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Any relative nutritional differences among the diverse maize (Zea mays L.) landraces traditionally maintained in the Greater
Southwest are little understood. In this article, we investigate a range of nutritional traits of five indigenous maize landraces in
the US Southwest based on different kernel endosperm types: pop, flour, flint, dent, and sweet. We present macronutrient and
micronutrient values for accessions of each landrace grown in the same environmental grow-out experiment. Macronutrient
values vary considerably across these endosperm accessions. Sweet and flour maize had higher values of fat and protein,
whereas dent had the highest carbohydrate content. Sweet and flour maize were comparatively the best sources of micronu-
trients. Sweet maize yielded the highest values of potassium, thiamin, and magnesium, and flour kernels had the highest ribo-
flavin and niacin content. These results indicate that the maintenance of diverse maize landraces had nutritional as well as
ecological, symbolic, and culinary value in both the past and today. Compared to modern commercial maize standards, tra-
ditional southwestern maize landraces had a somewhat higher caloric value, many had higher vitamin and mineral content,
and all accessions but dent displayed higher protein values. This suggests that southwestern maize-focused diets that included
diverse landraces may have been more nutritious than previously understood.
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Las diferencias nutricionales relativas entre las diversas variedades locales de maíz (Zea mays L.) que tradicionalmente se man-
tienen en el Gran Suroeste son poco conocidas. En este artículo, investigamos una variedad de características nutricionales de
cinco variedades autóctonas de maíz en el suroeste de los EE. UU. Basadas en diferentes tipos de endospermo del grano: roseta,
harinoso, pedernal, dentado y dulce. Presentamos los valores de macronutrientes y micronutrientes para las accesiones de cada
variedad local cultivada en el mismo experimento de crecimiento ambiental. Los valores de macronutrientes varían considera-
blemente entre estas accesiones de endospermo. El maíz dulce y el harinoso tuvo mayores valores de grasas y proteínas, mientras
que el dentado tuvo el mayor contenido de carbohidratos. El maíz dulce y el harinoso fueron comparativamente las mejores fuen-
tes de micronutrientes. El maíz dulce obtuvo los valores más altos de potasio, tiamina y magnesio, y los granos del harinoso
tuvieron el contenido más alto de riboflavina y niacina. Estos resultados indican que el mantenimiento de diversas variedades
locales de maíz tuvo valor nutricional, ecológico, simbólico y culinario tanto en el pasado como en la actualidad. En compara-
ción con los estándares comerciales modernos de maíz, las variedades locales tradicionales de maíz del suroeste tenían un valor
calórico algo más alto, muchas tenían un contenido más alto de vitaminas y minerales, y todas las accesiones, excepto el dentado,
mostraban valores de proteína más altos. Esto sugiere que las dietas centradas en el maíz del suroeste que incluían diversas var-
iedades locales pueden haber sido más nutritivas de lo que se pensaba anteriormente.
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Maize (Zea mays L.) is one of the most
important crops in the world today
(Nuss and Tanumihardjo 2010; US

Department of Agriculture and Foreign Agricul-
ture Service 2019). This Mesoamerican crop,
also commonly referred to as “corn”—a generic
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term for cereal grains in many parts of the world
—spread rapidly after it was introduced to Eu-
rope in the late fifteenth century. Maize/corn not
only constitutes a major source of food globally,
but it is now cultivated for domesticated animal
feed and is a valuable biofuel source (US Depart-
ment of Agriculture and Economic Research Ser-
vice 2019). Indigenous maize provides the
genetic foundation for all modern commercial
maize crops. The Corn-Belt dent varieties
grown commercially in the United States today
were developed from a combination of a Mexi-
can Dent landrace and “Northern Flints” that
are derived from indigenous US Southwest
maize landraces (Doebley et al. 1988; Swarts
et al. 2017). Although the productive capabilities
and nutritious properties of modern maize
hybrids are well studied (e.g., Watson 2003),
relatively little has been reported concerning dif-
ferences in the nutritional qualities of the diverse
maize landraces that remain the primary food
crops for several Indigenous peoples in the US
Southwest and northern Mexico.

Maize landraces are recognized and perpetu-
ated by Indigenous communities throughout the
Americas. For the purposes of this discussion,
the term “landrace” is considered equivalent to
“cultivated varieties” or “cultivars,” which can
be distinguished from one another based on
many traits. For maize, these traits include (a)
rates/timing of plant growth and development;
(b) plant phenotypic characters (plant height,
size of stalks and leaves, etc.); (c) moisture and
temperature requirements, such as the number of
frost-free days and accumulated growing-season
heat units needed to produce mature ears; (d) day-
length sensitivity/insensitivity; (e) ear size and
shape and the number of kernel rows; (f) kernel
color, endosperm type, and spacing between ker-
nel rows; and (g) average kernel (grain) yield per
ear or per plant (Adams et al. 2006). As will be
further discussed, other definitive traits of in-
digenous maize landraces include taste, ease of
processing, dependability, religious/ceremonial
requirements, and likely others that are important
to contemporary Native American groups.

The nutritional qualities of maize are influ-
enced by a complex array of genetic, environ-
mental, and cultural factors. Recent work has
begun to address differences in the nutritional

characteristics of traditional southwestern land-
races, particularly in terms of agronomic and ker-
nel color traits (e.g., Nankar et al. 2017; Ryu et al.
2013). Other studies have documented the nutri-
tional benefits of traditional maize alkaline pro-
cessing or nixtamalization (e.g., Bressani et al.
2002; Katz et al. 1974) and the mineral composi-
tion of traditional maize foods among the Hopi
Tribe (Calloway et al. 1974; Kuhnlein et al.
1979). However, no studies of traditional maize
landraces have systematically analyzed and com-
pared macronutrient and micronutrient values
across five recognized endosperm types—flint,
flour, pop, dent, and sweet—limiting our under-
standing of how the adoption and consumption
of diverse maize landraces contributed to the
health and well-being of communities in the
past and today.

The endosperm is the tissue within a kernel
that provides food for the developing embryo.
Flint, flour, pop, and dent maize kernels are
defined by their relative amounts of flour (soft,
white) versus flint (hard, corneous/translucent)
endosperm, and by the internal distribution of
these endosperm types within kernels. In
Figure 1, flour endosperm is bright white,
whereas flint endosperm is hard, translucent,
and yellow in color. Pop kernels appear as an
extreme form of flint kernels, with a thick, hard
outer layer surrounding a small internal portion
of starchy flour endosperm. At times, distinctions
between these types are blurred by kernels that
appear transitional between them, which are
characterized as having a “flinty flour” or “floury
flint” endosperm. True “dent” kernels, whose
hard endosperm is distributed on both sides of
a kernel, and whose interior flour endosperm
extends to the top of the kernel and “dents in”
as the kernel dries, are easily distinguished
from “dent mimics,” which are flour kernels
with sunken tops caused by incomplete kernel
filling when the growing season is short
(Adams et al. 2006:Figure 5c). Sweet endosperm
is of a completely different composition, having
a translucent and wrinkled appearance when
dried (Figure 1). This distinctive appearance is
the product of genetic mutations preventing
much of the sugar content in sweet kernels
from converting to starch with maturation (Stur-
tevant 1899). In this article, we use “sweetcorn”
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exclusively to refer to maize landraces with this
mutation and not as a reference to maize (of
any endosperm type) that is harvested in the
immature “green” or “milky” stage, which is often
also referred to as “green corn” or “sweetcorn.”

To situate this study of maize nutrition within
the larger context of historic diets and nutrition in
the US Southwest, we first review the research
history and current understandings of maize
landraces in prehispanic periods. We then review
recent agronomic and nutritional analyses of
indigenous southwestern maize landraces.
Finally, we draw on ethnographic and experi-
mental data to highlight the cultural and nutri-
tional importance of maize kernel color and
endosperm types and to address the nutritional
characteristics of traditional maize cuisines in
the US Southwest.

History of Maize Research and Landraces in
the US Southwest

The history of maize in the US Southwest has
long been of interest. The presence of maize in
an archaeological site suggests that ancient
groups either were farmers or were able to trade
goods or resources for maize. Domesticated
crops such as maize can provide subsistence
security and surplus production, which can sup-
port sedentary communities and eventually

more complex societies. The oldest-known
maize macrofossils have been reported from
Guilá Naquitz Cave (Figure 2) in southern Oa-
xaca, Mexico (Piperno and Flannery 2001; Smith
2005). Current evidence suggests that maize
reached the US Southwest a little over 4,000
years ago (Merrill et al. 2009). Although several
lines of archaeological data suggest that the
intensity of maize agriculture varied greatly
over space and through time across the US South-
west and northern Mexico (hereafter, the Greater
Southwest; e.g., Hard et al. 1996), available
human isotopic and coprolite data (e.g., Coltrain
and Janetski 2013) indicate that maize was the
dietary staple of groups in the northern US
Southwest by at least the Basketmaker II period
(500 BC–AD 400). By the Pueblo II and III pe-
riods (AD 1150–1300), maize likely provided
70%–90% of calories consumed by individuals
living in the northern San Juan Region (Matson
2016).

More indirect data concerning the prehispanic
production and consumption of maize comes
fromarchaeobotanists (paleoethnobotanists)who
report and describe maize macrofossils (ears,
cobs, kernels) and microfossils (pollen grains,
phytoliths, starch grains) from archaeological
sites. Over nearly a century, maize researchers
have made observations and measurements on
nearly 100 total traits of the ears, cobs, and

Figure 1. Distribution of endosperm in flour, flint, pop, sweet, and dent maize kernels. Kernel embryos are oriented to
lower right, and different endosperm types abut each embryo and fill the remaining space.
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Figure 2. Map of US Southwest and Mexico with site locations listed in text.
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kernels (Martínez and Adams 2008). One long-
standing goal of such studies has been to use
morphological traits reliably to make distinc-
tions between ancient maize landraces grown
by farmers so as to determine when each one
either entered the US Southwest from Mexico
or was developed in situ. Many landrace
traits cannot be determined in charred and bro-
ken archaeological specimens. Morphological
ambiguity is further compounded as the larger
parts of maize usually recovered from open
archaeological deposits are charred and there-
fore likely to have experienced shrinkage or
other distortions during burning (Goette et al.
1994; Stewart and Robertson 1971) and have
certainly lost their color. Overall, it remains
unclear which of the recommended traits are
best for characterizing maize landraces (Martí-
nez and Adams 2008), and more rigorous
empirical studies of indigenous maize landraces
are needed to determine which traits can be used
to make distinctions between specific maize
landraces in the past and trace out their histories
(Adams 2015).

Despite these limitations, two routinely
reported variables that are less likely to be influ-
enced by environmental factors or morpho-
logical changes during the carbonization
process are row number (the number of kernel
rows on a cob) and cupule width (a cupule is a
small pocket on a cob, which holds two kernels;
Adams et al. 1999). Current understanding of the
history of maize landraces based on morphomet-
ric surveys of these and other maize traits indi-
cate that the earliest Archaic-age farmers in the
Greater Southwest grew maize described as
“small-cob” varieties (e.g., Diehl 2005; Huckell
2006:105). These small-cob varieties are thought
to have had predominately flint or pop endo-
sperm types, which is supported by analyses of
ancient DNA (Jaenicke-Després et al. 2003;
Swarts et al. 2017). Between approximately
AD 700 and 900, several studies (e.g., Galinat
1970) document an influx of eight-rowed flour
endosperm into the US Southwest. Between the
twelfth and thirteenth centuries, floury endo-
sperm landraces appear to have become the dom-
inate landrace grown in much of the northern
Southwest (Doebley and Bohrer 1983; Oas
2019:116–118).

Uncarbonized maize collections, although
relatively rare, provide an important source of
information about maize landraces in the past.
Published descriptions of uncarbonized maize
samples provide a unique view into the diversity
of colors and endosperm types grown in the
Greater Southwest in various times and locations
(e.g., Cutler and Meyer 1965; Erwin 1934).
Descriptions of the diagnostic criteria used to
assign kernels to specific landraces, however,
have often been inconsistently reported, and
much work remains to acquire dates and fully
describe kernel and cob trait characteristics for
these collections. Ambiguity particularly sur-
rounds our understandings of the location and
timing of the in situ development or adoption
of sweetcorn. At present, there is only one pub-
lished, botanically verified (Erwin 1934)
example of prehispanic sweetcorn from Aztec
Ruin (LA45) that has been directly dated to cal
AD 1220–1280 (Baxter 2016:274).

Uncarbonized collections also hold the great-
est potential for understanding past landraces
through ancient genetic research (Nistelberger
et al. 2016). Recent analyses of ancient and mod-
ern US Southwest landraces provide important
insights into the environmental and nutritional
traits selected by farmers through time (da Fon-
seca et al. 2015; Jaenicke-Després et al. 2003;
Swarts et al. 2017). Kernel traits, including cer-
tain starch and protein properties, were among
some of the earliest traits selected by ancient
farmers and were present in 2,000-year-old
maize from Tularosa Cave (LA4427; Jaenicke-
Després et al. 2003). The later shift toward
floury maize production is also supported by
genetic analyses of ancient maize from Tularosa
Cave. Da Fonseca and colleagues (2015:2)
document the strong selection for starch traits
between cal AD 0 and 1250, with sugary1
(su1) gene showing a more than 60% decrease
in diversity in maize over time. As previously
noted, genetic analyses of Basketmaker II–
period cobs from Turkey Pen Ruin (42SA3714),
Utah (Swarts et al. 2017), document the presence
of primarily flint or pop varieties of maize, and
several Turkey Pen samples are suggestive of
high-carotenoid yellow and red kernel traits—
nutritionally significant traits discussed in the
following section.
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Agronomic and Nutritional Traits of Maize
Landraces in the Greater Southwest

Despite the diversity of indigenous maize land-
races in the US Southwest, these landraces have
only recently been described following rigorous
field studies by agronomists. In one study, a sin-
gle landrace of Tohono O’odham flour maize
was grown out under five different watering
regimes over a two-year period (Muenchrath
1995). Archaeologists were able to acquire
nearly 600 maize ears from this study, and they
reported that the amount of water via irrigation
and rainfall impacted 14 morphological traits of
ears, cobs, and kernels (Adams et al. 1999). In
another study, traditional Zuni blue flour maize
was grown in separate well-described farmers’
fields that were also monitored for a range of
growth and reproductive traits (Muenchrath
et al. 2002, 2017). A third agronomy study
aimed to establish baseline data on awide variety
of indigenous US Southwest maize landraces; in
2003–2004, controlled grow-outs of 155 US
Department of Agriculture (USDA) accessions
of Native American maize took place at the
New Mexico State University Agricultural Sci-
ence Center fields near Farmington, NewMexico
(Werth 2007). Archaeologists were able to har-
vest over 1,400 ears from 123 of these accessions
representing a diversity of maize landraces and
Native American farming groups spread across
the US Southwest (Adams et al. 2006). Archae-
ologists first organized the landraces visually
into four major morphological groups based on
10 ear and kernel traits. These morphological
groups were verified via multivariate statistical
analyses. Each morphological group contained
maize from Indigenous groups spread across
the Greater Southwest; for example, the land-
races with the largest ears were grown by Hava-
supai, Hopi (including Moencopi), Isleta,
Laguna, Navajo, Picuris, Taos, Tesuque, and
Zia farmers. The landraces with the smallest
ears were grown by Acoma, Hopi (including
Moencopi), Mojave, Navajo, Papago, Pima/Pa-
pago, Tesuque, Hualapai, and by groups in the Chi-
huahua, Sinaloa, and Sonora states in Mexico.
This controlled grow-out study clearly revealed
substantial overlap in maize morphological traits
between and among modern traditional maize

landraces grown by geographically and culturally
diverse Native communities.

Kernel color is both culturally (see below)
and nutritionally significant. Recent work has
addressed how environmental and genetic differ-
ences in kernel color affect the nutritional com-
position of traditional southwestern maize
landraces, specifically comparing carotenoid
and anthocyanin content in kernels of differing
landraces (Nankar, Dungan, et al. 2016; Nankar,
Scott, et al. 2016; Nankar et al. 2017; Ryu et al.
2013). Carotenoids, a group of yellow-to-red fat-
soluble pigments, play an important role in
human health (Johnson 2002). Yellow maize
kernels are often rich in carotenoids that contrib-
ute to higher values of provitamin A (substances
the body may convert to vitamin A) and that act
as disease-preventing antioxidants (Johnson
2002; Kurlich and Juvik 1999). Ryu and col-
leagues (2013) found high carotenoid levels
among several yellow- and orange-colored tra-
ditional southwestern maize varieties—for
example, “Yoeme Sweet” corn, with the highest
and lowest average carotenoid content associated
with pop and floury endosperm types, respect-
ively. Red, blue, or purple-black kernels that con-
tain high values of flavonoid anthocyanins are
rich sources of antioxidants and have beneficial
antimicrobial and disease-preventative properties
(Khoo et al. 2017). Analyses of anthocyanin
level in southwestern landraces indicate that
blue maize kernels contained the highest values
(Nankar, Dungan, et al. 2016), and that floury
and (to a lesser extent) flint endosperm types
contained the highest levels, whereas dent ker-
nels had the lowest levels (Ryu et al. 2013).

Protein levels also appear to vary by kernel
color and endosperm type. Several studies sug-
gest that traditional southwestern blue flour land-
races have superior protein value and quality
(Dickerson 2003; Nankar, Scott, et al. 2016;
Nankar et al. 2017). Although maize is generally
lacking in two essential amino acids—lysine
and tryptophan—Nankar and colleagues
(Nankar, Scott, et al. 2016; Nankar et al. 2017)
found that floury blue southwestern landraces
had higher lysine concentrations that were com-
parable to the opaque-2 (o2) and floury ( fl1
and fl2) mutant genotypes that have long been
used to breed maize varieties with higher lysine
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content (Azevedo et al. 2003; Mertz et al. 1964).
It remains unclear, however, the extent to which
the floury endosperm phenotype of southwestern
blue maize accessions shares a similar genetic
basis with these opaque and floury mutants. In
addition to genetic differences, cultural harvest,
storage, processing, and cooking practices also
have significant roles to play in the bioavailabil-
ity of protein and other nutrients in maize foods.
We address several of these practices from the
Greater Southwest in the following sections.

Cultural Significance of Maize Kernel Color

The motivations and benefits of maintaining
cultivar color are multifaceted and can be under-
stood along several lines, including ecological
(e.g., managing risk of agricultural failure),
ceremonial or social (e.g., symbolism, cere-
monial obligations), culinary (e.g., food prefer-
ences, dietary variety), and, as we argue in this
article, enhanced nutrition (Ford 1980; Rea
1997; Whiting 1939; Xolocotzi 1985). Farmers
and cooks in the Greater Southwest have care-
fully maintained a diverse range of maize
landraces for thousands of years. Traditionally,
great care is taken to not mix maize of different
colors at any stage of planting, harvest, storage,
and preparation (e.g., Castetter and Bell 1942;
Cushing 1920; Whiting 1939). Ethnographic
reports note, however, the practice of mixing
a few red—sometimes streaked or striped—
kernels with each maize planting for a variety
of desired crop benefits (Bohrer 1994:510–
511), possibly conferred by transposable ele-
ments ( jumping genes; McClintock 1950).
Overall, kernel color and (to a lesser degree) ker-
nel endosperm traits are relied on by planters and
cooks to guide the selection of different land-
races for their ecological, ceremonial, and culi-
nary properties.

Particularly well-documented among Puebloan
groups, the color of maize carries immense spir-
itual and symbolic significance. Maize prepared
in a wide range of forms (e.g., steamed cobs,
cornmeal, breadstuffs) in all colors are essential
parts of many ceremonials and social activities
throughout the year (e.g., Cushing 1920; Ford
1980; Parsons 1939). More generally, symbolic
associations between white, yellow, red, blue,

purple/black, and speckled maize and the major
recognized cardinal directions (north, south, east,
west, upper, lower) are maintained by Puebloan
and other groups across the Greater Southwest
(Castetter and Bell 1942; Ford 1980; Parsons
1939; Whiting 1939). White maize has espe-
cially important associations with the direction
east and the sun, and both whole cobs and prayer
meal of ground white kernels are ceremonially
important materials amongmany Puebloan groups
(e.g., Curtin 1968; Parsons 1939). Corn maidens
and kachinas are also often associated with spe-
cific colors or landraces of maize and different
colored wafer breads (e.g., Cushing 1920; Ford
1980; Parsons 1939). At Zuni Pueblo, Cushing
(1920:36) describes corn maidens as ranging
from eldest to youngest; yellow, blue, red, white,
speckled, black, and finally sweetcorn.

Historic and ethnographic sources provide a
limited view into the practices and perspectives
of the women who traditionally took responsibil-
ity for most food processing, storage, prepa-
ration, and cooking activities. However, color,
texture, and flavor of maize foods were central
to cuisine and factored directly into annual deci-
sions about the varieties of maize being grown
and prepared. In addition to selecting maize of
the correct color, numerous plant and mineral
additives were used by cooks to produce maize
foodstuffs in a range of colors. For example,
ethnographic accounts indicate that plants such
as pigweed (Amaranthus sp.) were used to
color a variety of maize dishes red and that
these plants were often cultivated or encouraged
in gardens for this purpose (Sauer 1950; Steven-
son 1915). Women also traditionally made a
range of alkaline solutions composed of slaked
limestone or culinary ashes that were used to cre-
ate or enhance a desired blue-green color in
numerous maize dishes (Beaglehole 1937; Cush-
ing 1920). Consequently, in the US Southwest,
not only are alkaline solutions recognized as
being useful in modifying the texture of foods
(i.e., striping the “skin” from kernels) when pre-
paring dishes such as posole or bread dough but
also are commonly used by cooks as food dyes.
For this reason, the alkaline processing of
maize in the US Southwest should be considered
not only with respect to its nutritional effects but
also as part of a larger suite of valued cultural
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food preparation practices (i.e., cuisine) that
allowed cooks to produce a variety of distinct
blue-green and other colored maize foods.

Cultural Significance of Maize Endosperm Types

Maize endosperm distinctions are also culturally
valued and recognized for having diverse stor-
age, processing, and culinary characteristics.
Sweetcorn landraces are frequently consumed
in the summer as green corn after roasting, parch-
ing, or boiling (e.g., Castetter and Bell 1942;
Cushing 1920; Elmore 1940). Pop kernels,
which explode when heated, are typically pre-
pared by toasting and parching and are often con-
sumed as a snack food (e.g., Beaglehole 1937;
Cushing 1920; Xolocotzi 1985). Given that pop
kernels are composed almost entirely of hard
corneous endosperm, they are most resistant to
predation by insects and small animals and ca-
pable of relatively long storage. Flint kernels
are also somewhat resilient to insect predation,
although they required much more labor and
appropriate technologies to process into flour
(Adams 1993). Flint kernels, however, are ideal
for stews such as hominy because the kernels
better retain their shape and texture after pro-
longed soaking and boiling (Briggs 2015). In
contrast, flour kernels must be carefully defended
from insects and other animals, and they are
prone to spoilage. However, traditional south-
western floury landraces are more suitable for
making maize breads because they are easily
ground and their starch pasting (cook time) and
gelatinization properties make them ideal for
tortilla making (Chimimba et al. 2019). Dent
kernels, composed of both flint and flour endo-
sperm, would offer the advantages of both.

Nutritional Characteristics of Traditional
Maize Foods

When added to maize batters and flours, tra-
ditional additives such as culinary ash sig-
nificantly improve the nutritional quality of
foods. Numerous studies have documented the
nutritional importance of the alkaline, or nixta-
mal, process of treating maize with an alkaline
solution either through the addition of culinary
ash (potassium or sodium hydroxide) or lime
(calcium hydroxide; e.g., Bressani et al. 2002;

Calloway et al. 1974; Katz et al. 1974; Serna-
Saldivar et al. 1990). Alkaline processing pro-
duces several desirable culinary and nutritionally
beneficial effects, including (1) facilitating the
removal of kernel pericarps and enabling starch
gelatinization, a critical texture change required
for producing breads such as tortillas; (2) inhibit-
ing or controlling the growth of harmful myco-
toxins; (3) dramatically increasing the calcium
content of maize foodstuffs; (4) acting as a
color “fixer” or enhancer for blue-green maize
foods; (5) increasing the bioaccessibility of nor-
mally bound nutrients in maize kernels (espe-
cially niacin); and (6) improving the quality of
protein particularly in terms the bioavailability
of essential amino acids lysine and tryptophan.
The last two are perhaps the most critical in
terms of benefits conferred to prehispanic diets.

The extent of these alkaline processing effects
depends to some degree on the amount of alka-
line material used, the extent of soaking in the
alkaline solution, and whether the maize is rinsed
or washed off after the alkaline solution is added
(Bressani et al. 2002). Decisions to retain or dis-
card processing and cooking water particularly
affect the mineral and water-soluble-vitamin
content of alkaline-processed maize foods.
Although traditional staple maize recipes such
as posole typically involve soaking maize in an
alkaline solution and then thoroughly rinsing it
(see Beck 2001), many of the traditional mush,
dumpling, and paper-bread recipes of groups in
the northern US Southwest involve dry-grinding
maize and adding the alkaline solution directly to
the batter prior to cooking (e.g., Beaglehole
1937; Cushing 1920).

The micronutrient content of maize foods also
varies depending on the specific alkaline recipes
and the technologies employed to process and
cook the maize. Analyses of culinary ashes tra-
ditionally used by the Hopi Tribe (Calloway
et al. 1974) made from green four-wing salt bush
(Atriplex canescens [Pursh] Nutt.) or bean
(Phaseolus sp.) vines indicate that these contrib-
ute substantially to the mineral content of foods,
particularly in terms of iron and zinc (Calloway
et al. 1974:206). Other important sources of min-
eral supplementation to consider include the use
of groundstone equipment (especially those
made from limestone), the chemical composition
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of local sources of salt, the use of limestone in
stone boiling maize, and even the chemical com-
position of ceramic cooking wares (Calloway
et al. 1974; Ellwood et al., 2013; Kuhnlein
1981; Kuhnlein et al. 1979).

In addition to alkaline processing, ethno-
graphic accounts and experimental studies sug-
gest that the consumption of green corn (which
may reference sweetcorn landraces or immature
field corn of other endosperm types) and the
consumption of corn fungus—or smut (Ustilago
maydis)—are also nutritionally advantageous
(Adams et al. 2015; Battillo 2018; Brenton
2003). Roasting or boiling harvests of green
and/or sweet maize are well documented ethno-
graphically among the Tohono O’odham, Hopi,
Navajo, Zuni, and other groups in the Greater
Southwest (e.g., Cushing 1920; Elmore 1940;
Rea 1997; Whiting 1939). In the US Southwest,
immature corn is also recognized as an important
early harvest maize food, available after all stored
crops and wild plant foods have been depleted
or totally used up (e.g., Bradfield 1971:6). In
higher-elevation areas, immature maize has
also likely been long consumed as a strategy to
reduce the risk of losing harvests to killing frosts
(Cushing 1920:204; Snow 1991:83–87). Green
corn refers to maize still in the “milky stage” and
entering the last stages of maturation. When
maize cobs and kernels have reached near full
size, the sugars within kernels quickly begin to
convert to starch, and the niacin present becomes
biochemically bound (Wall et al. 1987). Green
maize consumed when fresh or roasted, but
also when either boiled or parched and dried,
has a higher protein value and quality, and it
has greater bioavailability of niacin, potassium,
and other micronutrients (Carter and Carpenter
1982; Pak et al. 1975). Roasting also “fixes”
the sugar content in the immature kernels, pro-
viding a sweeter taste and further inhibiting the
growth of harmful microorganisms (Brenton
2003:23). Finally, the consumption of corn
smut, roasted on the ear, boiled, or ground with
dried maize is a widely recorded practice across
the US Southwest (e.g., Castetter and Bell
1942; Dahl 1990; Reagan 1929 Stevenson
1915). Corn smut, although inherently damaging
to some of a maize harvest, provides an excellent
source of high-quality protein, with lysine

content more than four times as abundant as
that found in maize protein (Batillo 2018).

Methods

We evaluated five samples of maize kernels
representing the five endosperm types, including
blue flour, yellow flint, white/yellow pop, white/
clear sweet, and yellow dent landraces of maize
(Figure 3; Table 1). The five landrace samples
were obtained from the Maize of American In-
digenous Societies (MAÍS) Southwest controlled
grow-outs at the New Mexico State University
Agricultural Science Center fields in 2004
(Adams et al. 2006; Werth 2007). These maize
accessions were originally provided by the
USDA Plant Introduction Station in Ames,
Iowa (see accession numbers in Table 1). By
using maize from the same grow-out-experiment
field location for this study, environmental vari-
ables (e.g., elevation, fertilization, photoperiod,
temperature, local precipitation, etc.) that were
found to significantly influence kernel traits in
previous studies (e.g., Ryu et al. 2013) can be
ruled out as contributors to differences in the
nutritional content of accessions examined for
this study.

For each of the five samples, 300 g of dried
kernels were shelled by hand for evaluation. Ker-
nels were selected only from cobs that held one
predominant kernel color. In addition, 50 kernels
of each sample were randomly selected and
bisected to verify endosperm type. All accessions
were submitted to the Food Product and Safety
Lab at the University of Arizona School of Ani-
mal and Comparative Biomedical Sciences, Tuc-
son, for biochemical compositional trait analysis.
Each sample of dried kernels was milled and
chemically analyzed to provide standard nutri-
tional panel information about macronutrients.
Fatty acid and protein components were deter-
mined using Association of Official Chemists
International (AOAC) official methods 920.39
and 979.09. Ash content was determined using
American Society for Testing Materials Inter-
national (ASTM) standard tests D2584, D5630,
and ISO 3451. Moisture content was determined
using AOAC approved method 950.46. Vitamin
and mineral contents were analyzed at Great
Lakes Scientific Laboratory, Stevensville,
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Michigan. Calcium, iron, potassium, zinc, and
magnesium were determined using AOAC–
approved method 985.35. Vitamin A content
was analyzed using saponification (Ball 2000)
and AOAC official method 2001.13 (modified),
whereas vitamin C content was analyzed with
high-performance liquid chromatography (HPLC;
Rizollo et al. 1984). B vitamins thiamin and
riboflavin were analyzed using AOAC official
methods 942.23, 981.15, and 970.65 (modified).
Niacin content was analyzed using AOAC
approved methods 944.13 and 960.46.

Macronutrients

Carbohydrates, largely contained in the kernel
endosperm, constitute the major chemical com-
ponent of maize kernels, followed by protein
and fat. Total carbohydrate content for each of
the five southwestern landraces averaged 80.4 g
carbohydrate/100 g of kernels (sd 3.51; Table 2).
Dent kernels yielded the highest carbohydrate
values, whereas the floury accession yielded the
lowest. The total carbohydrate content of each
of the southwestern maize accessions is slightly

Figure 3. Representative maize cobs of each landrace accession: (a) Santo Domingo Blue Flour, (b) Zia Yellow Flint,
(c) Acoma White/Yellow Pop, (d) Tesuque White/Clear Sweet, and (e) San Felipe Yellow Dent.

Table 1. Maize Accessions Submitted for Nutritional Analysis.

Endosperm Color USDA Plant Accession No. MAÍS Plot Number Provenience

Flour blue 219156 1028 Santo Domingo Pueblo
Flint yellow 218188 1039 Zia Pueblo
Pop white/yellow 218140 1012 Acoma Pueblo
Sweet white/translucent 218134 1006 Tesuque Pueblo
Dent yellow 218154 1026 San Felipe Pueblo
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higher than reported for the commercial USDA
standard. Among the five accessions, average
sugar content was 1.8 g sugar/100 g (sd 0.84).
Among the southwestern accessions, dent and
flint kernels had the lowest sugar content, and
the floury endosperm sample had the highest,
containing three times the sugar found in dent
and flint kernels.

Protein content for the five southwestern ker-
nel accessions averaged 10.4 g protein/100 g (sd
1.52). Dent had the lowest protein content,
whereas the flour kernels had the highest values
with a notable 12 g protein/100 g. Each south-
western accession, excluding dent, had higher
protein content than the commercial USDA
standard (Table 2).

Fat, contained as oil in the kernel embryo,
averaged 2.6 g fat/100 g (sd 1.82) for all south-
western maize accessions. Sweet and flour endo-
sperm kernels yielded the highest fat content,
with values comparable to commercial maize
varieties, whereas flint and dent kernels had the
lowest values. That sweetcorn yields the highest
fat content confers an unexpected dietary advan-
tage that makes early harvest roasted “immature”
sweetcorn even more nutritious than previously
understood.

Total calorie estimates for the five traditional
endosperm types averaged 388 kcal/100 g (sd
8.40). Dent and flint accessions yielded the low-
est caloric density, and sweet kernels had the
highest—400 kcal/100 g—due to their higher
fat content (fat provides more than twice the cal-
ories of carbohydrates per gram). All south-
western accessions yielded a higher energy
density than the approximately 360–365 kcal/
100 g value calculated for traditional Central
American and modern hybrid yellow and white
maize (Table 2; Leung and Flores 1961).

Micronutrients

Micronutrients are essential vitamin and mineral
substances that humans require in small quan-
tities for healthy bodily development and main-
tenance. Given that the body does not
manufacture them, these nutrients must be
obtained through diet. In this article, we analyze
the values of 11 micronutrients for each endo-
sperm accession (Table 2). We analyzed five

vitamins: thiamin (vitamin B1), riboflavin (vita-
min B2), niacin (vitamin B3), vitamin A, and
vitamin C (ascorbic acid). We also analyzed six
minerals: calcium, iron, magnesium, potassium,
sodium, and zinc. Table 2 provides additional
information on vitamins and minerals, noting
when a serving of maize provides more than
10% or 20% of World Health Organization
(WHO) recommended daily intake (RNI). Ad-
ditional methodological details for the RNI
calculations are available in Supplemental Text
1 and Supplemental Table 1.

Vitamins

In this study, we examined the content of three
water-soluble B vitamins—thiamin, riboflavin,
and niacin—substances that are largely concen-
trated in the endosperm and embryo of kernels.
The southwestern accessions averaged 0.55 mg
thiamin/100 g serving (sd 0.26), making each
landrace an excellent source of thiamin. The
pop kernels yielded the highest thiamin content
of the southwestern landraces—more than dou-
ble the values of other landraces and commercial
maize (Table 2). Riboflavin content was lowest
in the southwestern dent, flint, and pop kernels,
ranging from 0.05 to 0.1 mg riboflavin/100 g;
these kernel types contain the least amounts of
flour endosperm. Modern hybrid maize and the
southwestern sweet kernel accession had some-
what higher values (Table 2). Most notably, the
southwestern flour kernel had four times the ribo-
flavin content of both other southwestern and the
reported commercial standards: 0.8 mg ribofla-
vin/100 g. Niacin values across all southwestern
accessions averaged 1.45 mg niacin/100 g (sd
0.35), which are similar to those reported for
traditional maize varieties from Central and
South America (1.9 mg niacin/100 g; Leung
and Flores 1961) but lower than the USDA
standard (Table 2). Assuming full bioavailabil-
ity, only the southwestern sweet and flour kernel
accessions would be considered “good” (i.e.,
>10% RNI) niacin sources.

Vitamin C and A content was also examined.
As expected for cereal grains, none of the acces-
sions were significant sources of vitamin C. The
content of fat-soluble vitamin A in each of the
southwestern landraces was also lower than the
reported USDA standards for commercial
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maize. The results of this study are comparable to
the average levels previously published for trad-
itional southwestern landraces (Ryu et al. 2013).

Minerals

Most kernel mineral content (approximately
80%) is stored in the embryo of the kernel
(Earle et al. 1946). Maize, like many cereal
crops, does not provide a good source of dietary
calcium without additional alkaline processing.
Across each southwestern accession, calcium
values averaged 2.2 mg calcium/100 g (sd 1.1).
Dent kernels yielded the highest calcium content,
whereas flour kernels had the lowest. Each south-
western accession had lower calcium values than
reported for commercial maize (Table 2). Maize
does not contribute much dietary iron both
because of its relatively low values—averaging
1.72 mg iron/100 g (sd 0.38)—and because die-
tary iron is only available in the less bioavailable
nonheme form in plant foods (as opposed to the
heme form, which is available in animal foods).
The southwestern accessions had similar iron
content. Dent kernels yielded the lowest iron
values, whereas pop kernels had the highest
iron content. Each southwestern accession
yielded iron values lower than commercial
maize.

Average potassium levels for the south-
western accessions were 353.2 mg potassium/
100 g (sd 61.19), higher than reported for com-
mercial maize (Table 2). Among the south-
western endosperm types, dent kernels had the
lowest potassium levels, whereas sweet endo-
sperm kernels had the highest, with 445 mg
potassium/100 g. Magnesium values averaged
136.2 mg magnesium/100 g (sd 20.36) for the
southwestern accessions, comparable to the com-
mercial standard. Southwestern dent kernels had
the lowest values, whereas sweet kernels had the
highest magnesium content. Sodium values aver-
aged 43 mg sodium/100 g (sd 6.71). South-
western pop kernels had the highest sodium
values, whereas sweet kernels had the lowest.
Commercial maize and southwestern dent
yielded the same sodium value, whereas each
of the other southwestern accessions had some-
what higher sodium content. Finally, zinc values
among the southwestern accessions averaged
1.89 mg zinc/100 g (sd 0.58), with pop yielding
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the highest values and dent yielding the lowest.
Only southwestern pop kernels yielded higher
zinc values than commercial maize (Table 2).

Discussion

The results of this analysis indicate that nutri-
tional content varies among the indigenous
southwestern maize endosperm types. The two
top-ranking endosperm types for each macro
and micronutrient are displayed in Table 3. In
terms of providing the highest values of the
most nutrients, sweetcorn—as a recognized
endosperm type—appears to contain the most
nutritional value, followed by flour and pop
corn. Flint maize has the fewest top-ranking
levels of nutrients of all endosperm types exam-
ined here.

Although many of the differences in nutri-
tional content among the endosperm types are
small, they would still have dietary significance
for farming societies. Small differences that
improve the nutrient content of dietary staples
such as maize have potentially large effects on
nutrition and health, something that has moti-
vated biofortification efforts in recent decades
(Nuss and Tanumihardjo 2010). This study
reveals that certain endosperm types offer supe-
rior sources of some macronutrients and micro-
nutrients. For example, flour and sweet kernels
provide twice the fat content, and flour kernels
provide four times the riboflavin content of the
other endosperm types. The higher macronutri-
ent and micronutrient content of different south-
western maize endosperm types, and the higher
lysine content reported for southwestern blue
flour varieties (Nankar, Scott, et al. 2016), would
be particularly important with respect to maternal
health, birth rates, and childhood development.
Overall, our results indicate that Indigenous peo-
ples in the Greater Southwest improved the qual-
ity of their diets by maintaining diverse landraces
of maize as categorized by endosperm type.

The results of this analysis surprisingly reveal
that sweetcorn appears to be the most nutritious
endosperm type (Table 3). Sweetcorn ranks
first or second in 12 of the 14 nutrients studied.
Archaeological examples of sweetcorn are
sparsely reported, although recent genetic anal-
yses suggest a high frequency of the sweetcorn
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su1 mutation in southwestern maize landraces
(da Fonseca et al. 2015). Preservation issues
also cannot be ruled out; sweetcorn may be
less likely to preserve and of greater interest to
rodents/insects. In addition, if immature maize of
any endosperm typewas consumed largely fresh,
as it is today, these practices would decrease the
likelihood of long-term preservation.

Following sweetcorn, flour maize ranks first
or second for 10 nutrients (Table 3). The rapid
adoption floury maize types previously asso-
ciated with reduced processing (caloric) costs
can now be understood to also be nutritionally
advantageous in other ways. Our results indicate
that the influx of floury endosperm types
between AD 700 and 900 would have been
important nutritionally in terms of suppling
greater quantities of protein and fat as well as
several micronutrients, including niacin and
riboflavin. The higher fat and sugar content of
flour kernels would also likely have been appre-
ciated in terms of adding diversity to the taste and
texture of maize foods.

Pop corn ranks first or second for eight nutri-
ents, and it could be relatively easily “popped”
by use of heat. Flint and dent endosperm kernels
have the fewest numbers of first- and second-
ranked nutrients, with three and two, respectively.
Both presumably have good storage qualities, and
“flint” corn is the most frequently reported endo-
sperm type in the eastern and midwestern United
States (VanDerwerker et al. 2017).

More broadly, the results of this study are con-
sonant with previous analyses documenting the
relatively higher starch and protein content of
southwestern blue-flour landraces compared
with commercial hybrid varieties (Nankar,
Scott et al. 2016). Our results further reveal that
southwestern flour endosperm kernels have rela-
tively high protein content even compared to
other indigenous flint, pop, sweet, and especially
dent kernel varieties. Additional analyses of the
amino acid characteristics of different south-
western endosperm types are necessary to under-
stand how the quality of protein, specifically the
most limited essential amino acids, vary among
these landraces.

USDA standard reference information on
maize nutrition has not included the diversity
of existing indigenous maize landraces. Our

research aims to expand understanding by con-
sidering different endosperm types. Given the
variation in nutritional content documented in
this study within and between indigenous south-
western maize and commercial hybrid varieties,
greater care should be taken with using modern
maize nutritional values to model and interpret
past diets. Efforts to model health and diet will
also benefit from employing a broader array of
maize nutritional traits in addition to assessing
more traditional measures of acreage yield and
caloric adequacy. Approaches incorporating a
wider range of macronutrient and micronutrient
data will be beneficial in understanding health
and well-being within farming communities,
particularly with respect age and gender—work
that could be usefully paired with bioarchaeolog-
ical, isotopic, and other archaeological analyses
of health in the past.

To understand how maize fit into prehispanic
diets and human health, it is also necessary to
consider how the actual bioavailability of nutri-
ents would have been affected by a range of
environmental and cultural factors (i.e., food-
ways). Bioavailability in a nutritional context
refers to the quantity of a nutrient that is available
or bioaccessible to the individual consuming it.
Each step in the process of producing maize
foods—(1) the variety of maize grown and field
conditions (e.g., elevation, irrigation, etc.); (2)
the consumption of maize in different forms or
maturation states (e.g., green, mature, roasted);
(3) processing and preparation techniques (e.g.,
finely or coarsely ground, soaked in alkaline
solution, etc.); and (4) cooking techniques
(e.g., boiling, popping, etc.)—has implications
for the nutritional content of the consumed
food. Ultimately, estimating the dietary value
of foods in the past is complex, and it requires
addressing the contributions and interactions of
multiple nutrients, tools, and chemical processes.

To achieve more sophisticated understanding
of prehispanic diets and nutrition in the South-
west, more attention should be given to under-
standing such issues as maize storage,
processing, and cooking techniques, because
these significantly alter the bioavailability of
many macronutrients and micronutrients. Water-
soluble vitamins such as ascorbic acid, thiamin,
riboflavin, and niacin are especially prone to
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loss if water used to soak or boil foods is dis-
carded. Given the importance of alkaline pro-
cessing in improving the protein quality and
bioaccessibility of micronutrients in maize
foods, more synthetic archaeological and experi-
mental work should be directed toward docu-
menting the history of these practices in the
Southwest (e.g., Ellwood et al. 2013; Johnson
and Marston 2020). Analyses of calcium carbon-
ate nodules and burned limestone fragments will
be important in terms of understanding prece-
ramic alkaline processing and pot-boiling cooking
techniques. The practice of consuming roasted
sweet and/or green corn is especially poorly
understood in prehispanic periods, even though
the consumption of sweet and/or green corn
would have been an excellent source of nutrients.
Archaeological examinations of pit- and oven-
roasting features and work with uncarbonized-
maize museum collections examining kernel
and cob remains will be important for improving
understandings of sweet- and green-corn con-
sumption in the past. Finally, experimental
work might allow for the development of better
macrobotanical indicators for the consumption of
maize in different forms in the past—for example,
the presence of charred isolated maize embryos
that might become detached from kernels when
maize is being consumed fresh off the cob.

Conclusions

In this article, we have reviewed the differences
in the nutritional composition of maize by com-
paring across the five traditionally recognized
endosperm types, and we have discussed the
importance of considering not only the bio-
logical and environmental but also the cultural
factors that heavily influence diets consisting
largely of maize. We argue that the maintenance
of diverse landraces not only has ecological and
symbolic importance but also provides more
complete nutrition. Beyond the nutritional
importance of color and endosperm types, envi-
ronmental and cultural factors are also significant
for understanding the dietary role of maize foods
in the Greater Southwest. Studies of past diet and
nutrition should be supplemented with experi-
mental and archaeological analyses that assess
the dietary values of maize within the broader

context of foodways. Ultimately, consuming
diverse landraces of maize harvested in a variety
of states of maturity, and prepared and cooked in
a range of ways, not only made maize foods more
enjoyable for the consumer but contributed to
overall healthier diets.

To further improve understandings of prehis-
panic maize-centered diets, future studies should
seek to document and clarify temporal and
spatial patterns in the use of different maize land-
races with respect to kernel endosperm compo-
sition and color—two traits that are extremely
important to Native groups in the US Southwest
today. Revisiting, dating, and reanalyzing uncar-
bonized collections is critical to this work. Given
that this study presents a baseline analysis of the
nutritional composition of five Indigenous south-
western maize landraces, future studies should
expand this work by including multiple represen-
tative landraces of each endosperm type to under-
stand variability within samples of the same
endosperm type. Finally, future studies should
systematically evaluate kernel color for potential
differences in nutritional traits and focus on the
amino-acid content in kernels of diverse indige-
nous southwestern landraces defined by color
and endosperm.
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