agronomic traits; it is often found
sympatric with maize and is thus subjected to the same biotic and abiotic stresses.
In fact, teosinte may also provide useful alleles for insect resistance, as reviewed by
de Lange et al. (2014). A gray leaf spot (GLS) study utilizing a population of more
than 900 near-isogenic lines (NILs) derived from multiple teosinte accessions intro-
gressed into a B73 background demonstrated that teosinte is a source of novel dis-
ease resistance alleles (Lennon et al. 2016).

Comparative genetic mapping in maize and Tripsacum has demonstrated sig-
nificant conservation of synteny between the two species (Blakey 1993) which is
also supported by studies of a translocation of Tripsacum sequence onto maize
chromosome 2 (Maguire 1962). Studies of Tripsacum addition lines of maize
(Galinat 1973) demonstrated that Tripsacum carried genomic blocks with domi-
nant loci able to complement multiple genetically linked recessive maize mutants.
The whole genome duplication (WGD) present in maize (Schnable et al. 2009;
Swigonova et al. 2004) occurred before the split of the Zea and Tripsacum lineages
(Bomblies and Doebley 2005; Chia et al. 2012). Fractionation of duplicate genes
from the Zea-Tripsacum WGD has been shown to be ongoing in the maize lineage,
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with some retained gene copies present in some maize haplotypes but missing from
others (Hirsch et al. 2016; Schnable et al. 2016). Therefore, it is likely that home-
ologous regions in the Tripsacum genome may have some degree of reciprocal gene
loss events relative to gene loss events in maize and thus contain ancestral maize
genes lost from the maize lineage.

Existing genetic and genomic resources for Tripsacum have largely been gener-
ated as outgroups for molecular evolution studies in maize (as reviewed by Blakey
et al. 2007)). As part of Hapmap2, 8x short-read shotgun data was generated from
Tripsacum (Chia et al. 2012), and additional lower pass genomic data generated for
several other Tripsacum species (Zhu et al. 2016). Pacific Biosciences (PacBio)
long-read sequencing was used to generate a set of full-length transcript sequences
from Tripsacum dactyloides. Data were generated using RNA isolated from three
vegetative tissues to increase the overall fraction of expressed transcripts sampled.
The same technology has been employed to generate full-length transcript sequences
in maize (Wang et al. 2016), enabling comparisons of transcript isoforms based on
full-length reads.

Previous analyses based on short-read data found that syntenic genes are more
than twice as likely to exhibit conserved alternative splicing patterns as nonsyntenic
genes (Mei et al. 2017a) but that in some cases alternative splicing had diverged
between maize homeologs with one copy retaining an ancestral splicing pattern
shared with sorghum (Mei et al. 2017b). Using data from orthologous genes in
maize, Tripsacum, sorghum, setaria, and Oropetium genus, a set of genes with
uniquely high rates of nonsynonymous substitution in Tripsacum was identified.
These genes are enriched among other genes which were also targets of selection
during the adaption of domesticated maize to temperate climates through artificial
selection. A metabolic pathway identified through this method, phospholipid
metabolism, has plausible links to cold and freezing tolerance and shows functional
divergence between maize and Tripsacum.

Resistance to biotic stresses in teosinte has been well documented. De la Paz-
Gutiérrez et al. (2010) found teosinte to be more resistant than maize to 66 genera
of insects. Nault and Gordon (1982) found Z. perennis and Z. diploperennis teosin-
tes to be resistant to several important viruses to which all other Zea tested were
susceptible. In addition, abiotic stress resistance is also easy to find in teosinte. Z.
luxurians, Z. nicaraguensis, and Z. mays ssp. huehuetenangensis (Iltis and Doebley)
Doebley all grow in areas that receive frequent rainfall and have been found to
possess unique flooding and waterlogging resistance (Mano et al. 2005; Mano and
Omori 2007, 2013, 2015). Examples of successful introgression of maize crop wild
relatives were summarized in Smith et al. (2017) and include: (1) resistance to gray
leaf spot from Z. mays ssp. mexicana (Lennon et al. 2016), (2) resistance to a range
of pests and diseases (de Lange et al. 2014), (3) resistance to the parasitic weed
Striga from Z. diploperennis (Rich and Ejeta 2008), (4) flooding tolerance poten-
tial from Z. diploperennis (Mano et al. 2013) and the mapping of a mechanism of
protection from waterlogging from chromosome 3 of Z. nicaraguensis (Watanabe
etal. 2017), and (5) a report from Wang et al. (2008a) that germplasm contributed
by teosinte (Z. mays ssp. parviglumis) was associated with higher yields in maize
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when evaluated at Jinan and Weifang, China. Reported uses of Tripsacum include:
(1) resistance to Striga (Gurney et al. 2003), to western corn rootworm (Prischmann
et al. 2009), and to common rust from 7. dactyloides (Bergquist 1981) and (2) resis-
tance to northern corn leaf blight from 7. floridanum Porter ex Vasey (Hooker 1981).

The potential of the genetic diversity stored in wild species banks for use in crop
improvement appears to be much greater than previously imagined. Recent increase
in the use of wild resources has occurred because of the recognition of the potential
utility of CWR for food security and the development of advanced biotechnologies
(Honsdorf et al. 2014; Langridge and Fleury 2011). The examples reviewed here
and in other studies (Brozynska et al. 2016; Ford-Lloyd et al. 2011; Hajjar and
Hodgkin 2007; Maxted and Kell 2009; Zamir 2001) demonstrate that there is a
wealth of genetic diversity retained in wild relatives of various crops, much of
which remains to be explored. The rapid improvement of biotechnological tools
such as diverse omics approaches has resulted in promising advances and no doubt
will become routine in plant breeding programs. Advanced biotechnologies, such as
genome editing and cisgenesis/intragenesis, are continuously being refined and will
accelerate the demand for and use of genetic diversity retained in CWR, contributing
to agriculture sustainability.

1.2.3.2 Desirable Characters: From the Perspective of Use

Rapid progress of advanced biotechnologies that can aid in bridging genotype-
phenotype associations will facilitate the use of CWR for crop improvement. Thus
far, a number of QTL and SNPs associated with agronomically and ecologically
important traits have been identified in wild species using linkage analyses, GWAS,
and combined analyses of “omics” approaches and linkage mapping.

Teosinte should offer useful functional variation to improve maize traits that are
not immediately apparent nor easily measured in a teosinte background, including
improved nutritional quality (Melhus 1948; Swarup et al. 1995; Wang et al. 2008b;
Flint-Garcia et al. 2009), productivity (Cohen and Galinat 1984; Magoja and
Pischedda 1994; Casas Salas et al. 2001; Wang et al. 2008b), and cross-incompatibility
factors, some of which are very strong and apparently unique to teosinte (Kermicle
2006; Kermicle and Evans 2010). Useful variation has been identified in teosinte and
incorporated into the domesticated gene pool via hybridization and backcrossing
and/or selection in a few cases. Research to date supports the further use of teosinte
to provide useful phenotypic variation for maize improvement. Despite arguments to
the contrary, it is also known that introgression occurs in maize via gene flow from
teosinte and is an ongoing process in the center of origin (Warburton et al. 2011;
Hufford et al. 2013). In addition, various desirable characteristics have been trans-
ferred into maize by substituting three of the maize chromosomes with three chromo-
somes from Z. perennis, which was achieved by creating a BCI1F3 generation of
maize perennial teosinte BC1F3 (Tang et al. 2005). Important agronomic traits, such
as male flowering, kernel number, and kernel weight, analyzed in teosinte NILs
resulted in the identification of extreme days to anthesis teosinte alleles and a QTL
for kernel number that does not segregate in maize x maize populations (Liu et al.
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2016a). It has been repeatedly cautioned that teosinte has been vastly underused for
the improvement of maize because the time and uninterrupted effort needed is very
high; however, the possibility of eventual discovery of unique and useful alleles is
great (Goodman 1998; Goodman et al. 2014).

The use of both wild Zea species and exotic maize landraces, the majority of
which are adapted to tropical and subtropical growing environments, is rare in
breeding programs despite their richer sequence diversity compared to elite temper-
ate maize germplasm. The Germplasm Enhancement of Maize (GEM) project is one
systematic and collaborative effort to move useful sequence diversity from exotic
germplasm (landraces) to elite temperate maize breeding populations (Salhuana and
Pollak 2006). The project has released >300 lines for public use since its incep-
tion (http://www.public.iastate.edu/~usda-gem/). Many other projects have also
used exotic sources to create populations and incorporate important traits, including
drought stress resistance (Meseka et al. 2013), nutritional characteristics (Menkir
et al. 2015), cell wall digestibility (Brenner et al. 2012), and aflatoxin accumulation
resistance (Warburton et al. 2013). Increased sequence variation in tropical maize
may be higher because a second bottleneck occurred when maize moved from
Mexico into more northern climates in the USA and also because gene flow between
tropical maize and sympatric teosinte continues to bring in new variation from maize
CWR (Warburton et al. 2011; Hufford et al. 2013). Appropriate tropical maize germ-
plasm could be used as a bridge between temperate breeding pools and maize CWR.

Researchers have suggested methods to introgress useful traits from teosinte into
maize breeding pools, including sequential backcrossing (Casas Salas et al. 2001),
joint multiple population analysis, GWAS, and GS via high throughput sequencing
and genotyping technologies (Sood et al. 2014; Baute et al. 2015). Generating large-
scale genomic information from cereal CWR is now much more economical than
ever, and much progress has already been made in sequencing and resequencing
CWR to date, including studies published by Brozynska et al. (2016). Using
sequence information to guide introgression for genomic regions known to be asso-
ciated with useful traits will improve the efficiency of this process, while minimiz-
ing linkage drag from outside of genomic regions of interest. This process must
minimize perturbing favorable linkage blocks in established heterotic patterns and
the yield potential of the resulting backcrossed progeny.

Maize wild relatives can be used less directly to tap the allelic diversity necessary
to incorporate new traits. If a beneficial allele can be found in an exotic source such
as landraces or wild species, the sequence information itself may be sufficient to
seek and identify the same allele in a more elite maize line and introgress it into the
elite breeding pool via marker-assisted backcrossing, thus reducing potential genetic
drag from wide crosses of unadapted germplasm or those with poor agronomics.
Alternatively, if this sequence diversity does not exist in elite maize breeding pools,
it may be possible to use the information from exotic sources to guide improvement
in the elite temperate genome. Once a precise genomic region is identified via
genetic mapping or other “omic” studies of landraces or wild species, the causal
mutation defining the beneficial allele from the exotic source can be characterized.
If the sequence change is small, this information can be used to improve elite breeding
lines via genome editing. The resulting improved line may be more acceptable to
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large private companies who must control the intellectual property rights associated
with the line.

Combining phenotyping of a large maize-teosinte introgression population and
high-density SNP genotyping could enhance our ability to understand the genetic
basis underlying morphological changes during maize domestication. Results from
different studies show that the maize-teosinte NIL population is very useful for
mapping genes and subsequent fine-mapping, as well as for introducing unique
alleles into the maize gene pool. Elucidating the genetic architecture of various
agronomic and domestication traits is essential to the positional cloning of impor-
tant genes and to providing resources for improving the yield potential of maize.

1.2.3.3 Challenges to Increased Use

Notwithstanding new techniques to edit and engineer genes and genomes, one eco-
nomical and efficient solution for the need for new sequence variation to continue to
improve crop species is to tap existing sequence variation that often already exists
in expanded gene pools represented in the CWR collections (Michael and Van
Buren 2015; Brozynska et al. 2016) and allow new diversity to evolve under natural
settings (Meilleur and Hodgkin 2004).

Several biological challenges impede more frequent use of wild Zea species or Z.
mays landraces in elite temperate maize breeding. These include photoperiod sensi-
tivity; division of tropical and temperate maize in their adaptation, and the fact that
most landraces and all CRW are tropical; carefully balanced heterotic patterns into
which most elite maize is assigned, and which introgression of exotic germplasm
would disturb; and the very high yield demanded by growers, which is generally
suppressed for a necessary number of generations by genetic drag during introgres-
sion. Introgression of a few genes, with a quick return to the background of the
recurrent parent, avoids the problems associated with a complete mixing. However,
since most agronomically important traits are under the control of many genes, this
may not be a viable breeding option unless a few QTLs or genes have a large effect
on the phenotype.

Maize breeders and plant breeders in general are often reluctant to introduce
sources of exotic germplasm into their programs since many deleterious alleles may
be introduced as well as a few valuable alleles. Initial screening of the aforemen-
tioned NIL population, in which exotic alleles are introgressed into an adapted
background (Liu et al. 2016b), can identify useful exotic alleles in a genetic back-
ground that can be more easily incorporated into breeding programs. For many, if
not most traits, the use of alleles from teosinte may not ultimately be necessary
since sufficient allelic resources exist within cultivated maize, a famously diverse
crop (Buckler et al. 2006).

The creation of genetic resources, and efforts to characterize and move traits
from maize CRW to elite breeding lines, such as the teosinte NILs created by Liu
et al. (2016a), ongoing work by the CIMMYT Seeds of Discovery program, the
teosinte GWAS studies being run by the Comisién Nacional para el Conocimiento
y Uso de la Biodiversidad (CONABIO), and efforts to conserve the CWR and other
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valuable maize germplasm should be well supported as a public good in order to
contribute to mainstream breeding and sustainable production.

Domestication greatly reduced genetic diversity in modern maize compared with
teosinte, a reduction that may ultimately limit maize productivity. It is nearly impos-
sible to directly identify traits in teosinte that may be used for maize improvement
because of extreme maladaptiveness of teosinte in temperate trials. The identification
of useful variation from teosinte can also be slowed by a lack of genetic resources
available to support the study of variation, particularly for quantitative traits that
cannot be estimated for breeding purposes in a teosinte background (including most
yield, ear, kernel, and plant morphology traits). However, the recent release of 928
near-isogenic introgression lines (NILs) from 10 Z. mays ssp. parviglumis acces-
sions in a B73 background provides an opportunity to measure the phenotypic effect
of teosinte sequence variation on cultivated maize (Liu et al. 2016a) and comple-
ments older teosinte-maize introgression resources (Briggs et al. 2007). Linkage
analysis of the newest NILs have already identified positive alleles from teosinte on
traits including male flowering time, number of kernel rows, and 50-kernel weight
in maize (Liu et al. 2016b). With the NILs, the gap between teosinte and maize is
narrowed, and it becomes feasible for modern corn breeders to identify and use
alleles that were lost during domestication.

Particularly for traits where sufficient sequence variation does not exist in the domes-
ticated gene pool, investment in the identification and transfer of new sequence variation
from CWR is long overdue. The consequence of a narrow genetic base in maize has
been tragically demonstrated in the past. The genetic base of commercial maize is
believed to have become much narrower as heterotic patterns have been refined over the
past 45 years, which may increase vulnerability to new epidemics and yield loss. Use of
genome selection and focused haplotype identification is driving further loss of genetic
diversity. Combined with changing weather patterns and less predictable maize growing
environments, the potential cost of loss due to increased genetic vulnerability is much
larger than the cost of investment in reducing genetic vulnerability.

1.3 Wild Utilized Species (Uses Other than for Maize
Improvement: Forage)

1.3.1 What Are They and Where and How Are They Used

T. dactyloides, or eastern gamagrass, has been used for forage and fodder in the
USA, where it has earned several endearing nicknames, such as, “queen of forages,”
“Cadillac of forages,” and “ice cream grass,” due to its high palatability and digest-
ibility (Blakey et al. 2007). Throughout the tropics, a type of Tripsacum, often called
“Guatemala grass,” has been used to feed livestock in various forms — pasture, hay,
silage, and green “cut and carry” fodder — often in former British colonies. There is
considerable confusion about the species name(s) for this germplasm. Even on the
Food and Agriculture Organization (FAO) website (http://www.fao.org), the informa-
tion for T. andersonii and T. laxum Nash is identical, “...since both names are used.”
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Both T. floridanum and T. dactyloides are used in xeriscaping in South Florida,
where both taxa are still found in natural populations. In its center of origin and
diversity in Mexico and Guatemala, 12 out of the 15—16 taxa in the genus Tripsacum
are found, but as of yet, there has been no significant development of the forage
potential of these grasses in the region.

1.3.2 Distribution and Habitat

Inthe USA, T dactyloides can be found growing in small colonies covering a region
from Connecticut west to Nebraska and across the south from Texas to Florida (see
Fig. 1.4). Moist areas, such as streambanks and floodplains, are common habitats
where T. dactyloides occurs in multiple ploidy levels within the same area, although
the diploid form is found primarily in prairie habitats west of the Mississippi River,
due to its greater drought tolerance (de Wet et al. 1982, 1985).

1.3.3 Potential for Expanded Use

Tripsacum species, primarily dactyloides and andersonii/laxum, are cited as having
many strengths, such as high forage quality and yield potential and tolerance to both
poor drainage and drought, but also some key limitations, including difficulties in
establishment, susceptibility to continuous grazing, and low seed production. Good
management practices, such as frequent cuttings, are strongly recommended [see Fact
Sheets at http://www.tropicalforages.info; Heuzé et al. 2015]. As the agronomic poten-
tial of Tripsacum is starting to be realized through its increasing use for pasture, forage,
and soil erosion control throughout the world (Springer and Dewald 2004), continued
improvement and development of the genus is predicated upon a strong commitment to
the preservation of natural populations and the development of germplasm resources.

1.4 Conservation Status of CWR and WUS

1.4.1 In Situ

Currently, there is no a national strategy for in situ conservation of wild relatives of
maize in either Mexico or Guatemala. Most of the efforts have been concentrated on ex
situ conservation and primarily for teosinte. The lack of in situ conservation poses a
risk to the wild genetic resources of maize and limits their potential utilization in breed-
ing programs. Occasionally, teosinte will be enclosed in a natural protected area; how-
ever it is not for a specific protection goal as these areas are targeting other species.
Figure 1.6 indicates Zea populations located within protected areas (Fig. 1.7).
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Fig. 1.6 Tripsacum L. distribution map for in situ conservation status in North America. All
Tripsacum individuals located inside and outside protected natural areas are shown
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Fig. 1.7 Zea L. distribution map for in situ conservation status in North America. All Zea indi-
viduals located inside and outside protected natural areas are shown
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Table 1.1 Teosinte germplasm collections in North America. Numbers of accessions reported in
GRIN-Global for USDA and CIMMYT collections (November 2017). Data for the University of
Guadalajara collection provided by D. J.J. Sanchez (November 2017); data for INIFAP provided
by Dr. G. Esquivel-Esquivel (November 2017)

University of
Species/subspecies Guadalajara | INIFAP |CIMMYT | USDA | All
Zea mays ssp. mexicana (Schrad.) H. H. 2901 283 111 253 938
Iltis and Doebley
Z. mays ssp. huehuetenangenis (Iltis and 197 198 84 130 609
Doebley) Doebley
Z. mays ssp. huehuetenangensis (Iltis and 1 7 8
Doebley) Doebley
Z. diploperennis Iltis, Doebley and 14 7 3 13 37
Guzman
Z. perennis (Hitchc.) Reeves and 7 4 2 10 23
Manglesdorf
Z. luxurians (Durieu and Asch.) R. M. 2 1 20 23
Bird
Z. nicaraguensis Iltis and Benz 12 1 13
Unknown 5 58 63
Total accessions 511 497 272 434 1714

1.4.2 Ex Situ
1.4.2.1 Status (Genebank Coverage and Gaps)

Only four genebanks in the world hold significant germplasm collections of the teo-
sintes (Z. spp. other than maize), and three of them are located in Mexico (Table 1.1).
The total number of reported accessions is 1349, but there is much redundancy
across these collections. Other than the two Mexican subspecies of Z. mays, most
taxa number very few collections, partly because their natural distributions are
restricted. Only the collections held at CIMMYT and USDA are freely accessible
to the public. Tripsacum germplasm is generally maintained as field-grown live
plants. Only four collections are known: CIMMYT, USDA (Woodward, OK, and
Miami, FL), and Instituto Nacional de Investigaciones Forestales y AgroPecuarias
(INIFAP [Verdineno Station, Nayarit, Mexico]). The USDA genebank maintains a
small number of Tripsacum accessions as seeds.

1.4.2.2 Current Activities (Exploration, Regeneration, Others)

CIMMYT is due to begin construction of a screen house dedicated to teosinte seed
regeneration in winter 2018. This facility will be built in the same experimental sta-
tion where the Tripsacum live collection is maintained. It is hoped that consolida-
tion of these CWR conservation activities in one site will bring about increased
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efficiencies and effectiveness and attract other institutions interested in regeneration
of their collections, in a site where controlled pollinations are assured. The USDA
regenerates a limited number of accessions each year in greenhouse conditions,
due to plant photoperiod and adaptation needs.

1.4.3 Suggestions on Ways to Improve Conservation

There is a need to identify those geographies where native populations are at
greatest risk. Collection for ex situ conservation and in situ conservation of priori-
tized CWR could be intensively focused in the geographic regions harboring the
greatest richness of taxa (Castafieda-Alvarez et al. 2016). Instead of focusing on
a single beneficial trait, the overall genetic provenance and adaptive value in each
CWR species should also be taken into account to prioritize CWR and guide effi-
cient and effective conservation strategies. Knowledge of the conservation status
(in situ and ex situ) of CWR and use of geographic and ecological variation metrics
as a proxy for gap analysis modeling can maximize the efficiency of conserva-
tion actions. Global initiatives (Dempewolf et al. 2014; Vincent et al. 2013) have
increased CWR conservation efforts and should be complemented by regional and
national actions (Meilleur and Hodgkin 2004). Collaborations between local insti-
tutions or organizations can help to build agreements for effective in situ or ex situ
conservation and foster sharing of wild resources. International CWR exchanges
and/or introductions could also greatly benefit the extensive conservation and
utilization of CWR.

Acknowledgement The authors would like to dedicate this chapter to the threesome who
collected and characterized many teosintes, under the acronym “WTS”- Wilkes, Taba, Sanchez.
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