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Abstract: In recent years, the attention of farmers, bakers and consumers towards ancient wheat
species has been increasing. Low demands of pedo-climatic growth factors, the suitability for organic
cultivation along with their high nutritional quality and their content in pro-health compounds make
them extremely attractive for bakers and modern consumers, equally. On the other hand, in recent
years, sourdough has gained attention due to its ability to produce new functionally active molecules
with higher bioaccessibility and thus to produce bread with enhanced nutritional quality. This paper
highlights the relevant nutritional profile of einkorn, spelt, emmer and Khorasan which could lead to
bread with improved textural, sensorial, microbial and nutritional characteristics through sourdough
fermentation. The ancient wheat species could be used as promising substitutes for common wheat
flour for the design of innovative types of bread, even for special needs.
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1. Introduction

Bread is one of the products that has always been essential for human nutrition.
Initially manufactured in households, it evolved and became industrialized after the
microorganisms responsible for dough fermentation were identified [1]. Nowadays, due to
the increased demands from consumers for traditional, healthy and unique products, the
production of bread with sourdough has increased considerably in the most recent period
of time [2]. Sourdough consists of a mixture of water and flour fermented by spontaneous
or added microorganisms. These three major components are the basis of the process of
obtaining sourdough fermented bakery products [3]. There is a large diversity of lactic
acid bacteria (LAB) and yeasts capable of fermenting flour obtained from cereals and
pseudocereals [4-7]. The chemical reactions produced by these microorganisms during
fermentation have an important effect on the rise of the dough and on the formation of the
flavor compounds in the final product [8]. Sourdough is also used to obtain some attributes
such as the extension of the shelf life, increasing the content of bioactive compounds and
improving the nutritional and sensory profile of the product [9].

With respect to the raw materials, in recent years, certain ancient cereals (spelt, einkorn,
emmer, Khorasan) and some soft cultivars such as Verna, Andriolo, Gentilrosso have become
more popular among the consumers due to their superior chemical composition compared
to that of modern wheat varieties [10-13] and among the farmers as a result of the increased
adaptability and resistance to pedo-climatic conditions [14-16]. A number of recent studies
are investigating possible starter cultures that could ferment the sourdough obtained with
ancient cereals [17-19]; thus, by evaluating and characterizing these LAB strains, it is
possible to improve the nutritional and technological properties of bakery products based
on ancient grains [20].
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This review focused on the rheological, nutritional and functional characteristics of
sourdough bread obtained with flour of some ancient wheat species such as einkorn, spelt,
emmer and Khorasan. Also, these ancient species are characterized in order to make a
clear demarcation between their abilities and technological properties compared to those
of modern varieties.

2. Ancient Wheat Species General Characteristics and Chemical Composition

At the beginning of civilization, ancient cereals represented an important source of
food in the human diet. However, over the centuries their human consumption has de-
creased dramatically due to the appearance of domesticated species that present a higher
yield and a superior technological quality given by gluten proteins [21,22]. Literally, the
term ancient cereals refers to those primitive species of Triticum which have not undergone
any modern process of selection or breeding and which have preserved certain characteris-
tics from their wild ancestors, such as a low harvest index, individual variability, brittle
rachis and ear height [23].

The ancient wheat grains category includes species such as spelt (Triticum aestivum L.
subsp. spelta), einkorn (Triticum monococcum L. subsp. monococcum), emmer (Triticum turgidum L.
subsp. dicoccum) and Khorasan wheat (Triticum turgidum L. subsp. turanicum) (Figure 1) [24].
These are also called hulled wheat species due to the fact that their glumes are well fixed on
the grain and cannot be removed even when threshing, requiring a separate operation [25].
From the group of modern species, the most used in the bakery industry are common wheat
(Triticum aestivum L.) and durum wheat (Triticum turgidum subsp. durum), and according to
studies, their flour produces dough with superior rheological properties (elasticity, extensibil-
ity, viscosity) compared to flour of ancient species that has a lower gluten quality [26].

Figure 1. Ancient cereal grains, where: (A) einkorn, (B) emmer, (C) spelt, (D) durum, (E) Hard

Red Spring wheat and (F) barley. Taken from Fujita et al. [25]. Copyright 2020 Creative Common
Attribution License.

The grain of all cereals consists of three main parts: bran, endosperm and germ. The
endosperm is the major component and is composed of two types of starch granules, which
differ in terms of their dimension and shape [27]. Figure 2 reveals the starch granules from
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the endosperm of different species of ancient wheat, as well as the degree to which this is
embedded into the protein matrix [27]. Ancient wheat species show differences between
the embedding of starch granules and protein matrix. On a scale from a slight enclosure to
a firm one, spelt wheat showed the least firm embedding, followed by einkorn and emmer.
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Spelt Hard Red Spring Wheat

Figure 2. SEM (Scanning Electron Microscopy) images of the endosperm of different ancient wheat
revealing the structure of starch granules and protein matrix. Taken from Kulathunga et al. [27].
Copyright 2020 Creative Common Attribution License.

Moreover, recent findings [27] reported that the combination between the pericarp
thickness, incomplete protein matrix and the presence of air pockets in the aleurone
cells of einkorn is responsible for the kernel softness. It is now well known that small
starch granules and thinner cell walls confer more accessibility for amylase compared to
large granules and thick cell walls. Additionally, the percentage of small starch granules
significantly influences the flour water absorption capacity, the peak viscosity, the final
viscosity and, overall, the breadmaking quality [28].

In recent years, the attention of farmers, bakers and consumers to these cereal species
has been renewed. This is due to the low demands that these grains have on the climate
conditions, soil and water, as well as due to high resistance to pests, diseases, pollution and
salinity [15,29]. All these factors are important because they make ancient cereals a suitable
crop for organic farming due to the non-use of chemicals, and at the same time may be able
to help climate adaptability and increase biodiversity [30]. On the other hand, artisanal
bakers are on the search for exclusive products that cannot be found in commercial bakeries
and, for this reason, it is important for them to know certain specifications about ancient
cereals such as nutritional benefits, quality parameters and agronomic yield [31]. As for
consumers, they are looking for innovative, natural and healthy products. Studies have
shown that ancient cereals tend to have a high potential in terms of nutrient availability
and their beneficial effects on human health [32-35].
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However, the popularity of the ancient grains has increased considerably due to
their complex nutritional composition, being a major source of proteins, lipids (mainly
unsaturated fatty acids), soluble fibers, minerals, vitamins and bioactive compounds with
antioxidant activity [36-39].

Until now it has not been possible to establish the exact nutritional value and health
benefits of ancient cereals compared to those of modern varieties, and further studies
are needed to make a clear delimitation and to establish with certainty the superiority of
ancient species [13,16]. However, based on their composition in bioactive compounds, some
studies are reporting only little differences compared to modern wheat varieties [11,13],
the health benefits of ancient wheat are reported, mainly due to the antioxidant activity
of some compounds naturally present or formed during baking such as polyphenols and
melanoidins [13,32].

As in the case of modern cereals, the main constituents of ancient cereals are proteins,
carbohydrates and lipids. According to the study of Arzani and Ashraf [29], the highest
protein content is found in einkorn, followed by spelt, emmer and, lastly, common wheat.
On the other hand, the carbohydrate content of ancient cereals is quite similar, with einkorn
wheat having the smallest content and common wheat the highest [38]. Lipids are found in
the smallest amounts in cereals. However, the ancient wheat species have slightly higher
content of lipids than common wheat [27]. Additionally, Hidalgo and Brandolini [40]
reported in einkorn a higher level of monounsaturated fatty acids (MUFA) and a lower
level of polyunsaturated (PUFA) and saturated fatty acids (SFA) than in common wheat,
as could be seen in Table 1. From the point of view of the dietary fiber content of ancient
wheat species, emmer wholemeal flour and einkorn wholemeal flour present values well
below those offered by spelt, Kamut®Khorasan, durum and common wheat [29,38,41]. The
mineral content of ancient and modern wheat is very variable being influenced by two
major factors: environment and genetics [33]. According to Geisslitz and Scherf [42], emmer
and einkorn flour are distinguished by a higher zinc content compared with wheat flour.
Furthermore, einkorn and spelt contain a larger amount of iron than emmer grain [43,44].
A significant similarity in terms of the level of iron, magnesium, calcium, potassium and
zinc exists between wholemeal Kamut®Khorasan flour and whole wheat flour [38].

Table 1. Comparative composition of certain chemical constituents of einkorn and common wheat.

Compound Einkorn Ref. ! Common Wheat Ref.

Protein (%) 15.5-22.8 [29] 12.9-19.9 [29]

Carbohydrate (%) 67 [38] 75 [38]

Crude fat (%) 2.3 [27] 1.5 [45]

Monounsaturated fatty acids (MUFA) (%) 27.8 [40] 18.2 [40]

Polyunsaturated fatty acids (PUFA) (%) 52.8 [40] 57.2 [40]

Saturated fatty acids (SFA) (%) 19.4 [40] 245 [40]
Dietary fiber (%) 6.7-9.8 [29,38,41] 12.7-13.4 [29,38]

Zinc (mg/100 g) 2.24-4.7 [42,44] 2.6 [42]

Iron (mg/100 g) 4.59-4.9 [43,44] 3.75 [43]

Ref. ! is an abbreviation for References.

A comprehensive chemical composition of the ancient cereals is presented in Table 2.
All these results support and confirm the idea which claims that ancient cereals can add
value to bakery products through their exceptional nutritional content. The health effects
produced by introducing them into the diet deserve to be studied in detail in the future.
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Table 2. Approximate chemical composition for ancient (emmer, einkorn, spelt, Khorasan) and modern (common and

durum wheat) whole grains (expressed as g or mg/100 g dry weight).

®

Per100 g Emmer Ref! Einkorn Ref.  Spelt Ref. I?lf;rrl;stan Ref. C&T‘g;(zn Ref. a}l}f:;? Ref.
Water (g) 9.4 27 9 27 10.4 27 11.07 46 10.42 46 10.94 46
Energy (kcal) 362 46 333 46 324 46 337 46 340 46 339 46
Protein (g) 12.77 46 13.33 46 14.71 46 14.54 46 10.69 46 13.68 46
Ash (g) 2.2 27 22 27 2.1 27 1.67 46 1.54 46 1.78 46
Total Lipid (g) 2.13 46 1.67 46 2.94 46 2.13 46 1.99 46 2.47 46

Saturated fatty acids (g) nd.? [46] n.d. [46] n.d. [46] 0.196 [46] 0.368 [46] 0.454 [46]
Monounsaturated fatty acids (g) n.d. 46 n.d. 46 n.d. 46 0.213 46 0.227 46 0.344 46
Polyunsaturated fatty acids (g% n.d. 46 n.d. 46 n.d. 14 0.621 46 0.837 46 0.978 46
Carbohydrate (g) 72.34 46 66.67 46 67.65 46 70.58 46 75.36 46 71.13 46
Fiber, total (g) 10.6 46 6.7 46 59 46 11.1 46 12.7 46 n.d. 46
Sugars (g) n.d. 46 n.d. 46 2.94 46 7.84 46 0.41 46 n.d. 46
Calcium (mg) 36 43 42 43 17.6 46 22 46 38 47 34 46
Iron (mg) 341 44 3.6 46 3.18 46 3.77 46 3.86 47 45 46
Magnesium (mg) 128 43 200 46 150 43 130 46 138 47 144 46
Potassium (mg 439 43 429 43 417 43 403 46 372 47 431 46
Phosphorus (mg) 512 43 520 43 470 43 364 46 352 47 508 46
Sodium (mg) 1.2 43 0.7 43 1 43 5 46 2 46 2 46
Zinc (mg) 5.4 43 5.3 43 47 43 3.68 46 3.46 46 4.16 46
Copper (mg) 0.41 43 0.4 43 0.5 43 0.506 46 0.426 46 0.553 46
Manganese (mg) 24 43 2.8 43 2.7 43 2.735 46 3.406 46 3.012 46
Selenium (pg) 54.3 44 n.d. 46 n.d. 46 81.5 46 334 44 89.4 46
Thiamin (mg) 0.38 48 0.34 48 0.30 48 0.566 11 0.41 11 0.419 11
Riboflavin (mg) 0.09 48 0.09 48 0.07 48 0.184 11 0.107 11 0.121 11
Niacin (mg) 8.511 46 5.7 48 6.6 48 6.375 46 4.766 46 6.738 46
Pantothenic acid (mg) 1.14 48 0.47 48 0.6 48 0.949 46 0.850 46 0.935 46
Vitamin B6 (mg) 0.39 48 0.4 48 0.36 48 0.259 46 0.378 46 0.419 46
Folate, total (p1g) 69 11 58 11 58 11 n.d. 46 41 46 43 46
Vitamin A (ug n.d. 46 n.d. 46 n.d. 46 0.3 46 0 46 0 46
Total tocols (mg) 4.63 11 6.90 11 3.71 11 4.02 49 4.65 11 4.85 11
«-tocopherol (mg) 1.05 11 1.10 11 151 11 0.75 49 1.34 11 0.93 11
Total carotenoids (pg) 226 11 823 11 216 11 442 49 236 11 358 11
x-carotene + [(3-carotene (ug) 17.8 11 60.3 11 18 11 n.d. 49 10.1 11 10.7 11
Lutein + zeaxanthin (pg) 291.2 11 747.3 11 180.2 11 301 46 220 46 3024 11
Vitamin K (ug) n.d. 46 n.d. 46 n.d. 46 1.8 46 1.9 46 n.d. 46

Ref. 1 is an abbreviation for References and n.d. 2 for non-detectable.

Gluten and Starch Characteristics as Affecting the Baking Quality of Ancient Wheat Species

The main interest regarding the utilization of the ancient wheat flours in breadmaking
is their technological performance. Thus, breadmaking with ancient wheat flours was
studied from the perspective of the two key constituents, namely the gluten and the starch.
Due to its superior chemical composition, spelt flour is more widely used in obtaining
healthier bakery products compared to the flour of modern wheat species. Thus, the
assortment of products that can be obtained from this ancient cereal is vast and includes
foods such as bread, pasta, cookies and muffins. As spelt gluten is more extensible and
less elastic than that of common wheat, certain processing techniques are required, such
as reducing mixing times and water quantities, as well as extending the rest time of the
dough [50]. The baking quality of spelt flour is obtained mainly from the gluten proteins,
namely the ratio of gliadins (GLIA) and glutenins (GLUT). To obtain high-quality products,
the flour of the cereals used in the recipe must have high glutenin content and a low
ratio of GLIA/GLUT [51,52]. Geisslitz et al. [26] reported that although the amount of
gluten and protein is higher in ancient wheat species (120.7 mg/g) than common wheat
(96.1 mg/g), their glutenin level is lower. The most significant level of GLUT was found in
spelt (19.0 mg/g) and common wheat (16.6 mg/g), and the poorest flours were those of
durum wheat (16.0 mg/g), emmer (12.8 mg/g) and einkorn (10.3 mg/g) [26]. With respect
to GLIA/GLUT ratio, an increase from 1.6-3.8 for common wheat flour to 2.8—4.0 for spelt,
2.2-5.3 for durum wheat, 3.6-6.7 for emmer and 4.2-12.0 for einkorn was reported [26].
These results show that although common wheat has the best breadmaking performance,
ancient cereals can also be used successfully to obtain bakery products with good quality.
Starch is another key constituent of flour that influences the dynamic properties of the
dough, its gelatinization can cause significant changes in the quality of the bread [16,53].
Starch gelatinization, gelation and pasting properties are influenced by the ratio between
its two constituents: amylose and amylopectin [54]. For ancient grains, a study performed
by Brandolini et al. [55] established that einkorn dough has a significantly higher peak
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(2426 cP), breakdown (765 cP) and final viscosity (2788 cP) compared to those of wheat
dough, where cP is an abbreviation for centipoise. This fact can be explained by the lower
level of amylose from einkorn (15-27%) compared to that of common wheat (26.6%), and
also due to the small size of the flour’s starch granules [55,56]. Regarding emmer wheat,
the results show that its gelatinization process takes place at a higher temperature and
lasts longer than in the case of common wheat flour, which leads to a starch paste with a
viscosity up to 58% lower [57]. Wilson et al. [58] demonstrated in their study that spelt
starch can contain from 2.1 up to 12% more amylose comparative with the hard red winter
wheat control. In terms of gelatinization temperature, there are also differences; this being
higher in spelt (87-93.2 °C) than in common wheat (84.6 °C) [36].

3. Ancient Wheat Species Health Benefits in Relation to Their
Nutraceutical Composition

Recent studies have pointed out the health beneficial effects of ancient grains consump-
tion in relation to their content in functional compounds such as carotenoids, tocopherols,
flavonoids, isoflavones, lignans and fiber. Even if the amounts of these compounds are
not significantly different from the modern cultivars, their diversity is one of the key
aspects [59]. These benefits are most often associated with the nutritional content of an-
cient grains and with the ratio between the compounds. Thus, the whole grain of ancient
wheat is distinguished by a great content of protein, lipid and bioactive compounds such
as tocotrienols, phenols, tocopherols, dietary fibers, unsaturated fatty acids, vitamins
and minerals [10,27,60,61]. Specific for cereals are compounds with antioxidant capac-
ity, and the most representative are phenolic compounds. Generally, phenolic acids and
flavonoids and found in larger quantities in cereals and their concentrations are influenced
by the type, variety, and part of the cereal where they are located [62]. According to the
study of Zrckova et al. [63], einkorn grains have the highest content of total polyphe-
nols, 744.97 mg/kg dry matter (DM), and is followed at a considerable distance by spelt
(694.99 mg/kg DM), emmer (705.28 mg/kg DM) and common wheat (702.15 mg/kg DM).
In terms of flavonoids, einkorn is the ancient species with the highest content, it can have
up to 3.8 times more bound flavonoids than emmer wheat [15]. With a lower antioxidant
capacity than phenolic compounds, in cereals present are also vitamin E, carotenoids,
tocopherols and tocotrienols [64]. According to Shewry and Hey [11], einkorn contains
the higher content of tocols, with values ranging from 19.6 to 109.89 ug/g, followed by
spelt at 8.9-69.18 ug/g, emmer at 19.7-69.85 ng/g and common wheat at 23.3-79.7 ug/g.
As a confirmation of these data, the results of other studies have shown that the content
of tocols, out of dry matter (DM), in pasta is more abundant in those made with einkorn
flour (20.4 mg/kg DM) than in those with durum (8.2 mg/Kg DM) and common wheat
flour (5.3 mg/kg DM) [16]. From a genetic perspective, Khorasan wheat is very similar
to modern durum wheat. What differentiates it from the rest of modern cereal species, is
its nutraceutical value given by the high content in phytochemicals. It was reported that
bread obtained from this ancient species contains ten times more selenium than that made
from durum wheat [34]. The compatibility of the use of emmer flour in bakery and pastry
products has been also confirmed. Medical data also back up its nutritional importance.
For these reasons, it is considered to be a safe alternative for people with diabetes, with
emmer having a low glycemic index compared to other cereals [65].

All these nutrients are vital for the proper activity of the human body and for prevent-
ing the occurrence of diseases [66]. Moreover, ancient cereals can be used in daily diets
as an appropriate source of macro- and micronutrients since studies are reporting their
capacity to deliver bioactive compounds [67-69].

One of the most relevant conclusions of several studies is that whole grains may
be able to reduce the risk of type 2 diabetes [33]. Relatedly, the study performed by
Thourup et al. [70] on rats showed that by feeding them for 9 weeks with whole grains
of einkorn and emmer, there was a significant reduction of insulin in their blood. In
another study performed on 22 healthy persons who consumed Kamut®Khorasan products
for 8 weeks, it was concluded that replacing wheat in the diet with this type of flour
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improves the antioxidant, inflammatory, metabolic and lipid blood profile for people
with high cardiovascular risk [67]. Furthermore, another studied aspect is related to their
compatibility with patients with celiac disease [68,69,71,72]. In this regard, results showed
that celiac epitopes can be found in emmer, einkorn and Khorasan wheat and this suggests
that these ancient grains have the ability to activate the immune response linked to celiac
disease [73]. Other health benefits of ancient wheat species are related to their capacity
to control obesity, to reduce the incidence of colon cancer and decrease the rate of heart
disease [12,41,74].

In conclusion, with respect to their nutritional, technological and health-promoting
properties, recent studies show that ancient cereals have a promising future on the world
market, the progress made by these grains in recent years being significant. They offer an
attractive alternative for bakers, farmers and consumers and offer a greater and diversified
variety of food products, following market trends [75].

The following conclusions can be drawn based on the findings [29,38,42] of the studies
mentioned above:

e ancient cereal species have a unique and superior biochemical composition compared
to modern cereals, and thus it can be considered a healthier food alternative;

e even if the technological properties of ancient wheat species are slightly inferior to
those of modern varieties, these grains could be used to manufacture high-quality
bakery products mainly under controlled processing conditions;

e sustainable future food can be developed by using ancient cereals.

4. Ancient Wheat Species and the Sourdough Fermentation Process

Sourdough obtaining technology has a long history that is based on its use as a biolog-
ical leavening agent. The uniqueness of this biotechnological process is given by the ability
of the sourdough to choose spontaneously the necessary lactic acid bacteria and yeasts,
which are subsequently acclimatized and form typical communities of microorganisms [76].
On the other hand, studies are reporting the successful use of several starter cultures of
LAB and/or yeasts on ancient wheat flours [18,77,78]. Some specific effects that sourdough
produces in bread are to improve acidification, leavening ability, dough properties, flavor,
volume and texture in the final product, as well as increased resistance to microbial spoilage
and bread shelf-life [79]. All of these changes have a significant impact on the final quality
of the products [80]. The metabolites produced during sourdough fermentation have a
positive impact on the dough and bread texture, leading to less elastic and softer dough
but to harder and tougher bread crumb. Furthermore, the nutritional value of the bread
is improved due to the lactic acid bacteria and yeasts, which play an important role in
decreasing phytates content and postprandial glucose levels, as well as increasing mineral
bioavailability and supplying some exopolysaccharides with antistaling and prebiotic
properties [81]. Nowadays, it is well known that the acidification activity of lactic acid
bacteria, exopolysaccharides, enzymes and organic acids are responsible for the majority of
the beneficial properties attributed to sourdough [82-84]. The functional, rheological and
nutritional properties of sourdough are all based on the interaction between the activity of
lactic acid bacteria microbiota and the raw matrix used as a substrate of fermentation [85].
Thus, the combination between nutritious raw flour and microbial fermentation could lead
to bakery products with improved quality and health-promoting characteristics.

Sourdough bread has a special place in many European countries like Italy, France,
Germany or Greece but also on the American continent, considered a traditional product
and widely consumed. Thus, over time, sourdough has been studied in detail and the
technology of obtaining it is well documented [86]. We can currently classify sourdough
into four distinct types as follows: type I is characterized by spontaneous fermentation
of lactic acid bacteria and yeasts present in flour, fermentation for type II takes place as a
result of inoculation of a starter culture, type Il is the type Il sourdough after it has been
dehydrated and type IV is made on a small laboratory scale by a combination of sourdough
type I and type II [87].
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At present, many of researchers focus their attention on the study of sourdough fer-
mentation and its effects on bioactive compounds from some ancient cereals (spelt, einkorn,
emmer and Khorasan wheat), pseudocereals (buckwheat, quinoa, amaranth), legumes
(bean, soybean, faba bean, chickpea, lentil, grass pea, cowpea, lupine) and milling by-
products (germ and bran) [88,89]. However, ancient wheat sourdough gains attention due
to its possibility to produce new functionally active molecules with higher bioaccessibility
and thus to produce bread with enhanced nutritional quality.

4.1. Selected Lactic Acid Bacteria Used for Ancient Wheat Sourdough Bread Production

Lactic acid bacteria are one of the basic elements of sourdough fermentation which
plays a crucial role as the type of microorganisms engaged in dough fermentation affecting
its quality in an extended manner. On the other hand, of elemental importance is the flour
used, while, depending on its type (ash content, enzymatic activity, damaged starch, etc.),
the proportion of sourdough that is added to the final bread dough can vary between 10
and 40% [90]. Due to these factors, the sourdough fermentation process has undergone
some changes and has become more controlled with the addition of starter cultures [91].
The biggest advantage that starter cultures have compared to bacteria from the sponta-
neous microflora is given by their capacity to ensure the quality and safety of fermentation.
Thus, with the help of the selected bacteria, any risk of microbiological contamination is
eliminated and the obtained products will not present a danger for human health [92].
Various lactic acid bacteria have been shown to have beneficial effects on the quality of
bakery products. In this category are found, according to the new nomenclature starting in
2020, Levilactobacillus brevis and Lactiplantibacillus plantarum, which are codominant with
heterofermentative lactic acid bacteria, and Lacticaseibacillus casei which is distinguished by
two skills, the capacity to produce exopolysaccharides and the possibility to be used as
a starter culture [83]. Therefore, in the case of ancient wheat species, LAB strains such as
Weissella confusa 24S, Lactobacillus brevis 14G, Lactobacillus alimentarius 15M, Lactobacillus san-
franciscensis 7A, Lactobacillus brevis 20S, Lactobacillus hilgardii 51B and Lactobacillus plantarum
31S were used to produce spelt sourdough [17,77]. To obtain emmer sourdough Lacto-
bacillus plantarum 6E, Lactobacillus plantarum 10E, Lactobacillus plantarum T6B10, Weissella
confusa 12E and Weissella confusa BANS have been selected and used [17,78]. Einkorn
flour was fermented with strains of Lactobacillus brevis 3BHI, Lactobacillus sanfranciscensis
BB12, Lactobacillus plantarum 98a [32]. Lactobacillus sanfranciscensis BB12, Lactobacillus plan-
tarum M4, Lactobacillus plantarum 98a, Lactobacillus paracasei 11, Lactobacillus brevis 3BHI
and Lactobacillus brevis T4, were used for Kamut®Khorasan sourdough [18,93]. As these
studies are reported, the selected LAB strains are contributing to products with improved
sensorial quality, but can also serve other purposes, for example, at release of peptides
with antioxidant activity [18,77,93]. It is worth mentioning that soft ancient wheat species
Verna and Andriolo with non-optimal rheological characteristics also demonstrated that
they could make bread with similar quality properties to the samples from modern wheat
variety when sourdough type I was used [59].

Sourdough fermentation is influenced by several parameters, two of which are of
essential importance. The first parameter is the temperature, an exogenous factor that
plays a critical role in the metabolic activity of lactobacilli and also influences the dynamics
of microbial population, while the second parameter is the flour’s hydration capacity and
how it impacts the fermentation process [94]. Additional exogenous factors that can disturb
the sourdough microbiota are fermentation time, redox potential, oxygen tension, dough
yield, storage temperature, pH and the number of propagation steps [95]. However, there
are also endogenous factors that can affect the fermentation and implicitly the quality of
the bread. The most relevant of these are enzymatic activity, mineral availability, nitrogen
sources, lipids, carbohydrate type, and their concentration in the raw matrix [96].
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4.2. Nutritional Value and Health-Promoting Compounds

The effects of sourdough fermentation on the nutritional properties of bread qual-
ity are among the most diverse and depend on the interaction between the raw flour
and the microbial strain used as the fermenting agent. Thus, various studies have con-
firmed aspects such as: increase the bioaccessibility of vitamins and bioactive compounds,
decrease glycemic index, improves the bioavailability of minerals, reduces the content
of anti-nutritional factors, helps in the degradation of gluten and the solubilization of
fibers [3,89,97,98].

Protein degradation via proteolysis involves the breakdown of proteins into peptides
and/or amino acids [99]. This process occurs during fermentation and is initiated by
endogenous proteases from cereals and, later, hydrolysis of peptides into amino acids is
performed by lactic acid bacteria proteinases. Proteolysis presents great importance for
the nutritional quality of bread. Thus, the products of proteolysis, as peptides and amino
acids, as well as other compounds transformed by microorganisms’ metabolic pathways,
have an impact on the bioactive chemicals content, aromatic derivatives, and, as a result,
on the bread flavor [82,100,101]. Some of the health beneficial effects of amino acids (e.g.,
lysine, histidine, isoleucine) and peptides (e.g., lunasin) resulting from proteolysis are:
promoting muscle synthesis, reducing the risk of type 2 diabetes and cardiovascular disease,
preventing cancer, lowering blood pressure, and others [3,102-104].

Only a few studies have been conducted on assessing the influence of ancient wheat
sourdough on the nutritional characteristics of baking products and the most recent are
performing metabolomics approaches for this aim [3,105]. Colosimo et al. [105] reported
that the proteolysis of spelt flour protein led to enhanced content of essential amino
acids like isoleucine, leucine, valine and methionine became potentially bioavailable.
Leucine, isoleucine and valine are branched amino acids (BCAA), known for their health
benefits such as lowering the insulin response but also for the capacity to contribute
to the production of bioactive peptides which have antioxidant, anti-inflammatory and
anti-hypertensive effects [3,105]. Another advantage of sourdough fermentation is given
by its potential to eliminate the peptides responsible for the occurrence of intolerance
to cereals [79,106-108], this result could help for the development and expansion of the
range of products destined for people suffering from celiac disease. Additionally, as a
result of proteolysis, in vivo and ex vitro tests performed by Colosimo et al. [105], showed
an important increase in antioxidant and total phenolics activities in the case of spelt
sourdough; the health benefits that these compounds could bring are major due to their
capacity to reduce the risk of diabetes, systemic attack, leukemia, asthma or depression.
These results were obtained on a sourdough made from water, spelt from Garfagnana
(Lucca, Italy) and sourdough; the mixture was fermented at 38 °C for 4 days in which it
was continuously mixed.

According to the study conducted by Coda et al. [77], certain selected lactic acid
bacteria such as Lactobacillussan franciscensis 7A, Lactobacillus brevis 14G, Lactobacillus alimen-
tarius 15M and Lactobacillus hilgardii 51B were able to release antioxidant peptides during
sourdough fermentation obtained from Kamut®Khorasan, spelt, rye and wholemeal flour.
The sourdough subjected to the experiment was obtained from flour and water fermented
together with the selected microorganisms in stirring conditions (200 rpm) for 24 h at 37 °C.
Unlike chemically fermented doughs, the radical scavenging activity of water/salt-soluble
extracts from sourdough obtained from these cereals is considerably higher. In the active
fraction of sourdough water-soluble extracts, twenty-five peptides with amino acid residues
from 8 to 57 were discovered with the help of nanoliquid chromatography—electrospray
ionization tandem mass spectrometry.

It has also been shown that einkorn sourdough bread contains a higher level of
carotenoids compared to wheat sourdough bread; and the sourdough fermentation helped
to maintain these compounds even if they were exposed to oxygen for a long time [32].
Another study revealed a decrease in phytate content, Lactobacillus plantarum AAS3 and
Lactobacillus paraplantarum 2815 proving the highest phytase activity and consequently,
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the bioavailability of minerals was increased. However, other species of LAB, such as
Lactobacillus brevis qp 109 and Lactobacillus plantarum GM 1403 had the lowest phytase
activity, a fact that indicated that the phytase activity investigation could help to enhance
the bioavailability of the minerals in bread sourdough [19].

Moreover, Kamut®Khorasan wheat flour fermented with a specific strain of Lacto-
bacillus plantarum revealed the capacity to determine the metabolic features of sourdough
due to the specific flour’s compounds involved both in nutritional and aromatic quality.
A comparative study between Kamut®Khorasan and durum sourdough highlighted that
Kamut flour resulted in a higher content of acid compounds, a large range of volatile
compounds with a high correlation between volatiles and polyphenolic compounds and
total polyphenols [109]. In addition, Kamut®Khorasan sourdough bread was found to be
richer in fibers like arabinoxylans and fructans than durum wheat, revealing the role of
specific interaction between the raw matrix and the microbial strain in the accumulation of
the bioactive compounds [93].

4.3. Textural Properties of Dough and Bread as Affected by Ancient Wheat Sourdough

The decrease of pH by organic acids produced by LAB has a major impact on the
swelling and solubility of gluten proteins. This process led to softer dough that can present
better gas retention and a higher loaf volume upon baking. As well, CO; has a similar
mechanism of action on textures as organic acids [110]. Last but not least, endogenous
proteolytic enzymes are also responsible for softening the dough by growing the content of
hydrolyzed products [111].

According to Zamaratskaia et al. [16], emmer sourdough bread is characterized by a
hearty crumb, a medium rough surface, and grainy and low dryness. Spring emmer wheat
varieties present a greater sensory variation than winter ones, having a great influence on
the textural characteristics of the bread. Coda et al. [17] reported that emmer and spelt
sourdough bread presents a concentration of free amino acids, a phytase activity and a
titratable acidity significantly higher than common wheat sourdough bread; per contra,
it presents a similarity in terms of pH values. The authors stated that volume and crumb
grain were positively influenced by bread acidity. The bread volume was evaluated after
4 h of storage, while the bread crumb was determined after 24 h with the help of image
analysis technology. Sensorial analysis showed that there is a greater resemblance between
the values of textural parameters of spelt and common wheat sourdough bread than in the
case of emmer sourdough bread, but both ancient kinds of cereals are able to be used in
bakery products manufacturing.

Sourdough bread obtained from three varieties of T. aestivum ssp. vulgare L. and two
varieties of T. aestivum ssp. spelta L. were analyzed from a sensory point of view (crumb
firmness and elasticity, cohesiveness, moistness bread crumb, crumb cells homogeneity,
crumb cells number, aroma and flavor) in a study by Callejo et al. [112]. The sensory
profiling method was used to perform the evaluation. The results revealed major differences
in terms of crumb elasticity, which normally is a parameter that indicates a good baking
performance and crumb cell homogeneity between spelt and wheat bread. The authors
concluded that the higher crumb elasticity of the bread indicates a good baking performance
and is associated with the rheological characteristics of spelt dough. These characteristics
are determined by the high ratio of gliadin to glutenin subunits in spelt dough which
generates low extensibility. Another cause could be the pre-gelatinization process of the
spelt flour which could lower the probability of premature membrane rupture between gas
cells, and as a result prolonged and variable oven rise is possible. This process can also
explain why the spelt breads had received poor scores for “crumb cell homogeneity”.

For sourdough bread made with 100% einkorn flour, a study by Piasecka-J6Zwiak et al. [113]
concluded that it has an irregular porosity, a small volume and thick walls of the crumb pores.
These results were predicted by previous tests to which einkorn flour was subjected. For exam-
ple, the Zeleny test had shown that the proteins of the einkorn have poor quality, also the gluten
is in a lower amount than in wheat flour and has high plasticity and viscosity which makes it
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difficult to wash out. Examination of einkorn dough with the farinograph revealed that it has
low stability, low water absorption, a brief development time of the dough, and a high softening
degree; all of these indicating the einkorn flour as having low rheological properties. Thus,
by adding 3% gluten, all these parameters (volume, bread crumb and texture) are improved
significantly, the same result is possible by replacing 30-50% of einkorn flour with wheat flour.
However, these results were contradicted by Cakar et al. [19] who reported that the einkorn
sourdough bread (with 100% einkorn flour) does not present a thick wall structure in the crust
or in the crumb and the panelists scored the texture of the bread as acceptable. Differences in the
rheological behavior of ancient cereal could be related to the stage of maturation, climatic condi-
tions, soil properties, while metabolomics approaches could be a tool for better understanding
the influencing factors and predicting the cereal quality.

Sereti et al. [114] also studied the physical and chemical characteristics of some breads
obtained from ancient cereals such as einkorn and spelt by comparing them to common
wheat. These flours were obtained by imitating the prehistoric grinding tools, while the
bread samples were obtained by the sourdough method except the control (Figure 3). As a
result, it was discovered that the sample made with common wheat flour has the best crumb
microstructure. The huge pores in the other bread samples could be attributable to a variety
of factors, including a high amount of bran due to the grinding procedure, which weakens
the gluten network, as well as gas cell coalescence caused by a weak protein gel network.
In terms of crust hardness, there are no significant variations between sourdough einkorn
bread and wheat flour-based bread. Figures 3 and 4 are relevant for a better understanding
of the effect that ancient flours can have on the rheological properties of samples of bread.
The optical micrographs revealed for the einkorn dough without sourdough that part of the
starch granules was aggregated. Studies have also shown that the free spaces resulting from
starch gathering were filled by the gluten network. Contrarily, the sample with sourdough
revealed a uniform distribution of the starch granules, probably caused by the sourdough
capacity to break the gluten gel.

Control Einkorn Einkorn + Spelt ~ Common wheat

(Einkorn without
sourdough)

Figure 3. Section aspect of the bread samples made from ancient grains flour using sourdough
method. Adapted from Sereti et al. [114]. Copyright 2020 Creative Common Attribution License.

Einkorn bread with sourdough

Figure 4. Starch granules from einkorn flour and bread samples with or without sourdough. Adapted
from Sereti et al. [114]. Copyright 2020 Creative Common Attribution License.
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4.4. Flavor Development in Ancient Wheat Sourdough Bread

One of the great advantages of bread made with sourdough is the specific flavor. Its
formation in the product is mainly related to several factors such as the volatile profile
of the raw flour and specific interaction between the flour and the microbial strains used
in fermentation. Additionally, the aroma of the bread is influenced by the amount of
sourdough added to the dough. For example, in sourdough wheat bread has been identified
82 volatile compounds, with 10 more than in wheat bread fermented only with bakery
yeast [115,116]. This significant difference in the concentration of compounds between
the two assortments is because sourdough bread requires a longer fermentation period
but it is also due to the different metabolic pathways of LAB and bakery yeast [117]. The
formation of volatile compounds in sourdough bread is caused by several processes, such
as caramelization and Maillard reactions, lipid oxidation and fermentation [118]. Mainly,
volatile compounds belong to the class of alcohols, esters, aldehydes, lactones, acids,
ketones, hydrocarbons, furans, with a total of over 500 compounds identified in bread [119].
Depending on their role as a substrate for microorganism fermentation, different types of
cereal flours can generate different volatile profiles. An example of this case is Kamut®
Khorasan flour, which, due to the large amounts of protein content compared with common
wheat, leads to a greater differentiation of sulphur compounds [120,121]. In a study
by Di Renzo et al. [18], the doughs made from Kamut®Khorasan and fermented with
Lactobacillus plantarum and Lactobacillus paracasei stood out after 48 h by the presence
of some compounds such as pentanal, hexanal, nonanal, trans (E)2-heptanal, 2-octenal,
2,4-nonadienal and 2,4-decadienal. Furthermore, 2,6-dimethyl-4-heptanone, 5-methyl-
3-hexanone, 4-methyl-3-penten-2-one were produced in higher quantities in sourdough
fermented with Lactobacillus paracasei than in those fermented by Lactobacillus plantarum and
Lactobacillus brevis. The sensory analysis conducted by Coda et al. [17] on emmer sourdough
bread, spelt sourdough bread and wheat sourdough bread has shown that the flavor of the
products is influenced by three major factors, namely fermentation, the mix of flour and
the bakery process. Thus, sensory attributes such as acid flavor, acid taste, sweetness, color,
elasticity, dryness and taste were scored using a 10-point scale. The analysis was performed
by 10 untrained panelists who concluded that spelt sourdough bread has the highest value
for the acid test (8.0 £ 0.2) compared to wheat sourdough bread (6.5 & 0.2) and emmer
sourdough bread (7.5 & 0.3). Moreover, the sensory analysis showed that the acid flavor
was higher in the bread with spelt and white wheat flour (7.5 £ 0.3) than in the emmer
sourdough bread (6.5 & 0.3). These combined results demonstrate consumers’ preference
for spelt sourdough bread. A sourdough made from 100% einkorn flour was used to obtain
5 samples of bread where wheat/einkorn flour ratios were 0/100, 25/75, 50/50, 75/25 and
100/0. For these products, 12 trained specialists evaluated attributes such as smell, taste,
chewability, crust and bread crumb color, pore structure and general acceptance, using
a 7-point scale. The result of the analysis established that as the proportion of einkorn
flour increases (75-100% einkorn flour), consumer preference decreases, the best taste
scores being received by products with 25 and 50% einkorn flour [19]. Starr et al. [122]
and Starr et al. [123] have analyzed the sensory profile of cooked grains, flour, bread and
porridge made from some species and varieties of the genus Triticum. In their research
they used terms like cocoa, honey, vanilla, nutty, cooked malt and oat porridge for odor
descriptors; and for flavor descriptors were used sweet, salt, bitter, oat porridge and cooked
malt. Thus, ancient species like einkorn, emmer and spelt were appreciated as having
flavor and odor of oat porridge and a mild aroma, while Kamut®wheat was distinguished
by a sweet flavor and an intense aroma. Eighty-eight compounds were identified during
the gas chromatographic investigation, and twenty-two of them can be associated with
odor and flavor descriptions, including 2-methylbutanal, 3-methyl-1-butanol, 6-methyl-
5-hepten-2-one, 2-methyl-1-butanol, 2-pentylfuran, benzaldehyde, 2-nonenal, hexanal
and hexanol.
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4.5. Shelf Life of Sourdough Bread

The two most common factors which affect the shelf life of bread are firming texture
and microbiological spoilage which is a result of cross-contamination that occurs after the
baking process [81]. Lactic acid bacteria have been proven to have significant antibacterial
activity, which aids in the inhibition of certain saprophytic bacteria species (Aspergillus niger,
Penicillium sp., Rhizopus sp., Fusarium sp., Mucor sp., Bacillus subtilis, Bacillus mesentericus,
Bacillus licheniformis, Bacillus pseudomesenteroides) [124]. Thus, to prevent the appearance
of bacterial spoilage it is necessary to add 10% sourdough in breadmaking and to in-
crease the amount to 15-20% if the prevention of mold spoilage is desired [125]. Lactic
microorganisms produce a series of inhibitory substances (acetic acid, lactic acid, diacetyl,
hydrogen peroxide, bacteriocins) which help to prevent the appearance of pathogenic
bacteria [126]. The lactic bacteria from spontaneous einkorn sourdough have significant
antimicrobial activity against pathogenic bacteria like Bacillus cereus and Escherichia coli,
and especially against Bacillus subtilis, which causes rope spoilage in bread [19]. For spelt
sourdough bread, a study by Korcari et al. [127] showed that Weissella cibaria demonstrates
a strong antifungal activity against Fusarium verticillioides and Aspergillus flavus; whereas,
Pediococcus pentosaceus inhibits the growth of fungus Mucor circinelloides, Aspergillus flavus
and Fusarium verticillioides. These results led to the conclusion that both strains are valid
to increase the shelf life of spelt sourdough bread. In another study performed on spelt,
an increase in organic acids was observed during the sourdough fermentation and this
fact, according to the researchers, can be associated with the increase of the shelf life of
the bread [105]. According to an opinion written by Calvert et al. [128], the shelf life may
be longer for products obtained from flours that have a higher amylase content, because
sourdough starters with high levels of this enzyme acidify faster. Obviously, this is only a
hypothesis and detailed studies are needed to determine whether the shelf life of bread
obtained from ancient cereals differs from that obtained from common wheat.

5. Glycemic Index of Ancient Wheat Species Bread

The number of patients who suffer from type 2 diabetes is constantly increasing and
by 2040, the number of cases is predicted to reach 415 million [129]. Previous research has
concluded that carbohydrates have a major role in the onset of this disease, but also in
blood glucose control and the risk of cardiovascular disease [130].

The glycemic index (GI) is a tool with the help of which we can classify foods in terms
of their carbohydrate content and the effect they have on blood glucose [131]. In this way,
foods are divided according to GI into three classes: high (GI > 70), medium (56-69) and
low (GI < 55) [132].

Wholemeal and white bread fall into the food group with a high glycemic index while
sourdough bread belongs to the class of those with a medium or even a low index [133].
In recent years, various strategies have been tried to reduce this index such as the use of
high-fiber flours (rye, oat, barley) or the addition of dietary fiber (3-glucans) [134]. Another
approach is the use of flours obtained from some legumes (lupine, chickpea, guar bean)
and fruits [135].

A study by Marques et al. [136] was compared wheat bread and spelt bread and came
to the conclusion that there is no significant difference between their glycemic index, both
values being around 93 £ 9. Instead, another study conducted by Thorup et al. [70] studied
the effects that a diet composed of flour of some ancient cereals (emmer, einkorn, spelt) and
rye has on a group of 40 rats for a period of 9 weeks. The results showed that a diet based
on emmer, einkorn and spelt can slow down or prevent the risk of developing diabetes.
This is possible due to the downregulation that these flours make on the key regulatory
genes involved in the metabolism of fats and glucose.

Regarding Kamut®Khorasan flour, an in vivo study was performed on 30 healthy
subjects who consumed for 16 weeks products (flour, crisp toast, crackers, fusilli, penne)
from this type of ancient cereal. Finally, it was possible to conclude that these types of
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foods are able to decrease certain markers associated with the risk of developing type 2
diabetes [34].

According to Atkinson et al. [137], the GI for 30 g of sourdough wheat bread is 54 and
its GL (glycemic load) is 8, for the same amount of the white bread Gl is 71 and the GL is 9,
and finally, at the opposite end is the wholemeal wheat bread which has GI 71 and GL 10.
The glycemic load (GL) is determined as the sum of the product of the GI for each foodstuff
and its available carbohydrate content divided by 100. This index is used to estimate the
quantity of carbohydrates ingested as well the effect on the insulin content.

Studies performed so far on this subject have shown promising results, but to establish
the exact effect that sourdough and, especially, ancient cereals have in controlling and
lowering blood sugar, more detailed research is needed.

6. Conclusions

The market for functional food products is constantly growing and changing. This
fierce expansion is based on two major causes: the evolution of scientific interest and
the consumer belief in the ability of nutrition to prevent and reduce the risk of chronic
diseases [138].

Thus, a special interest in recent years has been given to the changes that sourdoughs
can produce on the nutrients in grains and cereal flour. Traditionally, wheat or rye flour is
used to obtain sourdough, but recently there has been growing interest in the use of other
types of cereals. For this reason, ancient wheat varieties such as einkorn, emmer, spelt and
Khorasan have begun to hold the attention of consumers, processors and farmers. They
could be used as a substitute for common flour due to their higher functional qualities,
allowing the design of innovative products destined for specific dietary needs. Nowadays,
spelt flour is widely used in breadmaking due to its superior nutritional composition
and baking performance. However, recent studies have been conducted on assessing the
baking quality of Kamut®Khorasan, emmer and einkorn flours with encouraging results,
especially when the sourdough method was used. Sourdough has the great potential to
level the baking performance differences between the ancient and modern wheat flours.

The results of the studies carried out so far on these ancient varieties are promising,
and the benefits that bioactive compounds have on the organism are among the most
diverse. Their use in sourdough further enhances and emphasizes their advantages to
improve the flavor, shelf life and texture of bread, but also to prevent chronic diseases such
as cancer, diabetes, obesity and cardiovascular disease.

Author Contributions: Conceptualization, L.R.S. and A.P.; methodology, L.R.S. and A.P; validation,
VM., SM.M,; resources, L.R.S., M.S.C.; writing—original draft preparation, L.R.S. and A.P,; writing—
review and editing, A.P. and V.M.; visualization, S.M.M.; supervision, A.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by a grant of the Romanian Ministry of Research,
Innovation and Digitization CNCS/CCCDI-UEFISCD], project number PN-III-P1-1.1-TE-2019-2212,
within PNCDI III.

Conflicts of Interest: The authors declare no conflict of interest.



Processes 2021, 9, 2008 15 of 20

References

1.  Canesin, M.R.; Cazarin, C.B.B. Nutritional quality and nutrient bioaccessibility in sourdough bread. Curr. Opin. Food Sci. 2021, 40,
81-86. [CrossRef]

2. Mariotti, M.; Garofalo, C.; Aquilanti, L.; Osimani, A.; Fongaro, L.; Tavoletti, S.; Hager, A.S.; Clementi, F. Barley flour exploitation
in sourdough bread-making: A technological, nutritional and sensory evaluation. LWT Food Sci. Technol. 2014, 59, 973-980.
[CrossRef]

3.  Fernandez-Pelaez, ].; Paesani, C.; Gomez, M. Sourdough technology as a tool for the development of healthier grain-based
products: An update. Agronomy 2020, 10, 1962. [CrossRef]

4.  Liptakova, D.; Matej¢ekova, Z.; Valik, L. Lactic Acid Bacteria and Fermentation of Cereals and Pseudocereals. In Fermentation
Processes; InTechOpen: London, UK, 2017; pp. 223-254.

5. Ogunremi, O.R.;; Banwo, K.; Sanni, A I. Starter-culture to improve the quality of cereal-based fermented foods: Trends in selection
and application. Curr. Opin. Food Sci. 2017, 13, 38-43. [CrossRef]

6.  Paucean, A.; Vodnar, D.C.; Muresan, V; Fetea, F.; Ranga, F.; Man, S.M.; Muste, S.; Socaciu, C. Monitoring lactic acid concentrations
by infrared spectroscopy: A new developed method for lactobacillus fermenting media with potential food applications. Acta
Aliment. 2017, 46, 420-427. [CrossRef]

7. Petrova, P; Petrov, K. Lactic acid fermentation of cereals and pseudocereals: Ancient nutritional biotechnologies with modern
applications. Nutrients 2020, 12, 1118. [CrossRef]

8.  Komatsuzaki, N.; Izawa, M.; Suzumori, M.; Fujihara, S.; Shima, J. Characteristics of New Sourdough using Lactic Acid Bacteria
and Wild Yeast. J. Food Sci. Nutr. Res. 2019, 2, 1-12. [CrossRef]

9. Limbad, M.; Maddox, N.G.; Hamid, N.; Kantono, K. Sensory and physicochemical characterization of sourdough bread prepared
with a coconut water kefir starter. Foods 2020, 9, 1165. [CrossRef]

10. Hidalgo, A.; Brandolini, A. Nutritional properties of einkorn wheat (Triticum monococcum L.). ]. Sci. Food Agric. 2014, 94, 601-612.
[CrossRef]

11.  Shewry, P.R.; Hey, S. Do “ancient” wheat species differ from modern bread wheat in their contents of bioactive components?
J. Cereal Sci. 2015, 65, 236-243. [CrossRef]

12.  Dinu, M.; Whittaker, A.; Pagliai, G.; Benedettelli, S.; Sofi, F. Ancient wheat species and human health: Biochemical and clinical
implications. J. Nutr. Biochem. 2018, 52. [CrossRef] [PubMed]

13.  Valli, V,; Taccari, A.; Di Nunzio, M.; Danesi, F.; Bordoni, A. Health benefits of ancient grains. Comparison among bread made
with ancient, heritage and modern grain flours in human cultured cells. Food Res. Int. 2018, 107, 206-215. [CrossRef]

14. Costanzo, A.; Amos, D.C,; Dinelli, G.; Sferrazza, R.E.; Accorsi, G.; Negri, L.; Bosi, S. Performance and nutritional properties
of Einkorn, Emmer and Rivet Wheat in response to different rotational position and soil tillage. Sustainability 2019, 11, 6304.
[CrossRef]

15. Bencze, S.; Makadi, M.; Aranyos, T].; Foldi, M.; Hertelendy, P.; Miko, P; Bosi, S.; Negri, L.; Drexler, D. Re-introduction of ancient
wheat cultivars into organic agriculture-Emmer and Einkorn cultivation experiences under marginal conditions. Sustainability
2020, 12, 1584. [CrossRef]

16. Zamaratskaia, G.; Gerhardt, K.; Wendin, K. Biochemical characteristics and potential applications of ancient cereals—An
underexploited opportunity for sustainable production and consumption. Trends Food Sci. Technol. 2021, 107, 114-123. [CrossRef]

17. Coda, R.; Nionelli, L.; Rizzello, C.G.; De Angelis, M.; Tossut, P.; Gobbetti, M. Spelt and emmer flours: Characterization of the
lactic acid bacteria microbiota and selection of mixed starters for bread making. J. Appl. Microbiol. 2010, 108, 925-935. [CrossRef]

18. Di Renzo, T,; Reale, A.; Boscaino, F.; Messia, M.C. Flavoring production in Kamut®, Quinoa and wheat doughs fermented
by lactobacillus paracasei, lactobacillus plantarum, and lactobacillus brevis: A SPME-GC/MS study. Front. Microbiol. 2018, 9.
[CrossRef]

19. Cakur, E.; Arici, M.; Durak, M.Z.; Karasu, S. The molecular and technological characterization of lactic acid bacteria in einkorn
sourdough: Effect on bread quality. |. Food Meas. Charact. 2020, 14, 1646-1655. [CrossRef]

20. Coda, R; Di Cagno, R.; Gobbetti, M.; Rizzello, C.G. Sourdough lactic acid bacteria: Exploration of non-wheat cereal-based
fermentation. Food Microbiol. 2014, 37, 51-58. [CrossRef] [PubMed]

21. Charmet, G. Wheat domestication: Lessons for the future. Comptes Rendus Biol. 2011, 334, 212-220. [CrossRef]

22. Tran, K.D.; Konvalina, P.; Capouchova, L ; Janovska, D.; Lacko-Bartosova, M.; Kopecky, M.; Tran, PX.T. Comparative Study on
Protein Quality and Rheological Behavior of Di erent Wheat Species. Agronomy 2020, 10, 1763. [CrossRef]

23. Giambanelli, E.; Ferioli, F.; Kogaoglu, B.; Jorjadze, M.; Alexieva, I.; Darbinyan, N.; D’Antuono, L.F. A comparative study of
bioactive compounds in primitive wheat populations from italy, turkey, georgia, bulgaria and armenia. J. Sci. Food Agric. 2013, 93,
3490-3501. [CrossRef]

24. Matsuoka, Y. Evolution of polyploid triticum wheats under cultivation: The role of domestication, natural hybridization and
allopolyploid speciation in their diversification. Plant Cell Physiol. 2011, 52, 750-764. [CrossRef]

25. Fujita, A.; Simsek, S.; Schwarz, P.B. Observations on the Malting of Ancient Wheats: Einkorn, Emmer and Spelt. Fermentation
2020, 6, 125. [CrossRef]

26. Geisslitz, S.; Longin, C.EH.; Scherf, K.A.; Koehler, P. Comparative Study on Gluten Protein Composition of Ancient (Einkorn,

Emmer and Spelt) and Modern Wheat Species (Durum and Common Wheat). Foods 2019, 8, 409. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cofs.2021.02.007
http://doi.org/10.1016/j.lwt.2014.06.052
http://doi.org/10.3390/agronomy10121962
http://doi.org/10.1016/j.cofs.2017.02.003
http://doi.org/10.1556/066.2017.0003
http://doi.org/10.3390/nu12041118
http://doi.org/10.26502/jfsnr.2642-1100004
http://doi.org/10.3390/foods9091165
http://doi.org/10.1002/jsfa.6382
http://doi.org/10.1016/j.jcs.2015.07.014
http://doi.org/10.1016/j.jnutbio.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/29065353
http://doi.org/10.1016/j.foodres.2018.02.032
http://doi.org/10.3390/su11226304
http://doi.org/10.3390/su12041584
http://doi.org/10.1016/j.tifs.2020.12.006
http://doi.org/10.1111/j.1365-2672.2009.04497.x
http://doi.org/10.3389/fmicb.2018.00429
http://doi.org/10.1007/s11694-020-00412-5
http://doi.org/10.1016/j.fm.2013.06.018
http://www.ncbi.nlm.nih.gov/pubmed/24230473
http://doi.org/10.1016/j.crvi.2010.12.013
http://doi.org/10.3390/agronomy10111763
http://doi.org/10.1002/jsfa.6326
http://doi.org/10.1093/pcp/pcr018
http://doi.org/10.3390/fermentation6040125
http://doi.org/10.3390/foods8090409
http://www.ncbi.nlm.nih.gov/pubmed/31547385

Processes 2021, 9, 2008 16 of 20

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kulathunga, J.; Reuhs, B.L.; Zwinger, S.; Simsek, S. Comparative study on kernel quality and chemical composition of ancient
and modern wheat species: Einkorn, emmer, spelt and hard red spring wheat. Foods 2021, 10, 761. [CrossRef] [PubMed]

Li, W.; Yan, S.; Shi, X.; Zhang, C.; Shao, Q.; Xu, F.; Wang, J. Starch granule size distribution from twelve wheat cultivars in east
China’s Huaibei region. Can. J. Plant Sci. 2016, 96, 176-182. [CrossRef]

Arzani, A.; Ashraf, M. Cultivated Ancient Wheats (Triticum spp.): A Potential Source of Health-Beneficial Food Products. Compr.
Rev. Food Sci. Food Saf. 2017, 16, 477-488. [CrossRef] [PubMed]

Moudry, J.; Konvalina, P.; Stehno, Z.; Capouchova, I.; Moudry, J. Ancient wheat species can extend biodiversity of cultivated
crops. Sci. Res. Essays 2011, 6, 4273-4280. [CrossRef]

Longin, C.EH.; Ziegler, J.; Schweiggert, R.; Koehler, P; Carle, R.; Wiirschum, T. Comparative study of hulled (einkorn, emmer,
and spelt) and naked wheats (durum and bread wheat): Agronomic performance and quality traits. Crop Sci. 2016, 56, 302-311.
[CrossRef]

Antognoni, F; Mandrioli, R.; Bordoni, A.; Di Nunzio, M.; Viadel, B.; Gallego, E.; Villalba, M.P.; Tomas-Cobos, L.; Taneyo Saa, D.L,;
Gianotti, A. Integrated evaluation of the potential health benefits of einkorn-based breads. Nutrients 2017, 9, 1232. [CrossRef]
[PubMed]

Spisni, E.; Imbesi, V.; Giovanardi, E.; Petrocelli, G.; Alvisi, P,; Valerii, M.C. Differential physiological responses elicited by ancient
and heritage wheat cultivars compared to modern ones. Nutrients 2019, 11, 2879. [CrossRef]

Trozzi, C.; Raffaelli, E.; Vignini, A.; Nanetti, L.; Gesuita, R.; Mazzanti, L. Evaluation of antioxidative and diabetes-preventive
properties of an ancient grain, KAMUT® khorasan wheat, in healthy volunteers. Eur. J. Nutr. 2019, 58, 151-161. [CrossRef]
[PubMed]

Wendin, K.; Mustafa, A.; Ortman, T.; Gerhardt, K. Consumer awareness, attitudes and preferences towards heritage cereals. Foods
2020, 9, 742. [CrossRef]

Escarnot, E.; Jacquemin, ].M.; Agneessens, R.; Paquot, M. Comparative study of the content and profiles of macronutrients in
spelt and wheat, a review. Biotechnol. Agron. Soc. Environ. 2012, 16, 243-256.

Lachman, J.; Musilova, J.; Kotikova, Z.; Hejtméankova, K.; Orsédk, M.; Pfibyl, J. Spring, einkorn and emmer wheat species -
potential rich sources of free ferulic acid and other phenolic compounds. Plant Soil Environ. 2012, 58, 347-353. [CrossRef]
Boukid, F; Folloni, S.; Sforza, S.; Vittadini, E.; Prandi, B. Current Trends in Ancient Grains-Based Foodstuffs: Insights into
Nutritional Aspects and Technological Applications. Compr. Rev. Food Sci. Food Saf. 2018, 17, 123-136. [CrossRef]

Levakova, L.; Lacko-BartoSova, M. Phenolic acids and antioxidant activity of wheat species: A review. Agriculture 2017, 63,
92-101. [CrossRef]

Hidalgo, A.; Brandolini, A.; Ratti, S. Influence of genetic and environmental factors on selected nutritional traits of Triticum
monococcu. J. Agric. Food Chem. 2009, 57, 6342—6348. [CrossRef]

Jirillo, E.; Carone, T.; Toffanin, R. Exploitation of old wheat properties for prevention of human disease. Nat. Prod. Commun. 2017,
12, 831-835. [CrossRef]

Geisslitz, S.; Scherf, K.A. Rediscovering Ancient Wheats. Cereal Foods World 2020, 65. [CrossRef]

Suchowilska, E.; Wiwart, M.; Kandler, W.; Krska, R. A comparison of macro- and microelement concentrations in the whole grain
of four Triticum species. Plant Soil Environ. 2012, 58, 141-147. [CrossRef]

Curnd, V.; Lacko-Bartogova, M. Chemical composition and nutritional value of emmer wheat (Triticum dicoccon schrank): A
review. J. Cent. Eur. Agric. 2017, 18, 117-134. [CrossRef]

Mustapha, K.B.; Zubairu, H.; Adamu, A. Comparison of nutritional values of wheat (Triticum aestivum) and acha (Digitaria exilis)
grains. Bayero ]. Pure Appl. Sci. 2019, 11, 133. [CrossRef]

United States Department of Agriculture. USDA Food Composition. Database. Available online: http://ndb.nal.usda.gov/
(accessed on 13 September 2021).

Gémez, M.; Gutkoski, L.C.; Bravo-Nuifiez, A. Understanding whole-wheat flour and its effect in breads: A review. Compr. Rev.
Food Sci. Food Saf. 2020, 19, 3241-3265. [CrossRef]

Gabrovska, D.; Fiedlerova, V.; Holasova, M.; Maskov4, E.; Smréinov, H.; Rysova, J.; Winterova, R.; Michalova, A.; Hutaf, M. The
nutritional evaluation of underutilized cereals and buckwheat. Food Nutr. Bull. 2002, 23, 246-249. [CrossRef]

Hidalgo, A.; Brandolini, A.; Pompei, C.; Piscozzi, R. Carotenoids and tocols of einkorn wheat (Triticum monococcum ssp.
monococcum L.). J. Cereal Sci. 2006, 44, 182-193. [CrossRef]

Frakolaki, G.; Giannou, V.; Topakas, E.; Tzia, C. Chemical characterization and breadmaking potential of spelt versus wheat flour.
J. Cereal Sci. 2018, 79, 50-56. [CrossRef]

Barak, S.; Mudgil, D.; Khatkar, B.S. Influence of gliadin and glutenin fractions on rheological, pasting, and textural properties of
dough. Int. J. Food Prop. 2014, 17, 1428-1438. [CrossRef]

Schopf, M.; Scherf, K.A. Predicting vital wheat gluten quality using the gluten aggregation test and the microscale extension test.
Curr. Res. Food Sci. 2020, 3, 322-328. [CrossRef] [PubMed]

Choi, HW.,; Baik, B.K. Significance of starch properties and quantity on sponge cake volume. Cereal Chemn. 2014, 91, 280-285.
[CrossRef]

Guzman, C.; Caballero, L.; Alvarez, J.B.; Yamamori, M. Amylose content and starch properties in emmer and durum wheat lines
with different waxy proteins composition. J. Sci. Food Agric. 2011, 91, 1625-1629. [CrossRef]


http://doi.org/10.3390/foods10040761
http://www.ncbi.nlm.nih.gov/pubmed/33918335
http://doi.org/10.1139/cjps-2015-0048
http://doi.org/10.1111/1541-4337.12262
http://www.ncbi.nlm.nih.gov/pubmed/33371554
http://doi.org/10.5897/sre11.928
http://doi.org/10.2135/cropsci2015.04.0242
http://doi.org/10.3390/nu9111232
http://www.ncbi.nlm.nih.gov/pubmed/29137113
http://doi.org/10.3390/nu11122879
http://doi.org/10.1007/s00394-017-1579-8
http://www.ncbi.nlm.nih.gov/pubmed/29143934
http://doi.org/10.3390/foods9060742
http://doi.org/10.17221/289/2012-PSE
http://doi.org/10.1111/1541-4337.12315
http://doi.org/10.1515/agri-2017-0009
http://doi.org/10.1021/jf901180q
http://doi.org/10.1177/1934578X1701200605
http://doi.org/10.1094/CFW-65-2-0013
http://doi.org/10.17221/688/2011-PSE
http://doi.org/10.5513/JCEA01/18.1.1871
http://doi.org/10.4314/bajopas.v11i1.22S
http://ndb.nal.usda.gov/
http://doi.org/10.1111/1541-4337.12625
http://doi.org/10.1177/15648265020233S148
http://doi.org/10.1016/j.jcs.2006.06.002
http://doi.org/10.1016/j.jcs.2017.08.023
http://doi.org/10.1080/10942912.2012.717154
http://doi.org/10.1016/j.crfs.2020.11.004
http://www.ncbi.nlm.nih.gov/pubmed/33367286
http://doi.org/10.1094/CCHEM-06-13-0114-R
http://doi.org/10.1002/jsfa.4358

Processes 2021, 9, 2008 17 of 20

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Brandolini, A.; Hidalgo, A.; Moscaritolo, S. Chemical composition and pasting properties of einkorn (Triticum monococcum L.
subsp. monococcum) whole meal flour. J. Cereal Sci. 2008, 47, 599—-609. [CrossRef]

Brandolini, A.; Hidalgo, A. Einkorn (Triticum Monococcum) Flour and Bread. In Flour and Breads and Their Fortification in Health
and Disease Prevention; Academic Press: Cambridge, MA, USA, 2011; pp. 79-88. [CrossRef]

Zaparenko, A.; Didenko, S.; Holyk, O.; Goloventsov, Y. Investigation of the Technological Properties of Emmer Flour. Food Sci.
Technol. 2020, 14. [CrossRef]

Wilson, J.D.; Bechtel, D.B.; Wilson, G.W.T; Seib, P.A. Bread quality of spelt wheat and its starch. Cereal Chem. 2008, 85, 629-638.
[CrossRef]

Venturi, M.; Galli, V.; Pini, N.; Guerrini, S.; Sodi, C.; Granchi, L. Influence of different leavening agents on technological and
nutritional characteristics of whole grain breads obtained from ancient and modern flour varieties. Eur. Food Res. Technol. 2021,
247,1701-1710. [CrossRef]

Gomez-Becerra, H.F; Erdem, H.; Yazici, A.; Tutus, Y,; Torun, B.; Ozturk, L.; Cakmak, I. Grain concentrations of protein and mineral
nutrients in a large collection of spelt wheat grown under different environments. J. Cereal Sci. 2010, 52, 342-349. [CrossRef]
Durazzo, A.; Casale, G.; Melini, V.; Maiani, G.; Acquistucci, R. Evaluation of antioxidant properties in cereals: Study of some
traditional italian wheats. Foods 2015, 4, 391-399. [CrossRef]

Zili¢, S. Phenolic Compounds of Wheat. Their Content, Antioxidant Capacity and Bioaccessibility. MOJ Food Process. Technol.
2016, 2, 85-89. [CrossRef]

Zrckova, M.; Capouchova, I.; Paznocht, L.; Eliasova, M.; Dvordk, P; Konvalina, P.; Janovska, D.; Orsak, M.; Beckova, L. Variation
of the total content of polyphenols and phenolic acids in einkorn, emmer, spelt and common wheat grain as a function of
genotype, wheat species and crop year. Plant Soil Environ. 2019, 65, 260-266. [CrossRef]

Polonskiy, V.; Loskutov, I.; Sumina, A. Biological role and health benefits of antioxidant compounds in cereals. Biol. Commun.
2020, 65, 53-67. [CrossRef]

Melese, B.; Satheesh, N.; WorknehFanta, S. Emmer wheat—An ethiopian prospective: A short review. Ann. Food Sci. Technol.
2019, 20, 89-96.

Laskowski, W.; Gorska-Warsewicz, H.; Rejman, K.; Czeczotko, M.; Zwoliriska, J. How important are cereals and cereal products
in the average polish diet? Nutrients 2019, 11, 679. [CrossRef]

Sofi, E; Whittaker, A.; Cesari, F.; Gori, A.M.; Fiorillo, C.; Becatti, M.; Marotti, I.; Dinelli, G.; Casini, A.; Abbate, R.; et al.
Characterization of Khorasan wheat (Kamut) and impact of a replacement diet on cardiovascular risk factors: Cross-over dietary
intervention study. Eur. J. Clin. Nutr. 2013, 67, 190-195. [CrossRef]

Khmeleva, E.; Berezina, N.; Khmelev, A.; Rumyantseva, V.; Kunitsyna, T.; Rogacheva, Y. Emmer wheat (Triticum dicoccum
(schrank.) schuebl.) in the technology of whole-wheat bread production. IOP Conf. Ser. Earth Environ. Sci. 2021, 640, 022026.
[CrossRef]

Di Stasio, L.; Picascia, S.; Auricchio, R.; Vitale, S.; Gazza, L.; Picariello, G.; Gianfrani, C.; Mamone, G. Comparative Analysis of
in vitro Digestibility and Immunogenicity of Gliadin Proteins From Durum and Einkorn Wheat. Front. Nutr. 2020, 7. [CrossRef]
[PubMed]

Thorup, A.C.; Gregersen, S.; Jeppesen, P.B. Ancient Wheat Diet Delays Diabetes Development in a Type 2 Diabetes Animal Model.
Rev. Diabet. Stud. 2014, 11, 245-257. [CrossRef] [PubMed]

Colomba, M.S.; Gregorini, A. Are ancient durum wheats less toxic to celiac patients? A study of x-Gliadin from Graziella Ra and
Kamut. Sci. World J. 2012, 2012, 1-8. [CrossRef]

éuligoj, T.; Gregorini, A.; Colomba, M.; Ellis, H.].; Ciclitira, P.J. Evaluation of the safety of ancient strains of wheat in coeliac
disease reveals heterogeneous small intestinal T cell responses suggestive of coeliac toxicity. Clin. Nutr. 2013, 32, 1043-1049.
[CrossRef]

Malalgoda, M.; Ohm, ].B.; Simsek, S. Celiac antigenicity of ancient wheat species. Foods 2019, 8, 675. [CrossRef] [PubMed]
Bordoni, A.; Danesi, F.; Di Nunzio, M.; Taccari, A.; Valli, V. Ancient wheat and health: A legend or the reality? A review on
KAMUT khorasan wheat. Int. J. Food Sci. Nutr. 2017, 68, 278-286. [CrossRef] [PubMed]

Longin, C.EH.; Wiirschum, T. Back to the Future—Tapping into Ancient Grains for Food Diversity. Trends Plant Sci. 2016, 21,
731-737. [CrossRef] [PubMed]

Venturi, F,; Sanmartin, C.; Taglieri, I. Effect of the baking process on artisanal sourdough bread-making: A technological and
sensory evaluation. Agrochimica 2017, 60, 222-234. [CrossRef]

Coda, R.; Rizzello, C.G.; Pinto, D.; Gobbetti, M. Selected lactic acid bacteria synthesize antioxidant peptides during sourdough
fermentation of cereal flours. Appl. Environ. Microbiol. 2012, 78, 1087-1096. [CrossRef] [PubMed]

Pontonio, E.; Dingeo, C.; Di Cagno, R.; Blandino, M.; Gobbetti, M.; Rizzello, C.G. Brans from hull-less barley, emmer and
pigmented wheat varieties: From by-products to bread nutritional improvers using selected lactic acid bacteria and xylanase. Int.
J. Food Microbiol. 2020, 313, 108384. [CrossRef]

Nionelli, L.; Rizzello, C.G. Sourdough-based biotechnologies for the production of gluten-free foods. Foods 2016, 5, 65. [CrossRef]
[PubMed]

Aplevicz, K.S.; Ogliari, PJ.; Sant’Anna, E.S. Influence of fermentation time on characteristics of sourdough bread. Braz. ]. Pharm.
Sci. 2013, 49, 233-239. [CrossRef]


http://doi.org/10.1016/j.jcs.2007.07.005
http://doi.org/10.1016/B978-0-12-380886-8.10008-X
http://doi.org/10.15673/fst.v14i2.1717
http://doi.org/10.1094/CCHEM-85-5-0629
http://doi.org/10.1007/s00217-021-03740-y
http://doi.org/10.1016/j.jcs.2010.05.003
http://doi.org/10.3390/foods4030391
http://doi.org/10.15406/mojfpt.2016.02.00037
http://doi.org/10.17221/134/2019-PSE
http://doi.org/10.21638/spbu03.2020.105
http://doi.org/10.3390/nu11030679
http://doi.org/10.1038/ejcn.2012.206
http://doi.org/10.1088/1755-1315/640/2/022026
http://doi.org/10.3389/fnut.2020.00056
http://www.ncbi.nlm.nih.gov/pubmed/32671087
http://doi.org/10.1900/RDS.2014.11.245
http://www.ncbi.nlm.nih.gov/pubmed/26177485
http://doi.org/10.1100/2012/837416
http://doi.org/10.1016/j.clnu.2013.02.003
http://doi.org/10.3390/foods8120675
http://www.ncbi.nlm.nih.gov/pubmed/31842464
http://doi.org/10.1080/09637486.2016.1247434
http://www.ncbi.nlm.nih.gov/pubmed/27790934
http://doi.org/10.1016/j.tplants.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27364231
http://doi.org/10.12871/0021857201625
http://doi.org/10.1128/AEM.06837-11
http://www.ncbi.nlm.nih.gov/pubmed/22156436
http://doi.org/10.1016/j.ijfoodmicro.2019.108384
http://doi.org/10.3390/foods5030065
http://www.ncbi.nlm.nih.gov/pubmed/28231160
http://doi.org/10.1590/S1984-82502013000200005

Processes 2021, 9, 2008 18 of 20

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Katsi, P.; Kosma, L.S.; Michailidou, S.; Argiriou, A.; Badeka, A.V.; Kontominas, M.G. Characterization of Artisanal Spontaneous
Sourdough Wheat. Foods 2021, 10, 635. [CrossRef]

Ginzle, M.G. Enzymatic and bacterial conversions during sourdough fermentation. Food Microbiol. 2014, 37, 2-10. [CrossRef]
[PubMed]

Hadaegh, H.; Seyyedain Ardabili, S.M.; Tajabadi Ebrahimi, M.; Chamani, M.; Azizi Nezhad, R. The impact of different lactic acid
bacteria sourdoughs on the quality characteristics of toast bread. J. Food Qual. 2017, 2017, 1-11. [CrossRef]

Lynch, KM.; Coffey, A.; Arendt, E.K. Exopolysaccharide producing lactic acid bacteria: Their techno-functional role and potential
application in gluten-free bread products. Food Res. Int. 2018, 110, 52-61. [CrossRef] [PubMed]

Mohsen, S.M.; Aly, M.H.; Attia, A.A.; Osman, D.B. Effect of Sourdough on Shelf Life, Freshness and Sensory Characteristics of
Egyptian Balady Bread. J. Appl. Environ. Microbiol. 2016, 4, 39—45. [CrossRef]

Cappelle, S.; Guylaine, L.; Gédnzle, M.; Gobbetti, M. History and Social Aspects of Sourdough. In Handbook on Sourdough
Biotechnology, 1st ed.; Gobbetti, M., Génzle, M., Eds.; Springer: Boston, MA, USA, 2013; pp. 1-10.

Siepmann, EB.; Ripari, V.; Waszczynskyj, N.; Spier, M.R. Overview of Sourdough Technology: From Production to Marketing.
Food Bioprocess Technol. 2018, 11, 242-270. [CrossRef]

Andersson, A.A.M.; Dimberg, L.; Aman, P,; Landberg, R. Recent findings on certain bioactive components in whole grain wheat
and rye. J. Cereal Sci. 2014, 59, 294-311. [CrossRef]

Gobbetti, M.; De Angelis, M.; Di Cagno, R.; Calasso, M.; Archetti, G.; Rizzello, C.G. Novel insights on the functional /nutritional
features of the sourdough fermentation. Int. |. Food Microbiol. 2019, 302, 103-113. [CrossRef]

Lim, S.B.; Tingirikari, ] M.R; Seo, ].S.; Li, L.; Shim, S.; Seo, ].H.; Han, N.S. Isolation of lactic acid bacteria starters from Jeung-pyun
for sourdough fermentation. Food Sci. Biotechnol. 2018, 27, 73-78. [CrossRef] [PubMed]

Rasevi¢, V.; Vranac, A.; Zuljevi¢, S.O. Impact of sourdough addition on the bread quality. Work. Fac. Agric. Food Sci. Univ. Sarajev.
2018, 62, 401-410.

Capozzi, V.; Fiocco, D.; Amodio, M.L.; Gallone, A.; Spano, G. Bacterial Stressors in Minimally Processed Food. Int. ]. Mol. Sci.
2009, 10, 3076. [CrossRef]

Saa, D.T.; Di Silvestro, R.; Dinelli, G.; Gianotti, A. Effect of sourdough fermentation and baking process severity on dietary fibre
and phenolic compounds of immature wheat flour bread. LWT Food Sci. Technol. 2017, 83, 26-32. [CrossRef]

Casado, A.; Alvarez, A.; Gonzélez, L.; Fernandez, D.; Marcos, J.L.; Tornadijo, M.E. Effect of fermentation on microbiological,
physicochemical and physical characteristics of sourdough and impact of its use on bread quality. Czech . Food Sci. 2017, 35,
496-506. [CrossRef]

Zhang, G.; Tu, J; Sadiq, FA.; Zhang, W.; Wang, W. Prevalence, genetic diversity, and technological functions of the Lactobacillus
sanfranciscensis in sourdough: A review. Compr. Rev. Food Sci. Food Saf. 2019, 18, 1209-1226. [CrossRef] [PubMed]

Chavan, R.S.; Chavan, S.R. Sourdough Technology-A Traditional Way for Wholesome Foods: A Review. Compr. Rev. Food Sci.
Food Saf. 2011, 10, 169-182. [CrossRef]

Chis, M.S.; Paucean, A.; Stan, L.; Suharoschi, R.; Socaci, S.A.; Man, S.M.; Pop, C.R.; Muste, S. Impact of protein metabolic
conversion and volatile derivatives on gluten-free muffins made with quinoa sourdough. CYTA |. Food 2019, 17, 744-753.
[CrossRef]

Teleky, B.E.; Martau, A.G.; Ranga, F.; Chetan, F.; Vodnar, D.C. Exploitation of lactic acid bacteria and Baker’s yeast as single or
multiple starter cultures of wheat flour dough enriched with soy flour. Biomolecules 2020, 10, 778. [CrossRef] [PubMed]

Raju, T.S. Proteolysis of Proteins. In Co- and Post-Translational Modifications of Therapeutic Antibodies and Proteins; John Wiley & Sons Inc.:
New York, NY, USA, 2019; pp. 183-202.

Behera, S.S.; Ray, R.C. Sourdough Bread. In Bread and Its Fortification; Russel, C.M., Ed.; CRC Press: Boca Raton, FL, USA, 2016;
pp- 53-67.

Yin, Y,; Wang, ].; Yang, S.; Feng, | ; Jia, F.; Zhang, C. Protein Degradation in Wheat Sourdough Fermentation with Lactobacillus
plantarum M616. Interdiscip. Sci. Comput. Life Sci. 2015, 7, 205-210. [CrossRef]

Rizzello, C.G.; Nionelli, L.; Coda, R.; Gobbetti, M. Synthesis of the cancer preventive peptide lunasin by lactic acid bacteria during
sourdough fermentation. Nutr. Cancer 2012, 64, 111-120. [CrossRef]

Gorissen, S.H.M. Branched-chain amino acids (leucine, isoleucine, and valine) and skeletal muscle. Nutr. Skelet. Muscle 2018,
283-298. [CrossRef]

Pefias, E.; Diana, M; Frias, ].; Quilez, J.; Martinez-Villaluenga, C. A multistrategic approach in the development of sourdough
bread targeted towards blood pressure reduction. Plant Foods Hum. Nutr. 2015, 70, 97-103. [CrossRef]

Colosimo, R.; Gabriele, M.; Cifelli, M.; Longo, V.; Domenici, V.; Pucci, L. The effect of sourdough fermentation on Triticum
dicoccum from Garfagnana: 1H NMR characterization and analysis of the antioxidant activity. Food Chem. 2020, 305, 125510.
[CrossRef]

Di Cagno, R.; De Angelis, M.; Lavermicocca, P.; De Vincenzi, M.; Giovannini, C.; Faccia, M.; Gobbetti, M. Bacteria: Effects on
Wheat Flour Protein Fractions and Gliadin Peptides Involved in Human Cereal Intolerance. Am. Soc. Microbiol. 2002, 68, 623-633.
[CrossRef]

Bradauskiene, V.; Vaiciulyte-Funk, L.; Shah, B.R.; Cernauskas, D.; Tita, M.A. Recent advances in biotechnological methods for
wheat gluten immunotoxicity abolishment—A review. Pol. ]. Food Nutr. Sci. 2021, 71, 5-20. [CrossRef]


http://doi.org/10.3390/foods10030635
http://doi.org/10.1016/j.fm.2013.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24230468
http://doi.org/10.1155/2017/7825203
http://doi.org/10.1016/j.foodres.2017.03.012
http://www.ncbi.nlm.nih.gov/pubmed/30029706
http://doi.org/10.12691/jaem-4-2-3
http://doi.org/10.1007/s11947-017-1968-2
http://doi.org/10.1016/j.jcs.2014.01.003
http://doi.org/10.1016/j.ijfoodmicro.2018.05.018
http://doi.org/10.1007/s10068-017-0274-0
http://www.ncbi.nlm.nih.gov/pubmed/30263726
http://doi.org/10.3390/ijms10073076
http://doi.org/10.1016/j.lwt.2017.04.071
http://doi.org/10.17221/68/2017-CJFS
http://doi.org/10.1111/1541-4337.12459
http://www.ncbi.nlm.nih.gov/pubmed/33336998
http://doi.org/10.1111/j.1541-4337.2011.00148.x
http://doi.org/10.1080/19476337.2019.1646320
http://doi.org/10.3390/biom10050778
http://www.ncbi.nlm.nih.gov/pubmed/32443391
http://doi.org/10.1007/s12539-015-0262-0
http://doi.org/10.1080/01635581.2012.630159
http://doi.org/10.1016/B978-0-12-810422-4.00016-6
http://doi.org/10.1007/s11130-015-0469-6
http://doi.org/10.1016/j.foodchem.2019.125510
http://doi.org/10.1128/AEM.68.2.623
http://doi.org/10.31883/pjfns/132853

Processes 2021, 9, 2008 19 of 20

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.
133.

134.

135.

Ogilvie, O.].; Gerrard, J.A.; Roberts, S.; Sutton, K.H.; Larsen, N.; Domigan, L.J. A case study of the response of immunogenic
gluten peptides to sourdough proteolysis. Nutrients 2021, 13, 1906. [CrossRef]

Ferri, M.; Serrazanetti, D.I.; Tassoni, A.; Baldissarri, M.; Gianotti, A. Improving the functional and sensorial profile of cereal-based
fermented foods by selecting Lactobacillus plantarum strains via a metabolomics approach. Food Res. Int. 2016, 89, 1095-1105.
[CrossRef]

Dong, Y.N.; Karboune, S. A review of bread qualities and current strategies for bread bioprotection: Flavor, sensory, rheological,
and textural attributes. Compr. Rev. Food Sci. Food Saf. 2021, 20, 1937-1981. [CrossRef]

Miguel, A.S.M.; Martins-Meyer, S.T.; da Costa Figueiredo, E.V.; Lobo, B.W.P,; Dellamora-Ortiz, G.M. Enzymes in Bakery: Current
and Future Trends. In Food Industry; Muzzalupo, L., Ed.; InTechOpen: London, UK, 2013; pp. 287-321.

Callejo, M.].; Vargas-Kostiuk, M.E.; Rodriguez-Quijano, M. Selection, training and validation process of a sensory panel for bread
analysis: Influence of cultivar on the quality of breads made from common wheat and spelt wheat. J. Cereal Sci. 2015, 61, 55-62.
[CrossRef]

Piasecka-Jozwiak, K.; Stowik, E.; Rozmierska, J.; Chablowska, B. Characteristic of Organic Flour Produced From Einkorn Wheat
and Rheological Properties of Einkorn Dough in Terms of Bread Obtaining. J. Res. Appl. Agric. Eng. 2015, 60, 61-66.

Sereti, V.; Lazaridou, A.; Biliaderis, C.G.; Valamoti, S.M. Reinvigorating modern breadmaking based on ancient practices and
plant ingredients, with implementation of a physicochemical approach. Foods 2021, 10, 789. [CrossRef] [PubMed]

Makhoul, S.; Romano, A.; Capozzi, V.; Spano, G.; Aprea, E.; Cappellin, L.; Benozzi, E.; Scampicchio, M.; Mérk, T.D.; Gasperi,
E; et al. Volatile Compound Production During the Bread-Making Process: Effect of Flour, Yeast and Their Interaction. Food
Bioprocess Technol. 2015, 8, 1925-1937. [CrossRef]

Pétel, C.; Onno, B.; Prost, C. Sourdough volatile compounds and their contribution to bread: A review. Trends Food Sci. Technol.
2017, 59, 105-123. [CrossRef]

Kam, W.Y,; Wan Aida, W.M.; Sahilah, A.M.; Maskat, M.Y. Volatile compounds and lactic acid bacteria in spontaneous fermented
sourdough. Sains Malays. 2011, 40, 135-138.

Birch, A.N.; Petersen, M.A.; Hansen, A.S. Aroma of wheat bread crumb. Cereal Chem. 2014, 91, 105-114. [CrossRef]

Cho, L.H.; Peterson, D.G. Chemistry of bread aroma: A review. Food Sci. Biotechnol. 2010, 19, 575-582. [CrossRef]

Balestra, F.; Laghi, L.; Taneyo Saa, D.; Gianotti, A.; Rocculi, P; Pinnavaia, G.G. Physico-chemical and metabolomic characterization
of KAMUT®Khorasan and durum wheat fermented dough. Food Chem. 2015, 187, 451-459. [CrossRef] [PubMed]

Saa, D.L.T.; Nissen, L.; Gianotti, A. Metabolomic approach to study the impact of flour type and fermentation process on volatile
profile of bakery products. Food Res. Int. 2019, 119, 510-516. [CrossRef]

Starr, G.; Bredie, W.L.P; Hansen, A.S. Sensory profiles of cooked grains from wheat species and varieties. J. Cereal Sci. 2013, 57,
295-303. [CrossRef]

Starr, G.; Petersen, M.A.; Jespersen, B.M.; Hansen, A.S. Variation of volatile compounds among wheat varieties and landraces.
Food Chem. 2015, 174, 527-537. [CrossRef] [PubMed]

Cizeikiene, D.; Juodeikiene, G.; Paskevicius, A.; Bartkiene, E. Antimicrobial activity of lactic acid bacteria against pathogenic and
spoilage microorganism isolated from food and their control in wheat bread. Food Control 2013, 31, 539-545. [CrossRef]
Denkova, R;; Ilieva, S.; Denkova, Z.; Georgieva, L.; Yordanova, M.; Nikolova, D.; Evstatieva, Y. Production of wheat bread without
preservatives using sourdough starters. Biotechnol. Biotechnol. Equip. 2014, 28, 889-898. [CrossRef]

Fraberger, V.; Ammer, C.; Domig, K.J. Functional properties and sustainability improvement of sourdough bread by lactic acid
bacteria. Microorganisms 2020, 8, 1895. [CrossRef]

Korcari, D.; Secchiero, R.; Laureati, M.; Marti, A.; Cardone, G.; Rabitti, N.S.; Ricci, G.; Fortina, M.G. Technological properties, shelf
life and consumer preference of spelt-based sourdough bread using novel, selected starter cultures. LWT Food Sci. Technol. 2021,
151, 112097. [CrossRef]

Calvert, M.D.; Madden, A.A.; Nichols, L.M.; Haddad, N.M.; Lahne, J.; Dunn, R.R.; McKenney, E.A. A review of sourdough
starters: Ecology, practices, and sensory quality with applications for baking and recommendations for future research. Peer]
2021, 9, 11389. [CrossRef]

Pepa, G.D.; Vetrani, C.; Vitale, M.; Riccardi, G. Wholegrain intake and risk of type 2 diabetes: Evidence from epidemiological and
intervention studies. Nutrients 2018, 10, 1288. [CrossRef]

Akhoundan, M.; Shadman, Z.; Jandaghi, P.; Aboeerad, M.; Larijani, B.; Jamshidi, Z.; Ardalani, H.; Nikoo, M.K. The association of
bread and rice with metabolic factors in type 2 diabetic patients. PLoS ONE 2016, 11, 12. [CrossRef]

Ali, A.; Al-Nassri, H.A.S.; Al-Rasasi, B.; Akhtar, M.S.; Al-Belushi, B.S. Glycemic index and chemical composition of traditional
omani breads. Int. J. Food Prop. 2010, 13, 198-208. [CrossRef]

Almousa, A. The Glycemic Index of Traditional Types of Bread in UAE. J. Nutr. Food Sci. 2013, 3. [CrossRef]

Borczak, B.; Sikora, M.; Sikora, E.; Dobosz, A.; Kapusta-Duch, J. Glycaemic index of wheat bread. Starch/Staerke 2018, 70.
[CrossRef]

Scazzina, F.; Siebenhandl-Ehn, S.; Pellegrini, N. The effect of dietary fibre on reducing the glycaemic index of bread. Br. J. Nutr.
2013, 109, 1163-1174. [CrossRef] [PubMed]

Stamataki, N.S.; Yanni, A.E.; Karathanos, V.T. Non-cereal ingredients for the attenuation of glycaemic response to bread: A review
of the clinical evidence. Food Funct. 2016, 7, 2926-2936. [CrossRef] [PubMed]


http://doi.org/10.3390/nu13061906
http://doi.org/10.1016/j.foodres.2016.08.044
http://doi.org/10.1111/1541-4337.12717
http://doi.org/10.1016/j.jcs.2014.09.008
http://doi.org/10.3390/foods10040789
http://www.ncbi.nlm.nih.gov/pubmed/33916902
http://doi.org/10.1007/s11947-015-1549-1
http://doi.org/10.1016/j.tifs.2016.10.015
http://doi.org/10.1094/CCHEM-06-13-0121-RW
http://doi.org/10.1007/s10068-010-0081-3
http://doi.org/10.1016/j.foodchem.2015.04.041
http://www.ncbi.nlm.nih.gov/pubmed/25977050
http://doi.org/10.1016/j.foodres.2019.01.024
http://doi.org/10.1016/j.jcs.2012.11.014
http://doi.org/10.1016/j.foodchem.2014.11.077
http://www.ncbi.nlm.nih.gov/pubmed/25529715
http://doi.org/10.1016/j.foodcont.2012.12.004
http://doi.org/10.1080/13102818.2014.965057
http://doi.org/10.3390/microorganisms8121895
http://doi.org/10.1016/j.lwt.2021.112097
http://doi.org/10.7717/peerj.11389
http://doi.org/10.3390/nu10091288
http://doi.org/10.1371/journal.pone.0167921
http://doi.org/10.1080/10942910802472852
http://doi.org/10.4172/2155-9600.1000203
http://doi.org/10.1002/star.201700022
http://doi.org/10.1017/S0007114513000032
http://www.ncbi.nlm.nih.gov/pubmed/23414580
http://doi.org/10.1039/C6FO00440G
http://www.ncbi.nlm.nih.gov/pubmed/27248689

Processes 2021, 9, 2008 20 of 20

136. Marques, C.; D’auria, L.; Cani, P.D.; Baccelli, C.; Rozenberg, R.; Ruibal-Mendieta, N.L.; Petitjean, G.; Delacroix, D.L.; Quetin-
Leclercq, J.; Habib-Jiwan, J.L.; et al. Comparison of glycemic index of spelt and wheat bread in human volunteers. Food Chem.
2007, 100, 1265-1271. [CrossRef]

137. Atkinson, ES.; Foster-Powell, K.; Brand-Miller, ].C. International tables of glycemic index and glycemic load values: 2008. Diabetes
Care 2008, 31, 2281-2283. [CrossRef] [PubMed]

138. Vella, M.N.; Stratton, L.M.; Sheeshka, ]J.; Duncan, A.M. Functional food awareness and perceptions in relation to information
sources in older adults. Nutr. . 2014, 13, 1-12. [CrossRef] [PubMed]


http://doi.org/10.1016/j.foodchem.2005.10.003
http://doi.org/10.2337/dc08-1239
http://www.ncbi.nlm.nih.gov/pubmed/18835944
http://doi.org/10.1186/1475-2891-13-44
http://www.ncbi.nlm.nih.gov/pubmed/24886306

	Introduction 
	Ancient Wheat Species General Characteristics and Chemical Composition 
	Ancient Wheat Species Health Benefits in Relation to Their Nutraceutical Composition 
	Ancient Wheat Species and the Sourdough Fermentation Process 
	Selected Lactic Acid Bacteria Used for Ancient Wheat Sourdough Bread Production 
	Nutritional Value and Health-Promoting Compounds 
	Textural Properties of Dough and Bread as Affected by Ancient Wheat Sourdough 
	Flavor Development in Ancient Wheat Sourdough Bread 
	Shelf Life of Sourdough Bread 

	Glycemic Index of Ancient Wheat Species Bread 
	Conclusions 
	References

