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ABSTRACT

The ancient wheats spelt, emmer, khorasan wheat, and einkorn have been attracting more attention recently as consumer demand for products
with health benefits and favorable nutritional compositions has grown. Furthermore, consumers are willing to spend more on regional, organic, and
sustainably sourced and manufactured artisanal cereal products. Although the use of ancient wheats presents some challenges due to low yields, a
tendency to lodge, and comparatively poor dough workability, it also presents multiple opportunities along the value chain to help safeguard and
increase biodiversity and to create a variety of specialty products with excellent nutritional and sensory properties.

Wheat Cultivation in the 21st Century

Nutritional security worldwide is highly dependent on the production of cereals, which are grown on about 60% of agricultural
land. In 2016, more than 2,800 x 10° tons of cereal grains were harvested worldwide, with maize (1,060 x 10° tons), wheat (749 x
10° tons), and paddy rice (741 x 10° tons) as the major crops (11). Wheat (Triticum spp.) includes the “ancient” (hulled) wheat
species einkorn (T. monococcum L. subsp. monococcum, diploid, genome AA), emmer (7. turgidum L. subsp. dicoccum, tetraploid,
genome AABB), khorasan wheat (T. turgidum L. subsp. turanicum, tetraploid, genome AABB, also known under the trademark
Kamut®), and spelt (T. aestivum L. subsp. spelta, hexaploid, genome AABBDD), as well as the “modern” (free-threshing) wheat
species durum wheat (7. turgidum L. subsp. durum, tetraploid, genome AABB) and common wheat (T. aestivum L. subsp. aestivum,
hexaploid, genome AABBDD) (Fig. 1). About 95% of the total wheat produced is common wheat, and about 5% is durum wheat.
Spelt, emmer, and einkorn play only minor roles in terms of production and utilization.

Fig. 1. Left to right: ears of einkorn, emmer, and spelt.



The term “ancient wheat” is most often used to refer to spelt, emmer, khorasan wheat, and einkorn. In more general terms,
“ancient grains” refers to populations of primitive grains that have not been subjected to any modern breeding or selection and,
therefore, have retained characteristics of their wild ancestors, such as large individual variety, ear height, brittle rachis, and low
harvest index (15). Ancient grains include small grains, such as teff, sorghum, and millet, as well as pseudocereals, such as amaranth,
buckwheat, chia, and quinoa. In contrast, “modern wheats” are the result of ongoing breeding and selection with the aim of
producing genetically homogeneous lines with stable and improved traits to ensure higher yields and productivity compared with
“landraces” that have developed through natural and human selection but that are heterogeneous and well adapted to regional
environmental conditions (33).

Since the 13th century, einkorn and emmer have almost completely disappeared from agricultural fields. Einkorn is only
cultivated in very small amounts in some regions of Austria, France, Germany, Hungary, and Italy. Although emmer only plays a
minor role in Europe, it is more commonly cultivated in Ethiopia and India, especially in regions with harsh environmental
conditions (18). Spelt was widely grown in southwestern Germany and other regions until the 19th century, when it disappeared
almost completely because consumer preferences shifted toward white (refined flour) breads and away from whole grain breads and
porridges.

There are several reasons for the dominance of common wheat in modern agriculture. Ancient wheats are hulled, which means
the grains are tightly enclosed by tough glumes (husks) that must be removed using a special dehulling treatment prior to milling. In
addition, ancient wheats have long stalks and a tendency to lodge, even on nonfertilized soils, which can cause potential problems
during harvesting. The yield for ancient wheats is also considerably lower (30-67%) compared with common wheat (19). In
addition, doughs made with ancient wheat flours are typically difficult to handle, and breadmaking performance tends to be low
(14).

Ancient Wheats as the World'’s First Domesticated Species

Wheat cultivation began about 10,000 years ago in the Fertile [ Triticeae ancestor ]
Crescent region formed by the Euphrates and Tigris rivers in what |
is now Turkey, Syria, and Iraq. During the Neolithic Revolution, [ Aegilops/Triticum |
humans evolved from societies of hunters and gatherers that
moved from place to place to societies that built settlements and 1E Tmefﬁum [ C G H Aeg"{;‘gs g2 ]

began farming in one place. The first wild ancestors of wheat were
diploid wild einkorn (T. boeoticum, genome A™A™) and red wild
einkorn (T. urartu, genome AA), both of which are separated by
crossing barriers, as indicated by the superscript “m” used to
differentiate both sets of the A genome (6). The name einkorn
literally means “single grain” in German, because each spikelet
contains only one grain. Although T. urartu has never been
domesticated, T. boeoticum is the ancestor of domesticated
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einkorn (Fig. 2). Wild emmer (T. turgidum subsp. dicoccoides, ( T B T aestvum ) (RGeSl
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that contributed the B genome (21). Its domestication eventually

led to the development of emmer, which is characterized by the Fig. 2. Evolution of the wheat species einkorn, emmer, durum wheat,
presence of two grains per spikelet. Free-threshing emmer spelt, and common wheat (modified from Feuillet et al. [9]).

genotypes occurred spontaneously and subsequently were selected

by humans for further breeding due to the absence of husks,

eventually resulting in the creation of durum wheat. About 7,500 years ago, durum wheat was already being cultivated in the Fertile
Crescent (22). Hexaploid wheats evolved from spontaneous hybridization of T. turgidum species with goat grass (A. tauschii,
diploid, genome DD). The origins of common wheat and spelt are not entirely clear, but it is most likely that durum wheat and A.
tauschii eventually evolved into common wheat, whereas spelt is a crossbreed of emmer and common wheat (3). Common wheat
and spelt are readily interbred, and there are certain spelt cultivars that show a protein profile typical of spelt, while others display a
profile that resembles common wheat (17).

Crop domestication generally is characterized first by modification of key traits followed by subsequent selection, causing
incremental changes in morphological and physiological traits (2). Wild wheats have small seeds with a hull and a rachis that
shatters when the grain is ripe, so the seeds can disperse as widely as possible. The shattering rachis that is useful for plant
reproduction presents a challenge for humans, however, because it is easier to harvest grains from the plant rather than from the
surrounding earth. In addition to a rachis that does not shatter, spike size, growing season, plant height, seed dormancy, and grain
size were useful traits for selection.

Composition and Bioactive Components of Ancient and Modern Wheats

The composition of wheat grains typically consists of 56-74% available carbohydrates (mainly starch), 11-14% water, 8-12%
protein, 2-13% dietary fiber, 2-7% lipids, and 1-3% minerals. Important minor constituents include vitamins such as the B vitamins
niacin (15-55 mg/kg), riboflavin (1-2 mg/kg), thiamin (4-7 mg/kg), and pantothenic acid (7-17 mg/kg) (34). Wheat bread provides
about 34% of the carbohydrates, 34% of the protein, 24% of the dietary fiber, and 13-32% of the B vitamins and minerals of the
mean recommended daily nutritional intake in Germany (38) and many other countries with similar dietary habits. Bioactive



components in wheat include dietary fiber; Table I. Representative composition (per 100 g) of whole grain flours of common wheat, spelt,

. : ; b
phytochemicals such as carotenoids and durum wheat, emmer, and einkorn*
polyphenols, including phenolic acids, Common Durum
flavonoids and lignans; and vitamins. Component Wheat Spelt Wheat Emmer Einkorn
Flours made from smaller grains typically Energy (keal) 340 304 339 362 312

have higher contents of crude fiber,

minerals, and other components that are ajor constituents

. A i Protein (g) 132 14.7 13.7 12.7 12.5
enr‘1ched in the bra'n. The composition of Total lipids (g) 25 29 25 21 31
grain constituents is not only affected by Carbohydrates (g) 72.0 67.7 71.1 723 53.1
genetic background, but also by Total dietary fiber (g) 10.7 5.9 NA 10.6 12.5
environmental factors, such as cultivation .

. . . 7 Minerals
region, climatic conditions, and Calcium (mg) 340 27.0 340 NA 62.0
agronomic practices, in particular the type Iron (mg) 3.6 32 3.5 15 4.5
and amount of nitrogen fertilization. Magnesium (mg) 137.0 NA 144.0 128.0 125.0
Increased nitrogen application leads to Phosphorus (mg) 357.0 NA 508.0 NA 375.0
higher protein contents but also causes Zinc (mg) 2.6 NA 42 48 47
changes in protein composition, with Vitamins
higher proportions of storage proteins B; (mg) 0.5 NA 0.4 NA NA
(gluten), especially gliadins, relative to B, (mg) 0.2 NA 0.1 NA Na

] . . . B;3 (mg) 5.0 NA 6.7 8.5 4.4
nongluten proteins (27). Climatic

ditions also impact grain composition Bs (mg) 06 NA 09 N NA
con pactg p ) B (mg) 0.4 NA 0.4 NA NA

e.g., with positive correlations between
phytochemical contents and the mean
temperature during grain development
and with negative correlations between
water-soluble dietary fiber contents and
temperature. Arabinoxylan, tocol, sterol, and alkylresorcinol contents are mainly determined by genetic factors, whereas phenolic
acid, B vitamin, and betaine contents are influenced more strongly by environmental factors than by genetic background (32). The
contents of major constituents, as well as minerals and vitamins, differ little between ancient wheats and modern common wheat
and durum wheat (Table I).

The same is true for most bioactive components, with the exception of the carotenoid lutein, which is higher in einkorn, emmer,
and khorasan wheat compared with common wheat. However, durum wheat also has a high lutein content that has been increased
by breeding, because the yellow color is desirable for pasta products (31). A recent study comparing the protein composition of 60
cultivars of ancient and modern wheats grown at 4 locations found that ancient wheats had higher protein and gluten contents than
common wheat independent of location. With regard to protein composition, ancient wheats had lower glutenin contents compared
with common wheat. Because high glutenin content is associated with good baking quality, this is most likely the main reason for
the poor baking properties of many flours derived from ancient wheats (12).

# Source: U.S. Department of Agriculture, Agricultural Research Service, FoodData Central, 2019
(https://fdc.nal.usda.gov).
b NA: data not available.

The Comeback of Ancient Wheats

There are several reasons why ancient wheats are currently experiencing a comeback. One of them is the global loss of biodiversity
due to streamlined and uniform agriculture that relies on few species and, thus, leaves ecosystems vulnerable to pests and climate
change. To counter this development, ancient wheats are important genetic resources for reintroducing genetic heterogeneity and
providing special traits, such as disease tolerance, adaptability to a warming climate, and nitrogen use efficiency (23). For example,
emmer and einkorn have higher nitrogen partial factor productivity and protein yield efficiency compared with common wheat,
making them promising candidates for more sustainable agriculture with less nitrate pollution (12). Ancient wheats are especially
well suited for organic agriculture with low agronomic input and often disadvantageous growing conditions.

Another reason for the comeback of ancient wheats is that consumer trends are shifting away from industrially produced foods to
sustainable, regional, and artisanal products that have been manufactured in ways that conserve resources. Ancient wheat products
meet the increasing demand for individual consumption, differentiated offerings, and product variety. As a result, niche products
are becoming more and more important in the marketplace. In particular, regional products are associated with attributes such as
fresh, tasty, nutritionally valuable, healthy, and safe. Other aspects of these trends include the willingness of consumers to pay higher
prices for regional products to support local food producers, contribute to fair pricing, reduce the ecological footprint, and promote
biodiversity (1).

In addition, ancient wheats have gained renewed interest because of the increasingly controversial debate in the media and social
networks concerning wheat-related health risks. About 1% of the world population suffers from celiac disease, an immune-mediated
inflammatory reaction of the upper small intestine that is caused by a combination of genetic risk, gluten consumption, and a
certain unknown factor that initially triggers disease onset (20). Wheat allergies affect about 0.5% of the population (25), whereas
the prevalence of non-celiac gluten sensitivity (NCGS) may be much higher at up to 6% (7). Celiac disease patients need to follow a
strict gluten-free diet with a maximal intake of 20 mg of gluten/day. This means that these individuals need to eliminate wheat, rye,
and barley products from their diet. In this context, it is important to emphasize that ancient wheats cannot be tolerated by celiac
disease patients because they also contain gluten. In the case of wheat allergies, the treatment is strict adherence to a wheat-free diet,
whereas it may be sufficient for NCGS patients to reduce consumption of wheat to 5-10% of their average daily intake (29).



Recent surveys suggest that 20-30% of the Western population partially or completely removes gluten from their diets even
though they do not have a medical diagnosis of any wheat-related disorder. Many of these individuals report that they tolerate
traditional, artisanal baked goods made from ancient wheats better than common white wheat bread. It is currently unknown which
specific components may be responsible for this difference in tolerability, but the underlying hypothesis is that ancient wheats and
products made with them may contain fewer immunoreactive components.

Potentially immunoreactive components in wheat, rye, and barley include gluten, alpha-amylase/trypsin-inhibitors (ATIs), wheat
germ agglutinin, various other nongluten proteins, and fermentable, oligo-, di-, and monosaccharides and polyols (FODMAPs)
(29). Gluten is known to cause celiac disease, but it is also a known allergen and may be involved in triggering NCGS. ATIs are
plant-defense proteins that inhibit the digestive enzymes alpha-amylase and trypsin, thereby causing antinutritive effects. Already
known as major wheat allergens (35), ATIs have been shown to activate the toll-like receptor 4 and trigger the innate immune
response, as well as act as adjuvants of pre-existing inflammatory reactions (39). Although all ancient and modern wheats contain
gluten, the load of known celiac disease-active amino acid sequences may vary among species. For example, due to the absence of
the D genome, emmer, durum wheat, and einkorn do not contain the so-called 33-mer that is frequently described as the
immunodominant peptide (28). Recent studies have shown that einkorn contains very low amounts of ATIs (13) and, therefore,
may be a promising candidate for developing products with better tolerability for NCGS patients. Other in vitro studies have shown
that einkorn has the lowest immunostimulatory activity, followed by durum wheat and emmer and then wheat and spelt (24,36,37).

Taken together, there are more and more studies comparing bioactive components and immunostimulatory properties of ancient
and modern wheats, but they often produce inconsistent results that range from clear differences between species to no differences.
One important point for future studies seeking to clarify beneficial or adverse health effects is that the wheat samples used in testing
need to be grown under the same conditions to minimize the confounding effects of environmental variability (30).

Products Made with Ancient Wheats

Due to their low yields, products made with ancient wheats will most likely never become suitable for the mass market, but they
are well suited to rediscovery of traditional recipes and manufacturing techniques for creating specialty products. Ancient wheats
are often used as whole grains in salads and soups, with emmer and einkorn used mainly for pasta and spelt used mainly for baked
goods (5). Einkorn flour is usually difficult to utilize, because it forms a sticky dough with poor rheological properties upon addition
of water. However, there are certain cultivars with high breadmaking quality that appear to be promising for further enhancement
through breeding (4,12). Breads made from khorasan wheat had good sensory properties and loaf volumes that were almost as high
as those made with common wheat (26). So far, the reintroduction of spelt products has been very successful, with an annual
turnover of more than 1 billion euros across the product value chain in Europe (18). Spelt breads have a rich texture and flavor, and
many traditional recipes, including long dough fermentation times, are being utilized to create an increasing variety of classical
breads, fine pastries, and even pretzels. Although the functional and technological properties of gluten proteins in ancient wheats
are typically inferior to those found in common and durum wheats, spelt also allows the production of pasta with satisfactory
cooking quality. Pasta made with emmer even has improved sensory properties and a lower glycemic index compared with pasta
made with durum wheat (8). Ancient wheat flours are also excellent for use in new specialty baked goods, crackers, snacks, flakes,
muesli, and grits, as well as beer (10,16).

Conclusions

The rediscovery of ancient wheats offers new opportunities for farmers, millers, bakers, and consumers to create specialty
products that are associated with good taste, enjoyment, health, naturalness, regional origin, and, often, organic agriculture. With
their wide genetic diversity, ancient wheats are also valuable resources for crop biodiversity that may help improve nutrition security
in light of climate change. Despite their low yields, ancient wheats are suitable for extensive agricultural systems in marginal regions
under high-stress conditions where common wheat cultivars fail to thrive. Further multidisciplinary research efforts are needed to
screen hundreds of ancient wheat cultivars; assess promising candidates for agronomic, processing, and nutritional properties;
continue breeding efforts; and develop products with excellent nutrition and sensory qualities.
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