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Editorial

Multiple Approaches to Improve the Quality of Cereal-Based
Foods

Barbara Laddomada 1,* and Weiqun Wang 2
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* Correspondence: barbara.laddomada@ispa.cnr.it; Tel.: +39-0832-422-613

The interest in improving the health benefits of cereal foods is continuously increasing.
This is essentially due to the high frequency of their consumption worldwide, and to
the chance of using them to vehicle health promoting components in the diet that may
counteract the occurrence of non-communicable diseases (NCDs). This would contribute
to improving health maintenance and disease prevention on line with aims of the 2030
Agenda for Sustainable Development that recognizes NCDs as a “major challenge for
sustainable development”. Incorrect dietary behaviors are among the major “behavioral
risk factors” in NCDs incidences. In fact, the increasing consumption of ready meals that
are rich in sugars and lipids, and poor in bioactive compounds and fibers, is contributing
to overweight and obesity worldwide, with an increasing trend in low-, middle-, and even
high-income countries.

Improving the functional and technological properties of cereal wholemeal flours is
a first and direct goal in favor of the production and spread of cereal-based foods with
improved functional skills. The challenge is to improve the cereal foods not only for health,
but also for taste in order to guarantee consumer’s acceptance, and the economic potential
of the new products. This aim can be achieved using different strategies, some being
based on the selection of the best genetic materials and on breeding programs, some others
focusing on the upgrade of milling processes or on using new foods formulations.

The Special Issue “Functional Cereal Foods for Health Benefits: Genetic and/or Pro-
cessing Strategies to Enhance the Quali-Quantitative Composition of Bioactive Compo-
nents” collects 12 original research articles on different innovative approaches to improve
the health potential of cereal foods contributing to a Mediterranean diet-based lifestyle.
Some of the research articles address the issue of finding the best milling strategies to pro-
duce wholemeal flour with improved contents of bioactive components, but also reduced
contents of contaminants and toxic components. Above all, the aim is to improve the health
value of the end-products while maintaining good technological and sensorial quality.
The latter issues seemed to be not completely overcome when different pilot-scale milling
methods were tested to produce whole-wheat flour to be used for Chinese Steamed Bread
(CSB) and Chinese leavened pancakes (CLP) [1]. In fact, dietary fibers increased by 1.6 fold,
and ferulic acid by 1.9 fold, but such improvements were accompanied by an increase of
damaged starch percentage, and overall affected the quality of end-products [1]. The devel-
opment of an upgraded micronization plant and of a modified air classification plant able
to produce different types of durum wheat milling fractions enriched in bran particles and
consequently of phenolic bioactive compounds was also presented in this special issue [2].
This innovative solution offered the advantage of directly producing different unrefined
milling products with peculiar features, making them suitable to produce diverse types of
unrefined end-products (pasta, bread, biscuits, etc.). Due to the presence of bran particles
in different rates within each air-classified fraction, the millings had a higher technological

Foods 2022, 11, 1849. https://doi.org/10.3390/foods11131849 https://www.mdpi.com/journal/foods1
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quality compared to that of semolina supplemented with the addition of bran aliquots.
Nevertheless, the alvegraphic behavior of the unrefined millings displays a significant
reduction in the alveographic parameters, especially with regard to a P/L increase [3]. This
technology has the advantage of reducing the levels of organic and inorganic contaminants,
thus reducing health hazards to consumers [4].

Another aspect of the special issue is about the effects of seed fermentation or dehulling
on improving the concentration of nutritional and bioactive compounds. As an example,
xylanase and cellulose, produced by Aspergillus awamori and Thricoderma reesei, were used
on rice seeds [5]. In the selected conditions, such treatment facilitated a consistent increase
of Ca, P, Iron, free amino acids, phenolic compounds and proteins. Another application of
fermentation regarded coix seeds by using Monascus purpureus [6]. As a result, the contents
of tocols, γ-oryzanol, and coixenolide increased improving also the associated antioxidant
and anticancer activity on laryngeal carcinomatous HEp2 cells [6].

Dehulling also could have an indirect effect on the improvement of phenolic com-
pounds with health benefits [7]. In fact, the germination of dehulled buckwheat seeds
resulted in 1.8-fold and 1.9-fold higher phenolics and antioxidant activity compared to
hulled seeds [7].

Ultimately, as a third topic, this special issue includes studies investigating the ef-
fect of extreme environmental conditions on the accumulation of phenolic acids in the
wholemeal flour of different durum wheat cultivars [8]. Good yield performances and high
accumulation of bioactive compounds across highly differing growing conditions could be
significant to improve both the durum wheat resilience and health-promoting value. This
in agreement with Goal 13 of the 2030 Agenda requiring urgent actions to combat climate
change and its impacts.

Notably, cereal polyphenols can be found associated with cancer prevention, though
more studies are needed in order to receive specific health claims by FDA and EFSA. To
this aim, phenolic extracts from sorghum with black pericarp were tested on the inhibition
of hepatocarcinoma HepG2 cells and colorectal adenocarcinoma Caco-2 cells [9]. The cell
growth inhibition by the sorghum phenolic extracts was significantly associated with their
phenolic content and the inhibition appeared to be mediated by cytostatic and apoptotic
mechanisms rather than cytotoxicity [9].

The quality of the majority of cereal foods depends largely on protein composition.
In wheat, especially the high and low molecular weight glutenins have a great role on
that. The effect of these proteins was analyzed gene-by-gene or as haplotypes providing
new insights in the importance of common and rare allelic variants to improve gluten
quality [10]. As a matter of fact, the biological value of cereal proteins is limited by the
deficiency of essential amino acids. To counteract malnutrition due to a poorly balanced
diet, it is urgent to select cereals that, besides having high yield potential, contain higher
amounts of essential amino acids. Such a work was carried out in maize and is particularly
valuable in view of future hybridization to produce highly nutritious maize hybrids to
address malnutrition caused by a maize-based diet [11].

Finally, this special issue includes three reviews discussing the nutritional significance
of wheat proteins on human health [12] and of their evolution from wheat domestication
to modern cultivars [13]. The reviews particularly address common misconceptions that
are associated with wheat consumption in relation to health; the latter provides a holistic
view of the temporal and proteogenomic evolution of wheat from its domestication to the
massively produced high-yield crop of our day [12,13].

In relation to the celiac disease and gluten sensitivity, sorghum grains can enter gluten-
free diets being also interesting for their potential phenolic-induced health benefits [14].
The third review covers aspects of sorghum health benefits and explores their mechanisms
of action [14].

In conclusion, this Special Issue offers an interesting contribution to the field providing
readers information on multiple approaches to improve the cereal-based foods. The research
articles and the reviews can be useful both for researchers and for industry operators.
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In most cases, these strategies may alter the technological and sensory properties, but
confer different quality characteristics that, when explained, can be accepted by consumers
and producers.
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Abstract: The health benefits from consumption of whole wheat products are widely recognized.
This study investigated the effects of different pilot-scale milling methods on physicochemical
properties, bioactive components, Chinese steamed bread (CSB), and Chinese leavened pancakes
(CLP) qualities of whole wheat flour (WWF). The results indicated that WWF-1 from the reconstitution
of brans processed by a hammer mill had the best CSB and CLP quality overall. WWF from entire
grain grinding by a jet mill (65 Hz) contained the highest concentration of bioactive components
including dietary fibers (DF) and phenolic acids. A finer particle size did not necessarily result in a
higher content of phenolic antioxidants in WWF. DF contents and damaged starch were negatively
correlated with CSB and CLP quality. Compromised reduced quality observed in CLP made from
WWF indicated its potentially higher acceptance as a whole-grain product.

Keywords: milling methods; dietary fiber; phenolic acid; steamed bread; leavened pancake

1. Introduction

Bread wheat (Triticum aestivum L.) is among the most widely planted cereal crops [1].
Consumption of whole-grain products has been associated with reduced risk of chronic dis-
eases, such as cardiovascular disease, type 2 diabetes, obesity, and some types of cancer [2,3].
The health benefits of whole-grain products can be partially attributed to their contents
of dietary fiber (DF) and phytochemicals, such as phenolic acids and phytosterols [4,5].
Phenolic acids have promising antioxidative, anti-inflammatory, and antimicrobial activi-
ties [6,7].The content of phenolic compounds is becoming another parameter evaluating
the quality of the whole wheat flour [8,9]. Although whole-wheat flour (WWF) can provide
high amounts of DF and other bioactive components, products made from it remain under-
utilized globally. This can be partially attributed to poorer sensory properties, a shorter
shelf life, and a higher risk of rancidity [10,11]. The proper use of enzymes, emulsifiers,
and hydrocolloids can improve the sensory properties of the whole wheat products [12].
However, the common whole-wheat improvers, such as diacetyl tartaric acid ester of mono-
and diglycerides (DATEM) and sodium stearoyl lactylate (SSL), cannot pass the clean label
test which may limit their application in food industry in the future. Different milling
techniques can also influence the technical and end-use properties of WWF, possibly by
modifying its particle sizes and chemical composition [13]. A good amount of study have
indicated the effects of bran particle sizes on the quality of WWF [14–18]. Obviously,
different bran particle sizes come from different milling methods including different types

Foods 2021, 10, 2857. https://doi.org/10.3390/foods10112857 https://www.mdpi.com/journal/foods5
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of the mills and rotor speeds. Therefore, it is necessary to develop proper milling methods
to produce WWF products with enhanced sensory properties. Currently, most commercial
WWF is produced using roller mills. The roller mill separates the endosperm fraction
from the coarse bran and germ fraction. Coarse brans are usually micronized and then
re-mixed with the endosperm for the production of WWF. Hammer mills (HM) and jet
mills (JM) can be used for bran micronization [19]. WWF can also be prepared by direct
pulverization of entire wheat grains using jet mills without separation and reconstitution of
the components [19,20]. However, this method may result in a higher content of damaged
starch. It is important to investigate the effects of this entire grain grinding method on the
quality of the resulting WWF.

Chinese steamed bread (CSB) is a traditional fermented and steamed food in China
with distinctive cultural features across the country [21]. It is a staple food in northern
China with increasing popularity beyond [22]. There are many significant differences
between CSB and western-style baked bread owing to the different production procedures.
For instance, the lower processing temperature (100 ◦C) for CSB might permit higher
preservation of diverse endogenous nutrients and reduce the production of toxic Maillard
reaction products, such as acrylamide and furans [23]. Further, the general ingredients of
CSB only include flour, water, and yeast. The absence of added sugar, oil, and salt renders
CSB additional health benefits. Chinese leavened pancake (CLP) is another popular wheat
product consumed as a staple food in some parts of China. However, previous literature
on the quality of CLP made from WWF is not available. Compared to western-style whole
wheat bread, factors affecting quality of whole wheat CSB and CLP are under-investigated.
It was reported that finer particle sizes increased the specific volume and improved the
crumb texture of CSB [15]. Bran dietary fibers and phenolics also influenced the CSB quality.
As for the effect of milling process, to our knowledge, there was only one study whole
results suggested that CSB from bran reconstitution had larger loaf volume, but the entire
grain grinding improved the color of the CSB [19]. More studies are needed to gain further
understanding on the quality of CSB and CLP. Furthermore, the effects of different milling
methods on the bioactive components, such as dietary fiber and phenolic acids of WWF, are
also not thoroughly investigated. Due to their potential health benefits [24,25], the content
of total phenolics is becoming another factor determining wheat market preference [26]. In
addition, previous studies were conducted using lab-scale mills. Information at pilot-scale
level is very limited. Therefore, the objective of this study was to systematically investigate
the effects of different pilot-scale milling methods on bioactive components (including
dietary fiber and phenolic acids), physicochemical properties of WWF, as well as its effect
on CSB and CLP quality. The outcome of the study provides useful information for the
quality improvement of WWF products and contributes to the facilitation of high-DF food
consumption in enhancing health benefits for consumers.

2. Materials and Methods

2.1. Wheat Grains and Chemicals

A sound grain mixture (1:1) of wheat cultivars Zhongmai 578 (1000 kg) and Zhongmai
175 (1000 kg) was used for preparation of WWF. Zhongmai 578 (farinograph stability
time = 23.6 min, wet gluten = 34.2%) is an important cultivar in the Yellow-Huai river
winter wheat region of China. Zhongmai 175 (farinograph stability time = 2.0 min, wet
gluten = 27.4%) is the most widely grown cultivar in the northern China plain winter wheat
region. General chemicals, HPLC grade water, HPLC grade acetonitrile, and analytical
standards (including vanillic acid, syringic acid, para-coumaric acid, trans-ferulic acid, and
sinapic acid) were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). The instant dry yeast was purchased from Lesaffre (Marcq-en-Barœul, France).
The colza oil was purchased from Luhua Group Co., Ltd. (Yantai, China).
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2.2. Pilot-Scale Milling Methods for Producing Whole Wheat Flour

After cleaning and tempering to 16.0% moisture for 28 h, the mixed grain sample of
2000 kg was milled on a Buhler roller mill located at Buhler Commercial Co. Ltd. (Wuxi,
China). The mill was equipped with four break sections (B1, B2, B3, B4) and four reduction
sections (R1, R2, R3, R4). During the process, a portion of crushed wheat from B1 stream
(200 kg) were taken out, divided equally into two parts and then directly pulverized by
jet mill (AHFL, Buhler Commercial Co. Ltd., Wuxi, China) with the rotor speeds of 45 Hz
(JM-45 Hz) and 65 Hz (JM-65 Hz). The WWF from JM-45 Hz and JM-65 Hz were designated
as WWF-4 and WWF-5, respectively. The other grains of 1800 kg went through the whole
roller mill process and the yield of the refined flour was 72%. The bran and germ fractions
from the roller mill were collected, equally divided into three parts, and then micronized
using a hammer mill (AHZCϕ1 mm, Buhler Commercial Co. Ltd., Wuxi, China) and a jet
mill (AHFL, Buhler Commercial Co. Ltd., Wuxi, China) with the rotor speeds of 45 Hz
(JM-45 Hz) and 65 Hz (JM-65 Hz), respectively. The micronized wheat bran was remixed
with the refined flour at a ratio of 28:72 (bran of 28 kg, refined flour of 72 kg) to obtain
WWF samples designated as WWF-1 (bran micronized by HM), WWF-2 (bran micronized
by JM45-Hz), and WWF-3 (bran micronized by JM-65 Hz). For each WWF, two batches
were prepared. (Supplementary Document, Table S1).

2.3. Analysis of Particle Size Distribution

Particle size distribution was determined using an on-line particle analyzer (MYTA,
Buhler, Switzerland) equipped with a dry sample delivery and measurement system that
combined laser diffraction and image processing. The system was equipped with a series
of sieves with particle sizes ranging from 10 to 5000 μm. During the measurement, the
percentage of flours passing through the certain sieve size was determined. Mean particle
sizes (MPS) were determined as:

MPS = ∑ sieve average particle size (μm) × percentage of particles that pass through
the sieve (Through X%). Original data are provided in the Supplementary Documents.

2.4. Analysis of Chemical Composition

Starch damage was determined using a rapid method with a SDmatic analyzer
(Chopin Technologies, Paris, France) according to AACC International Approved Method
76-33.01 [27]. The method measured the amount of iodine absorbed by the tested sample
in a liquid suspension. Higher content of damaged starch led to more fixed iodine. Protein
content was recorded with a Foss-Tecator 1241 (Foss, Högänas, Sweden) NIR analyzer.
Contents of soluble dietary fiber (SDF) and insoluble dietary fiber (IDF) were analyzed
according to the Chinese national standard method GB 5009.88-2014 [28] which was very
similar to the AACC approved method 32-07.01 [29]. Briefly, the flour was treated by
sequentialenzymatic hydrolysis using heat-stable alpha-amylase, protease, and amyloglu-
cosidase. IDF was filtered, and the residue was washed with warm distilled water and
weighed. For SDF, the filtrate and water washing from the above step were precipitated
with 95% ethanol, and the residue was then filtered, dried, and weighed. Determination of
fatty acids contents followed Chinese national standard GB/T 5510-2011 [30]. Briefly, the
free fatty acids were extracted with benzene and titrated with KOH solution.

2.5. Phenolic Acid Composition of Whole Wheat Flour

The phenolic acids in WWF were extracted according to a method reported previ-
ously [31] with some modifications. Briefly, WWF (1 g) was hydrolyzed with 2 M of NaOH
(10 mL) for 4 h under nitrogen protection in darkness. The mixture was then acidified to
pH 1 using 6 M of HCl and extracted three times with ethyl acetate. The combined extract
was evaporated to dryness and re-dissolved in HPLC grade methanol (2 mL). The final
extract was filtered through a 0.22-μm filter and analyzed within 12 h.

A UPLC-PDA system from Waters Corporation (Milford, MA, USA) equipped with an
ACQUITY UPLC BEH C18 (2.1 mm × 50 mm) column was used to analyze phenolic acids
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following a previously reported gradient protocol [32] with some modifications. Briefly,
mobile phase A comprised HPLC-grade water containing 0.1% trifluoroacetic acid (TFA),
and mobile phase B was HPLC-grade acetonitrile with 0.1% TFA. The PDA detector was
set to record the spectra information from 210 nm to 400 nm and also the absorption at
280 nm. The flow rate of the mobile phase was kept at 0.4 mL/min and the percentage of
mobile phase B was kept at 6% from 0–1.0 min, which then increased linearly to 14% from
1.0 min to 3.0 min and increased linearly to 18% from 3.0 min to 5.5 min. The column was re-
equilibrated for 2 min between each injection. Phenolic acids were identified by comparison
with the retention time of analytical standards and quantified using external calibration
curves using the absorbance at 280 nm. Cis-ferulic acid was identified according to a
previous study [31] and tentatively quantified according to the calibration of trans-ferulic
acid since the analytical standard of cis-ferulic acid was not available.

2.6. Analysis of Dough Properties

Dough rheological properties were determined by Farinograph and Extensograph
(Brabender, Duisburg, Germany), following the AACC International Approved Methods
54-21.02 [33] and 54-10.01 [34], respectively. Water absorption (%), dough development
time (min), and stability (min) were measured by Farinograph. Dough energy (cm2),
extensibility (mm), and maximum resistance (BU) were determined by Extensograph.

2.7. Preparation and Sensory Evaluation of Chinese Steamed Bread

CSB was prepared and evaluated according to a previous study [35], with minor
modifications. In brief, WWF (100 g) was mixed with yeast (2 g) and water for two minutes
in a National mixer (National MFG. Co, Lincoln, NL, USA). The mixer speed was set
at 90 rpm and the water addition was set at 80% of optimal water absorption (%) pre-
determined by Farinograph analysis in preliminary tests. For example, if the optimal water
absorption was determined as 70% by the Farinograph, we would use 56% as the optimal
water level for CSB making. Fairnograph is the technique developed for western-style
bread making use of refined flours. The dough was then sheeted by passing through a pair
of rollers for 10 times. After each pass, the sheeted dough was folded along the side and
rotated through 90◦. The dough piece was then rounded five times with a suitably sized
bowl. The rounded dough was proofed for 20 min in a fermentation cabinet (35 ◦C, 85%
RH) and steamed for 25 min in a steamer initially containing cold water.

The CSB score was a weighted value based on specific volume (20), skin color (10),
smoothness (10), shape (10), structure (15), and stress relaxation (35), according to the
method proposed previously. Specific volume, skin color, and stress relaxation were based
on objective measurements with sufficient details provided in the Supplementary Docu-
ments. Specific volume indicated the loaf volume and weight ratio of CSB. Loaf volume
was determined by the rapeseed displacement method, according to AACC Approved
Method 10-05.01. Skin color was measured with a Minolta CR 310 chromameter (Minolta
Camera, Osaka, Japan). Skin color score was calculated according to the method reported
previously [36]. Stress relaxation was measured with a TA-XT2i texture analyzer (Stable
Micro Systems, Surrey, Godalming, UK). Briefly, after 15 min of steaming, two slices (3 cm
thick) were cut from the center of the CSB. Each slice was placed on a flat metal plate and
compressed twice to 50% of its original thickness at a speed of 1.0 mm/s with a cylindrical
P35 probe. The calculation and scoring of stress relaxation was conducted according to a
previous report [36]. The smoothness, shape, and structure of steamed bread were scored
subjectively by five trained panelists. A high score for smoothness was given for very
smooth skin; freedom of wrinkles, dimples, blisters, or gelatinized spots; and a round
shape and fine crumb structure combined with uniform porosity contributed to high scores
for shape and structure, respectively.
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2.8. Preparation and Sensory Evaluation of Chinese Leavened Pancakes

To prepare CLP, WWF (100 g) was mixed with 120 mL of water (35 ◦C), 5 g sugar, 1 g
of salt, 2 g of yeast, and 16 g of colza oil in a National mixer for 1.5 min (National MFG.
Co, Lincoln, NE, USA). The mixer speed was set at 90 rpm. The dough was proofed for
1 h in a fermentation cabinet (35 ◦C, 85% RH). The fermented dough was gently kneaded
by hand to form a rounded piece with a smooth upper surface. The rounded piece was
flattened using a rolling pin to produce a 1-cm-thick dough sheet and then rested for
15 min at room temperature. The dough sheet was finally cooked for 8 min in an electric
baking pan (MC-JS 3406, Midea Life Appliance Manufacturing Co., Ltd., Foshan, China).
To our knowledge, there is not an international method on sensory evaluation of CLP. In
this study, the weighted CLP score included appearance (20), inner structure (20), stress
relaxation (35), stickiness (15), and taste and flavor (10). Stress relaxation was measured
with a TA-XT2i texture analyzer (Stable Micro Systems, Surrey, Godalming, UK) according
to the same method as CSB. Appearance, inner structure, stickiness, and taste and flavor of
CLP were scored subjectively by five trained panelists. A high score for appearance was
given to pale yellow skin, round shape, and freedom of large black spots. A fine crumb
with uniform porosity and non-sticking contributed to high scores for inner structure and
stickiness, respectively. Freedom from bad smell and a rich wheat flavor related to high
scores for taste and flavor.

2.9. Short-Term Storage Quality of Chinese Steamed Bread

Texture profiles of CSB from WWF were determined after storage for 6, 12, 24, 48,
and 72 h at room temperature using a TA-XT2i texture analyzer. Briefly, two slices (3 cm
thick) were cut from the center of the CSB. Each slice was placed on a flat metal plate and
compressed twice to 50% of its original thickness at a speed of 1.0 mm/s with a cylindrical
P35 probe. Firmness and resilience were recorded.

2.10. Statistical Analyses

For chemical analyses, such as determination of phenolic acid composition, the results
were reported as mean values from three replicates. For dough property parameters, the
results were reported as mean values from two replicates. Evaluation of CSB and CLP were
conducted by five trained panelists and reported as mean scores from the five panelists.
The results were reported as mean ± standard deviation (SD). Results were subjected to
one-way analysis of variance (AVONA) and Turkey’s test using SAS software, version 9.3
(Cary, NC, USA). p < 0.05 was considered as significantly different.

3. Results and Discussions

The quality of wheat flour is evaluated according to their chemical composition
including protein content, damaged starch, and bioactive components (such as phenolic
acids and dietary fibers). Dough rheological properties can be evaluated with a farinograph
and an extensograph. Particle size is an important factor affecting the end-use properties
of whole wheat flour.

3.1. Particle Sizes and Chemical Compositions of Whole Wheat Flours

Particle size distribution is an important parameter affecting end-use quality of whole
wheat flour [17]. Particle size distributions of WWFs from different milling process are
plotted in Figure S1 in the Supplementary Documents. Mean particle sizes (MPS) for
WWF-5 were 236 μm, 146 μm, 124 μm, 191 μm and 146 μm, respectively. The jet milling
was more effective than the hammer milling in reducing bran particle size. Chemical
compositions of the WWFs are presented in Table 1. WWF-3 and WWF-5 from the JM-
65 Hz contained higher contents of total dietary fibers (TDF) and damaged starch than
the other WWFs. The higher content of damaged starch can be attributed to the higher
rotor speed. Interestingly, there was a strong positive correlation between the content
of damaged starch content and total DF (R2 = 0.7974). WWF-5 had a significantly lower
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(p < 0.05) protein content than other WWFs. WWF-3 contained the highest content of fatty
acids, a factor that can lead to rancidity of food products during storage [37].

Table 1. Chemical composition of WWFs obtained from different milling methods.

Sample
SDF

(g/100 g)
IDF

(g/100 g)
TDF

(g/100 g)
Fatty Acids
(mg/100 g)

Damaged
Starch (%)

Protein
(%)

WWF-1 7.35 ± 0.16c 1.50 ± 0.24b 8.85 ± 0.07c 45.3 ± 2.26c 4.12 ± 0.06e 14.6 ± 0.06bc
WWF-2 7.27 ± 0.02c 1.73 ± 0.02ab 9.00 ± 0.05c 53.9 ± 2.61b 5.06 ± 0.01c 15.0 ± 0.04a
WWF-3 8.64 ± 0.30b 2.12 ± 0.12a 10.76 ± 0.17b 64.4 ± 2.85a 5.71 ± 0.07b 14.8 ± 0.14ab
WWF-4 6.18 ± 0.28d 1.28 ± 0.14b 7.46 ± 0.27d 42.1 ± 2.10c 4.56 ± 0.08d 14.1 ± 0.11d
WWF-5 10.24 ± 0.40a 2.03 ± 0.05a 12.27 ± 0.45a 53.0 ± 1.98b 6.35 ± 0.01a 13.5 ± 0.07e

The results were reported as mean values from three replicates. Within each column, values followed by different letters are significantly
different (p < 0.05). WWF: whole-wheat flour; SDF: soluble dietary fiber; IDF: insoluble dietary fiber; TDF: total dietary fiber. WWF-1:
total reconstitution of brans grinded by hammer mill; WWF-2: total reconstitution of brans grinded by jet mill at 45 Hz. WWF-3: total
reconstitution of brans grinded by jet mill at 65 Hz; WWF-4: entire grains grinded by jet mill at 45 Hz; WWF-5: entire grains grinded by jet
mill at 65 Hz.

3.2. Phenolic Acid Compositions of Whole Wheat Flour

Phenolic acids are a major type of bioactive phytochemical in whole wheat [38,39].
Antioxidant and anti-inflammatory activities of phenolic acid are widely recognized [40,41].
Vanillic acid, syringic acid, para-coumaric acid, trans-ferulic acid, sinapic acid, and cis-ferulic
acid were isolated and quantified. A typical UPLC spectra was presented in Figure 1. The
retention time for vanillic acid, syringic acid, para-coumaric acid, trans-ferulic acid, sinapic
acid, and cis-ferulic acid were 1.60, 1.84, 2.20, 2.95, 3.20, and 3.55, respectively. Trans-ferulic
acid was the predominant phenolic acid (Table 2).

 

Figure 1. A typical UPLC spectra of the tested sample at 280 nm.

WWF-1 and WWF-2 contained similar concentrations of trans-ferulic acids (720.16 and
742.15 μg/g, respectively), but their particle sizes were significantly different (p < 0.05).
Although WWF-3 and WWF-5 were both processed by the JM-65 Hz mill, they had compa-
rable particle size distributions and dietary fiber contents; WWF-3 contained the lowest
(534.90 μg/g) and WWF-5 contained the highest (1002.11 μg/g) concentrations of trans-
ferulic acid. The high rotor speed of the JM-65 Hz on wheat bran in the bran reconstitution
method (WWF-3) led to significant loss of trans-ferulic acid during processing. This sug-
gests that, in the entire grain grinding method using the JM-65 Hz mill (WWF-5), the starchy
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endosperm physically prevents the loss of ferulic acid during reduction in particle size. As
a result, WWF-5 contained the highest concentration of trans-ferulic acid. Similarly, WWF-5
also contained a higher content of vanillic acid, syringic acid, and para-coumaric acid than
WWF-4. This explanation is partially supported by the fact that WWF-4 prepared by entire
grain grinding using the JM 45 Hz mill had a significantly lower (p < 0.05) concentration of
trans-ferulic acid than WWF-5. This was probably due to smaller particle size in WWF-5
that enhanced the extractability of phenolic acids as generally reductions in particle size
enhance the extractability of phenolic acids.

Table 2. Phenolic acid composition of WWFs obtained by different milling methods.

Sample
Vanillic Acid

(μg/g)
Syringic Acid

(μg/g)
para-Coumaric

Acid (μg/g)
trans-Ferulic
Acid (μg/g)

Sinapic Acid
(μg/g)

cis-Ferulic
Acid (μg/g)

WWF-1 29.57 ± 0.80b 17.20 ± 0.68b 18.50 ± 0.81ab 720.16 ± 4.58bc 77.47 ± 1.22abc 75.08 ± 0.63b
WWF-2 31.22 ± 0.83ab 16.76 ± 0.87bc 17.82 ± 0.89ab 742.15 ± 14.62b 80.97 ± 2.10a 73.48 ± 1.40b
WWF-3 30.18 ± 1.54b 14.47 ± 0.53c 13.30 ± 0.65c 534.90 ± 6.83d 78.49 ± 2.18ab 50.81 ± 1.41c
WWF-4 27.72 ± 1.43b 14.75 ± 0.99bc 15.81 ± 0.57bc 647.33 ± 23.64c 70.65 ± 2.94c 65.77 ± 1.81b

WWF-5 34.35 ± 3.97a 19.64 ± 2.46a 19.87 ± 4.37a 1002.11 ±
101.04a 73.57 ± 6.81bc 111.25 ± 16.03a

The results were reported as mean values from three replicates. Within each column, values followed by different letters are significantly
different (p < 0.05). WWF: whole-wheat flour. WWF-1: total reconstitution of brans grinded by hammer mill; WWF-2: total reconstitution of
brans grinded by jet mill at 45 Hz. WWF-3: total reconstitution of brans grinded by jet mill at 65 Hz; WWF-4: entire grains grinded by jet
mill at 45 Hz; WWF-5: entire grains grinded by jet mill at 65 Hz.

Previous studies reported that reductions in bran particle size led to enhanced antioxi-
dant capacity of wheat samples [42,43]. However, those results were obtained by in vitro
methods, such as total phenolic content (TPC) and 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) assays. The non-specificity and limitations of those methods, which
could lead to incorrect data interpretations, were recognized in recent years [44,45]. Our
analysis using a UPLC instrument on phenolic acids, i.e., the major antioxidants in WWF,
indicated that a reduction in particle size does not necessarily lead to enhanced phenolic
acid concentration. Different milling strategies, types of mills, and rotor speeds can produce
WWFs with similar particles size but significantly different phenolic acid compositions.
In summary, the milling method had a great impact on phenolic acid compositions of
WWF and improved its availability with grain grinding using a JM-65 Hz procedure. To
our knowledge, this is the first study reporting the high variation of total dietary fibers
(1.6-fold) and ferulic acid content (1.9-fold) of WWF from different milling methods.

3.3. Rheological Properties of Doughs Made from Whole Wheat Flour

The effects of different milling methods on dough properties of WWF are shown
in Table 3. WWF-5 had the highest water absorption (73.0%) and WWF-4 had the lowest
(64.8%). This could be explained by the high DF and damaged starch contents in WWF-5,
leading to higher water affinity and hydration properties [46–48]. Dough from WWF-4
exhibited significantly shorter (p < 0.05) development time than other WWF doughs. Gener-
ally, moderate development time is considered a favorable dough property. Stability time is
an essential factor in evaluating dough properties. Dough from WWF-1 had the longest sta-
bility time. This can be attributed to its lowest contents of DF and damaged starch. Dough
from WWF-5 had the shortest stability time due to the high content of damaged starch and
DF that can lead to the formation of a weakened gluten network [49]. WWF-4 and WWF-5
from entire grain milling involved significantly less energy than the recombined WWF–3.
Extensibility is another important parameter for the preparation of western-style bread.
Higher extensibility is considered as a favorable dough property. Generally, entire grain
milling also had negative effects on extensibility of WWF. To conclude, different milling
methods had significant effects on dough rheological properties of WWF. WWF from bran
reconstitution, especially WWF-1 from HM, exhibited better dough properties than WWF
from entire grain grinding.
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Table 3. Dough rheological properties of WWF obtained by different milling methods.

Sample
Water

Absorption
(%)

Development
time (min)

Stability
(min)

Energy
(cm2)

Extensibility
(mm)

Maximum
Resistance

(BU)

WWF-1 68.4 ± 0.1c 4.7 ± 0.0b 6.0 ± 0.1a 47.0 ± 0.3b 132.9 ± 0.5b 229.8 ± 1.8b
WWF-2 69.8 ± 0.1b 4.9 ± 0.0ab 4.7 ± 0.0b 52.8 ± 0.2a 140.0 ± 0.8a 249.0 ± 3.9a
WWF-3 68.0 ± 0.1c 5.1 ± 0.1a 4.8 ± 0.1b 49.0 ± 0.3b 142.1 ± 0.9a 227.6 ± 2.3b
WWF-4 64.8 ± 0.3d 3.8 ± 0.1c 3.8 ± 0.1c 39.5 ± 0.3c 133.6 ± 0.5b 193.0 ± 1.9c
WWF-5 73.0 ± 0.3a 4.8 ± 0.1b 2.1 ± 0.0d 38.3 ± 0.3c 105.9 ± 0.4c 243.8 ± 3.1a

The results were reported as mean values from two replicates. Within each column, values followed by different letters are significantly
different (p < 0.05). WWF: whole-wheat flour. WWF-1: total reconstitution of brans grinded by hammer mill; WWF-2: total reconstitution of
brans grinded by jet mill at 45 Hz. WWF-3: total reconstitution of brans grinded by jet mill at 65 Hz; WWF-4: entire grains grinded by jet
mill at 45 Hz; WWF-5: entire grains grinded by jet mill at 65 Hz.

3.4. Sensory Properties of Chinese Steamed Bread and Chinese Leavened Pancakes

The CSB quality evaluations from the different WWFs presented in Table 4 and
illustrated in Figure 2A,B showed that the CSB from WWF-4 had the highest total score
(59), although that score was not significantly higher from the CSB score from WWF-1
(57) and WWF-2 (58). WWF-4 exhibited inferior dough properties compared to WWF-1
and WWF-2 in terms of stability, energy, and extensibility, suggesting that inferior dough
properties may not affect the quality of final products. WWF-3 showed a significantly
higher score than WWF-5, probably attributable to the higher damaged starch and DF
contents of WWF-5 interfering with the formation of the gluten network [14,50]. Compared
to CSB from WWF-1 and WWF-4, CSB from WWF-2, WWF-3, and WWF-5 received higher
scores in smoothness but lower scores in specific volume. This could be due to the relatively
smaller particle sizes of WWF-2, WWF-3, and WWF-5 [19]. All CSBs from WWF obtained a
0 score color as the white color is currently an essential factor that influences acceptance
by consumers [21].

The scores were reported as mean values from five panelists. Within each column,
values followed by different letters are significantly different (p < 0.05).

Sensory qualities of CLP prepared from the different flours are summarized in Table 5,
and Figure 2C,D illustrates the appearance of CLP and its internal structures, respectively.
CLP from WWF-1 received the highest total score (70) followed by CLP from WWF-4 (66)
and WWF-2 (63). All CLP showed flat and tidy surfaces, except for that from WWF-5,
which showed broken edges and very low specific volume. This was likely caused by
higher DF and damaged contents [14,18].

Table 4. Sensory evaluation for Chinese steamed bread produced from WWF obtained by different
milling methods.

Sample
Specific
Volume

(20)

Stress
Relaxation

(35)

Skin
Color
(10)

Smoothness
(10)

Shape
(10)

Structure
(15)

Total
Score
(100)

WWF-1 14a 21a 0a 5d 8a 9b 57a
WWF-2 14a 19b 0a 7b 7b 11a 57a
WWF-3 9b 19b 0a 8a 7b 9b 52b
WWF-4 14a 21a 0a 6c 7b 11a 59a
WWF-5 9b 13c 0a 7b 5c 8c 42c

RF 20 33 9 9 8 14 93
The scores were reported as mean values from five panelists. Within each column, values followed by different
letters are significantly different (p < 0.05). WWF: whole-wheat flour, RF: refined flour. WWF-1: total reconstitution
of brans grinded by hammer mill; WWF-2: total reconstitution of brans grinded by jet mill at 45 Hz. WWF-3: total
reconstitution of brans grinded by jet mill at 65 Hz; WWF-4: entire grains grinded by jet mill at 45 Hz; WWF-5:
entire grains grinded by jet mill at 65 Hz.
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Figure 2. Appearance of CSB (A), internal structures of CSB (B), appearance of CLP (C) and internal
structures of CLP (D) produced from different whole wheat flours. CSB: Chinese steamed bread;
CLP: Chinese leavened pancakes. WWF-1: total reconstitution of brans grinded by hammer mill;
WWF-2: total reconstitution of brans grinded by jet mill at 45 Hz. WWF-3: total reconstitution of
brans grinded by jet mill at 65 Hz; WWF-4: entire grains grinded by jet mill at 45 Hz; WWF-5: entire
grains grinded by jet mill at 65 Hz.

Table 5. Sensory evaluation of Chinese leavened pancakes produced from WWF obtained by different
milling methods.

Sample
Appearance

(20)

Stress
Relaxation

(35)

Structure
(20)

Stickiness
(15)

Taste and
Flavor (10)

Total
Score
(100)

WWF-1 16a 20c 16a 13a 5b 70a
WWF-2 14b 20c 14b 11bc 4c 63b
WWF-3 12c 20c 12c 8d 3d 55c
WWF-4 16a 20c 14b 10c 6a 66b
WWF-5 6d 20c 10d 7d 2e 45d

RF 18 32 16 12 9 87
The scores were reported as mean values from five panelists. Within each column, values followed by different
letters are significantly different (p < 0.05). WWF: whole-wheat flour, RF: refined flour. WWF-1: total reconstitution
of brans grinded by hammer mill; WWF-2: total reconstitution of brans grinded by jet mill at 45 Hz. WWF-3: total
reconstitution of brans grinded by jet mill at 65 Hz; WWF-4: entire grains grinded by jet mill at 45 Hz; WWF-5:
entire grains grinded by jet mill at 65 Hz.

CSB made from refined flour received a score of 93 which was 34 points higher than
CSB from WWF-4 with a score of 59. In contrast, CLP from refined flour received a score
of 87 which was only 17 points higher than CLP from WWF-1 with a score of 70. This
result indicated a potentially higher consumer acceptance for whole-grain CLP products.
Whole-grain CLP can be a promising contributor for increased whole-grain consumption
in the future due to its favorable sensory properties.

3.5. Correlation of Sensory Quality and Chemical Composition

The general effects of damaged starch and DFs on sensory properties of whole-grain
products have been extensively documented. However, to our knowledge, correlations
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between sensory properties and damaged starch and DF have not been widely investigated,
possibly due to the lack of a comprehensive scoring system for evaluation of sensory
properties. In this study, total scores for sensory evaluation as well as DF and damaged
starch contents were obtained, thus paving the way for correlation analysis between
certain components and end-use quality (Supplementary Document, Figure S2). Negative
correlations were found between (a) the CSB score and damaged starch (R2 = 0.7553);
(b) the CSB score and total dietary fiber (R2 = 0.8931); (c) the CLP score and damaged starch
(R2 = 0.9623); and (d) the CLP score and total dietary fiber (R2 = 0.8375). These correlations
clearly demonstrate that end-use quality of WWFs can be enhanced by reduced damaged
starch content.

3.6. Storage Quality of CSB

Changes on texture profiles, including hardness and resilience, were measured at
6, 12, 24, 48, and 72 h storage at room temperature to assess the storage properties of
CSB (Supplementary Document, Figure S3). A lower value of hardness is considered as
a favorable property. At 0 h, CSB from WWF-1 had the lowest hardness (4240.5 g) while
CSB from WWF-5 had the higher hardness (11,040.8 g). After 72 h of storage, the hardness
of CSB from WWF-1 and WWF-5 increased to 10,519.7 g and 17,068.0 g, respectively.
Generally, as shown in Figure S3A, the final hardness (72 h) of all samples showed a
consistent relationship with initial hardness (0 h) as CSB from WWF-3 and WWF-5 had
both high initial and final hardness, whereas that from WWF-1 had both low initial and
final hardness. Compared to WWF-1 (236 μm) and WWF-4 (191 μm), WWFs with finer
particle sizes, i.e., WWF-3 (124 μm) and WWF-5 (146 μm), led to the CSB products with
higher hardness values. The increase in hardness during storage is probably due to
recrystallization of amorphously melted starch [49]. The lower hardness of WWF-1 might
result from the coarse bran particles slowing down the formation of double helix starch
and retrogradation [51].

Changes in resilience are presented in Figure S3B. Resilience reflects how well a CSB
slice can restore to the original height after application of pressure. A higher resilience
value is generally considered preferable. CSB from WWF-1 had the highest initial resilience
of 0.44, followed by CSB from WWF-4 (0.41). WWF-3 and WWF-5 had lower initial
resilience, at 0.35 and 0.34, respectively. After 72 h, WWF-3 and WWF-5 maintained
relatively higher resilience, at 0.24 and 0.23, respectively, while the resilience of WWF-1
and WWF-4 decreased to 0.19 and 0.19, respectively. This observation was possibly due
to the fact that the degree of change in resilience is positively related to the original CSB
volume [52]. Therefore, the resilience of CSB from WWF-1, WWF-2, and WWF-4 with
larger original volumes decreased more dramatically than that from WWF-3 and WWF-5,
both of which contained slightly higher contents of soluble dietary fiber (SDF) than other
WWFs (Table 1). Rezaei et al. [53] reported that a moderately enhanced content of SDF
improves the elasticity of the gluten–starch matrix and reduces starch retrogradation. The
resilience of CSB from WWF-1 was comparable to that of CSB from WWF-3 and WWF-5,
especially during storage of 0–48 h. By combing the data of hardness and resilience, it can
be concluded that CSB from WWF-1 processed by hammer mill had the best overall storage
quality over 0 to 72 h.

4. Conclusions

This study used five different pilot-scale milling methods to prepare whole-wheat flour.
The different milling methods had significant effects on physiochemical properties,

bioactive components, and end-use properties of the WWFs. Particle size distribution was
important for the quality of CSB and CLP. The content of damaged starch and dietary fiber
was negatively correlated with an evaluation score of CSB and CLP. WWF-1 constituted
from total bran reconstitution processed by a hammer mill exhibited best end-use proper-
ties, especially for Chinese leavened pancakes. WWF-5 from the entire grain ground by
JM-65 Hz had the highest content of bioactive dietary fiber and phenolic acids, rendering
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its superiority in nutraceutical values. CSB from WWF-1 by total bran reconstitution using
the hammer mill had the best short-term storage property. In general, WWF with better
end-use properties can be obtained by the milling processes, resulting in appropriate par-
ticle size distributions and a low content of damaged starch. Although DF and phenolic
acids had negative effects on sensory property of WWF, their health-promoting effects
must be recognized. Different milling methods can result in WWF with significantly differ-
ent contents of phenolic acids and dietary fibers. Further studies will be worthwhile for
developing novel techniques that produce whole-wheat products with both high consumer
acceptance and superior nutraceutical value.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304
-8158/10/11/2857/s1, Table S1. Different milling methods used for preparing WWF, Figure S1.
Particle size distributions of WWFs, Figure S2. Correlation analyses of sensory quality and chemical
composition, Figure S3. Storage quality of CSB.
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Abstract: Durum wheat milling is a key process step to improve the quality and safety of final prod-
ucts. The aim of this study was to characterize three bran-enriched milling fractions (i.e., F250, G230
and G250), obtained from three durum wheat grain samples, by using an innovative micronization
and air-classification technology. Milling fractions were characterized for main standard quality pa-
rameters and for alveographic properties, starch composition and content, phenolic acids, antioxidant
activity and ATIs. Results showed that yield recovery, ash content and particle size distributions were
influenced either by the operating conditions (230 or 250) or by the grain samples. While total starch
content was lower in the micronized sample and air-classified fractions, the P/L ratio increased in
air-classified fractions as compared to semolina. Six main individual phenolic acids were identified
through HPLC-DAD analysis (i.e., ferulic acid, vanillic acid, p-coumaric acid, sinapic acid, syringic
and p-hydroxybenzoic acids). Compared to semolina, higher contents of all individual phenolic
components were found in all bran-enriched fractions. The highest rise of TPAs occurred in the F250
fraction, which was maintained in the derived pasta. Moreover, bran-enriched fractions showed
significant reductions of ATIs content versus semolina. Overall, our data suggest the potential health
benefits of F250, G230 and G250 and support their use to make durum-based foods.

Keywords: durum wheat; air-classified fractions; alveographic properties; antioxidants; starch; ATI

1. Introduction

Durum wheat (Triticum turgidum L. ssp. durum) is an important crop, especially in the
Mediterranean basin, as it is used for the production of daily foods, such as pasta, couscous,
bulgur, and unleavened and leavened bread. The main component of the kernel is starch,
followed by storage proteins, lipids and other minor compounds. Durum wheat grain also
contains several bioactive compounds of health interest, such as insoluble fiber, phenolic
acids, and alkylresorcinols, which are mostly concentrated within the coating structure
of the kernel [1]. Phenolic acids are among the most abundant and studied components
promoting human health. As dietary antioxidants, they act as free-radical scavengers [2,3],
and reduce the inflammatory response in endothelial cells and monocytes [4]. Besides their
antioxidant and antiradical activity, phenolic acids participate in plant cell walls as struc-
tural components and are involved in plant adaptation to abiotic and biotic stresses [5,6].
Among other wheat constituents that recently have become a major target of research in
wheat there are the Amylase/Trypsin Inhibitors (ATIs) [7]. ATIs contribute about 3% of
total kernel proteins and, similarly to phenolic acids, they are involved in plant defense
mechanisms against pests and pathogens [7]. However, differently from them, ATI proteins
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are concentrated mainly in the endosperm and are associated with negative effects on
human health [7]. ATIs, in fact, are putative factors triggering Non-Celiac Wheat Sensitivity
(NCWS), one of the most common adverse reactions to wheat, and are responsible for
baker’s asthma, the most common occupational Ig-E mediated allergy in Europe [7].

So far, the use of raw materials rich in health-promoting compounds and poor in toxic
components constitutes a key point for a proper nutritional approach [8–10]. Diets rich in
whole cereals, legumes, vegetables and fruit guarantee greater protection against the onset
of age-related metabolic diseases that are mainly spread in developed countries [11,12].
Compared to refined products, whole grain-based foods, besides having higher contents of
dietary fiber and bioactive compounds, are characterized by reduced amounts of starch,
which is associated with postprandial responses, the risk of type 2 diabetes and the inci-
dence of other non-communicable diseases, such as cardiovascular disorders and colon
cancer [13–15].

Several attempts were made to improve the poor quality of refined wheat milling prod-
ucts. Among these, the technology based on micronization and subsequent air-classification
of milling particles was among the most promising [1,16]. The air-classification technology
is a suitable tool to this purpose giving rise to sub-fractions with diverse particle size and
composition that can be selected to enhance the beneficial health effects associated with
bran particles, while limiting the content of toxic contaminants [17–21]. Through the use of
this latter technology, several types of unrefined milling products can be directly obtained
from the air-classified plants and evaluated on the basis of qualitative tests without the need
for adding selected fractions enriched with specific outer layers such as aleurone [22,23].
Air-classification is based on pneumatic transportation of micronized samples inside the
plant, where a series of ascending airflows are controlled by setting the airflow inlet valve
at different opening conditions [17]. At the end of each cycle, G fractions (heavier gross
particles) and F fractions (fine particles), are collected. The use of micronization and
subsequent air-classification treatment has expanded the possibility of selecting milling
fractions with technological and nutritional characteristics that are more suitable to make
healthier and safer unrefined wheat-based products, also taking into account good testing
results and consumer acceptability [16]. These latter aspects are of great interest because
durum end-products (e.g., pasta, bread) must meet good technological requirements and
consumers’ taste. Moreover, constant upgrading of micronization and air-classification
technologies significantly improved their efficiency over the last decade. Among the main
innovative solutions, a Programmable Logic Control (PLC) used to manage the airflow
inside the separation chamber and a decreasing section chamber were adopted [17]. The
latter modifications allowed to better split heavier gross fractions (G) from fine fractions
(F). Three air-classified fractions of major interest resulted, namely F250, G230 and G250,
showing a good compromise between technological properties and bran enrichment [17].

More in detail, these three fractions proved to be the most interesting on the basis of
the following criteria:

- F250 (unrefined product with higher bran content): excellent yield (60–70%), good
particle size composition, higher ash percentage than micronized samples, and mycotoxin
presence;

- G250 (unrefined product with more semolina particles and less fine middlings):
insufficient yield (20–30%) but excellent particle size composition, good ash content (higher
than semolina), and strong reduction of the mycotoxin content;

- G230 (unrefined product containing both more semolina and more fine middlings):
excellent yield (>60%), balanced particle size composition, good ash content (higher than
semolina), and strong reduction of the mycotoxin content.

In the present work, the air-classified fractions F250, G230 and G250 were thoroughly
characterized in terms of main quality parameters, alveographic properties, starch composi-
tion, phenolic acids profile and antioxidant activity, along with the measure of ATIs amount.
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2. Materials and Methods

2.1. Plant Materials

Three grain samples were considered in the present study, each belonging to: (i) cv.
Saragolla, grown in the Lazio region (hereafter named: Saragolla_LA); (ii) cv. Antalis,
grown in the Basilicata region (hereafter named: Antalis_BA); and (iii) cv. Antalis, grown in
the Marche region (hereafter named: Antalis_MA). The plants were grown in experimental
fields under conventional farming during the 2018–2019 growing season.

2.2. Grain Characterization

Grain samples were evaluated for test weight, moisture and protein content, gluten
percentage and yellow color through near-infrared analysis in transmission mode (NIT) by
using Infratec™ mod 1241 (FOSS, Hillerød, Denmark). Figure 1 shows the flow chart of the
experimental plan.

PRELIMANARY QUALITY 
ASSESSMENT

Infratec (mod. 1241, FOSS)

MICRONIZATION

AIR-CLASSIFICATION
COLLECTION OF 

FRACTIONS
(G230, G250 and F250)

ANALYSES
FROM MILLING SAMPLES

TO PASTA

RAW MATTER
(whole grain)

Figure 1. Flow chart of the experimental plan.

2.3. Whole Grain Micronizationand Air Classification

Durum wheat grain samples (11 kg per each grain sample) were micronized using
a micronizer pilot plan (mod. 32300, KMXi-300-7,5; Separ Microsystem S.a.s, Brescia,
Italia). The micronization step did not require a preventive conditioning of the grains. The
micronizing pilot plant was equipped with a hammer crusher impeller with a reduced
cross-section inside the grinding chamber. Compared to the traditional type, a sieving
grid (Ø = 0.7 mm) suitable to obtain a more homogeneous product was added to the plan.
Afterwards, the micronized sample was submitted to an air-classifier pilot plant (model
SX-LAB; Separ Microsystem S.a.s, Brescia, Italia) suitable for a particle size up to a setting
limit (Ø ≤ 1.5 mm). More in detail, micronized aliquots of 2.0 kg were air-classified for
each cycle (in total 3–5 cycles) at a time by setting the airflow inlet valve at 230 and 250. At
the end of each cycle the fractions of type G (heavier gross particles) and F (fine particles)
were collected but only G230, G250 and F250 were submitted to analysis. All steps of the
milling process were carried out both using the plants already updated and following the
detailed procedure recently described [17].

2.4. Traditional Roller Milling Process

Grain samples were conditioned by adding water until a moisture value of 17% was
achieved and left to rest for 24 h. Such a specific treatment was helpful to favor both
the undressing process of kernels and softening the endosperm, thus being suitable to
submit grain samples to the traditional roller milling plant (Bühler, model MLU 202, Uzwil,
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Switzerland). The main milling products collected were semolina refined through a sieving
treatment (sieve types: 38GG, 40GG and 44GG) by the use of a suitable pilot plant sieving
system (NAMAD Impianti, Rome, Italy), bran fractions (coarse and refined types) and
fine middlings.

2.5. Yield, Ash and Particle Size

Mean yield percentages of the milling fractions were calculated as the weight percent-
age over the weight of the starting sample. Ash content was determined by following the
official method EN ISO 2171:2010 [24]. Particle size analysis of each fraction was carried
out using certified test sieves (Giuliani Tecnologie S.r.l., Turin, Italy). Concerning this last
point, an electronic sieve (Giuliani Tecnologie S.r.l., Turin, Italy, mod. IG/3) consisting of
six stacked sieves of different screens (500-425-355-250-180-125 μm) was used. The milling
fraction retained in each sieve was then weighed. The yield parameter was used as a key
indicator of the milling quality along with ash and grain size parameters; these last two are
expressly mentioned in the Italian legislation [25].

2.6. Alveographic Parameters

The alveographic parameters were evaluated on the basis of the viscoelastic behavior
of the dough. The analyses were performed using the Chopin alveograph (model NG)
AACC Method 54-30.02 and UNI 10453 (Cedex, France) [26].

2.7. Total Starch, Damaged Starch and Amylose

Starch content and damaged starch were determined using the Total Starch Assay
Kit (K-TSTA, Megazyme, Irishtown, Ireland) and the Starch Damage Assay Kit (K-SDAM,
Megazyme, Irishtown, Ireland), respectively. Total starch contents were determined using
the protocol specific for “samples containing also resistant starch”. For each fraction, the
values represented the mean of four technical replicates.

Amylose content was determined from 15 mg of sample using a colorimetric assay
based on the iodine–amylose reaction [27]. The standard curve was created using a mixture
of potato amylose (Fluka, Neu-Ulm, Germany) and wheat amylopectin (Sigma Aldrich, St.
Louis, MO, USA). Each value represented the mean of four technical replicates.

2.8. Phenolic Acids Analysis

Phenolic acid analysis was performed on the raw materials (micronized samples; F250,
G250 and G230 air classification fractions; and semolina) and on uncooked and cooked
pasta made using the F250, G250 and G230 air classification fractions and semolina as a
control. Total phenolic acids (TPA), comprising the soluble and insoluble fractions, were
extracted from samples and analyzed by HPLC according to the procedure detailed in Lad-
domada et al. [28]. In brief, samples underwent delipidation using hexane, hydrolyzation
with 2M NaOH, and acidification with HCl 12 M up to pH 2 prior to ethyl acetate extraction.
Ethyl acetate extracts were dried under nitrogen flux, dissolved in 80:20 methanol/water
and analyzed using an Agilent 1100 Series HPLC-DAD system (Agilent Technologies, Santa
Clara, CA, USA). Individual phenolic acids were identified by comparing their retention
times and UV–Vis spectra to those of authentic phenolic standards and quantified via
their ratio to the internal standard (3, 5-dichloro-4-hydroxybenzoic acid) added to every
sample and using calibration curves for this standard. All analyses were performed on
duplicate extracts.

2.9. Pasta making Process

Semolina (control) and the F250, G250 and G230 air-classified fractions (1 kg) were
mixed with 280 mL water in a premixing chamber for 15 min; afterwards the dough was
transferred to a pilot plan extruder (NAMAD impianti, Rome, Italy) equipped with a
1.6 mm Teflon-coated spaghetti die. Fresh spaghetti were dried using a pilot plan drier
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(AFREM, Lyon, France), at 50◦ C for 18 h. Dried pasta samples were stored in sealed plastic
bags at room temperature.

2.10. Antioxidant Activity Assayes

Trolox equivalent antioxidant capacity (TEAC) was measured for all extracts us-
ing the ABTS decolorization assay according to Durante et al. [29] with modifications.
ABTS+ stock solution was prepared by incubating overnight in the dark 7 mM ABTS
(2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) and 2.45 mM potassium persulfate
in water. Trolox standard solutions in the interval of 0–300 μM were prepared by diluting
in 80:20 methanol/water the ethanolic 30 mM stock solution. Samples were diluted in 80:20
methanol/water by a factor varying between 10 and 80 according to their TPAcontent and
mixed with diluted ABTS+ (A734 = 0.7) solution in PBS (Phosphate Buffer Solution) (50 μL
samples in duplicate or Trolox standard in 950 μL ABTS+). After 5 min of incubation at
25 ◦C, the absorbance at 734 nm was measured by means of a spectrometer (Shimadzu
UV-1800). TEAC values were calculated from the Trolox standard curve and values in
μeq/mL were converted into μeq/g dry matter considering the initial amount of samples
used for the TPA extraction.

2.11. Extraction of Albumin and Globulin Fractions (A/G)

The A/G fraction was extracted according to Lupi et al. [30]. Briefly, 1 g of wheat
semolina or air-classified fractions were suspended in 27 mL of 0.05 M phosphate buffer/
0.1 M NaCl (pH = 7.8) and incubated for 2 h at 4 ◦C. After centrifugation at 8000× g for
15 min at 15 ◦C, the supernatant was recovered, and the proteins (A/G fraction) were
precipitated with four volumes of cold (−20 ◦C) acetone. After 1 h, the supernatant was
discarded and the protein pellet was dissolved in 50 mM carbonate buffer (pH = 9.6).

2.12. Indirect Enzyme-Linked Immunosorbent Assay (ELISA) with Anti-ATI Antibodies

The wells of a microtiter plate (ELISA plate 82.1582.100, Sarstedt, Nümbrecht, Ger-
many) were coated with 5 μg/mL of antigen prepared as above in 50 mM carbonate buffer
(pH = 9.6) overnight at 4 ◦C. The plate was washed three times with PBS-0.05% Tween 20,
and then the wells were blocked with PBS-BSA 4% for 1 h at 37 ◦C. After three washes with
PBS-0.05% Tween 20, the plate was incubated for 1 h at 37 ◦C with serial dilutions (from
1:2 to 1:20,000) in PBS-BSA 2% of anti-ATI polyclonal antibodies (developed by BIA-INRA,
Nantes, France). Following three washes with PBS-0.05% Tween 20, the secondary antibody
(anti-rabbit IgG conjugated with horseradish peroxidase) diluted 1:3000 in PBS-BSA 2%
was added to each well and the plate was incubated for 1 h at 37 ◦C. After three additional
washings with PBS-0.05% Tween 20, the plate was incubated at room temperature with the
colorimetric substrate, composed of o-phenylenediamine (OPD) in 0.05 M citrate buffer
(pH = 5.5) plus hydrogen peroxide. After 30 min, the reaction was stopped with H2SO4
4N and the plate was read at 492 nm (Multiskan GO, Thermo Scientific). Three technical
replicates were used and the data were subjected to one-way ANOVA followed by Tukey’s
post hoc test. When one outlier was present, this was excluded from analysis.

2.13. Statistical Analysis

With regards to all data the analysis of variance was performed applying ANOVA
(post-hoc: Tukey test) by using the statistical software PAST 2.12 [31].

3. Results

3.1. Grain Characterization

The main qualitative parameters of grain samples used are summarized in Table 1.
Test weight values ranged from 81.0 to 84.4 kg/hl, revealing the absence of significant
quantities of shriveled kernels, thus falling in the first-class group according to the official
standards UNI 10709:1998 [32]. The moisture content of the grains varied from 10.2% to
10.3%, therefore falling below the maximum limit of 14.0%. Except for a low yellow color,
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protein and gluten percentages were satisfactory, varying from 12.7% to 15.0% (protein
content), and from 8.7% to 10.5% (gluten).

Table 1. Infratec™ analysis: test weight, moisture, protein content, gluten and yellow color of
durum wheat grain samples Saragolla_LA, Antalis_BA, Antalis_MA. Results indicate mean values of
replicated analyses (n = 10); d.m. = dry matter.

Durum Wheat
Grain Sample

Test Weight
(kg/hl)

Moisture
(%)

Protein Content
(% d.m.)

Gluten
(% d.m.)

Yellow Color
Index

Saragolla_LA 83.4 10.2 12.7 8.7 14.1
Antalis_BA 80.2 10.2 13.9 9.8 15.0
Antalis_MA 81.7 10.3 15.0 10.5 13.6

3.2. Milling Yield and Particle Size Parameters

The average yield recovery of micronized samples exceeded 99%, thus showing a
negligible loss of the starting grain samples. Yield percentages of air-classified fractions
were high for the F250 and G230 milling fractions (Figure 2). Some significant differences
were observed within each F and G fraction as depending on grain samples. In fact, within
G milling products, Saragolla_LA yields varied from 42% (G250 setting) to 70% (G230
setting), whereas Antalis_BA yield recovery was lower and comprised between 25% (G250)
and 61% (G230), and that of Antalis_MA ranged from 33% (G250) to 66% (G230). Among
F fractions, yields varied from a minimum of 56% (Saragolla_LA) to a maximum of 74%
(Antalis_BA) (Figure 2).

 
Figure 2. Mean yield (%) of F250, G250 and G230 air-classified fractions obtained from Saragolla_LA,
Antalis_BA and Antalis_MA samples. Different letters indicate statistically significant differences
(p < 0.05, n = 3) within each fraction type. F250: Saragolla_LA = 3.4 kg, Antalis_BA = 4.5 kg,
Antalis_MA = 3.9 kg; G250: Saragolla_LA = 2.5 kg, Antalis_BA = 1.5 kg, Antalis_MA = 1.9 kg; G230:
Saragolla_LA = 3.5 kg, Antalis_BA = 3.0 kg, Antalis_MA = 3.3 kg.

About particle size (Ø), in semolina samples the range was between 425 and 180 μm,
whereas in air-classified fractions varied depending on the type of fraction (G or F)
(Figure 3).

F fractions had a higher concentration of fine particles (Ø < 180 μm), which was be-
tween 49% (Antalis_MA) and 68% (Saragolla_LA). By contrast, G fractions contained more
coarse particles (Ø > 425 μm) with contents ranging from 12% to 28% (Antalis_BA). The
content of intermediate particles and fine particles of all air-classified fractions (except for
G250) was significantly different (p < 0.05) from that found in semolina samples (Figure 3).
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Figure 3. Mean particle size fractions (%) of micronized samples, semolina and air-classified fractions
(F250, G250 and G230) obtained from Saragolla_LA, Antalis_BA and Antalis_MA. Different letters
indicate statistically significant difference (p < 0.05, n = 2) within each cultivar sample.

3.3. Ash Content

In general, ash content of micronized samples and bran-enriched fractions was sig-
nificantly (p < 0.05) higher compared to that of semolina (Figure 4). Among F fractions,
ash content ranged from 2.46 (Antalis_BA) to 2.10 (Antalis_MA), which was significantly
higher (p < 0.05) than in G, varying from 1.89 (Antalis BA) to 1.59 (Antalis_MA).

Figure 4. Mean values of ash content (d.m.%) of five milling products: micronized sample, semolina,
F250, G250 and G230 air-classified fractions obtained from Saragolla_LA, Antalis_BA and Antalis_MA.
Different letters indicate statistically significant differences (p < 0.05, n = 3) within each cultivar sample.

3.4. Alveographic Properties of Air-Classified Fractions

Alveographic parameters of air-classified fractions, in comparison with the corre-
sponding semolina samples, showed an increased P/L ratio (Table 2). While semolina
samples showed P/L ratios ranging from a minimum of 1.49 ± 0.15 (Antalis_BA) to a
maximum of 3.96 ± 0.38 (Saragolla_LA), higher values were observed in air-classified
fractions, varying from 4.69 ± 0.21 (Antalis_BA G250) to 11.32 ± 0.08 (Antalis_MA F250).
The W parameters showed more homogeneous values between air-classified fractions and
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semolina and a narrower range of variation (i.e., from 133 ± 20 J·10−4 (Antalis_BA F250) to
286 ± 48 J·10−4 (Antalis_MA semolina).

Table 2. Alveographic parameters of semolina and F250, G250 and G230 air-classified fractions
obtained from three durum grain samples (Saragolla_LA, Antalis_BA, Antalis_MA). Different letters
indicate significant differences (p < 0.05) within each milling products; n = 5.

Durum Wheat Grain Samples Milling Products W(J·10−4) P/L

Saragolla_LA Semolina 241 ± 18 a 3.96 ± 0.38 a

Antalis_BA Semolina 162 ± 7 b 1.49 ± 0.15 b

Antalis_MA Semolina 286 ± 48 a 3.85 ± 0.93 a

Saragolla_LA F250 129 ± 13 a 10.80 ± 0.37 a

Antalis_BA F250 133 ± 20 a 9.32 ± 0.66 b

Antalis_MA F250 156 ± 13 a 11.32 ± 0.08 a

Saragolla_LA G250 144 ± 10 b 8.35 ± 0.60 a

Antalis_BA G250 137 ± 5 b 4.69 ± 0.21 c

Antalis_MA G250 189 ± 4 a 7.50 ± 0.31 b

Saragolla_LA G230 144 ± 28 b 8.93 ± 0.93 a

Antalis_BA G230 151 ± 6 b 6.82 ± 0.58 b

Antalis_MA G230 217 ± 19 a 7.59 ± 0.95 ab

3.5. Starch Composition of Air-Classified Fractions

Starch, amylose and damaged starch contents were determined in the air-classified
fractions (F250, G230 and G250) along with semolina and micronized samples (Table 3).
Total starch content was significantly lower in micronized samples and in all air-classified
samples as compared to semolina (p < 0.05). Saragolla_LA showed the highest amount
of total starch (between 61.19% and 74.87%), followed by Antalis_BA (55.09–67.68%) and
Antalis_MA (53.01–64.83%). G fractions had superior amounts of total starch than F
fractions (Table 3). Interestingly, damaged starch values were not significantly different
(p > 0.05) between F50 fraction and semolina, whereas significant differences (p < 0.05)
resulted between each G fraction and the corresponding semolina sample.

Table 3. Total starch, damaged starch and amylose (% d.m.) of five milling products: micronized
sample, air-classified fractions (F250, G250, G230) and semolina obtained from three durum grain
samples (Saragolla_LA, Antalis_BA, Antalis_MA). Different letters indicate statistically significant
differences (p < 0.05, n = 3) within each milling product (n = 4).

Durum Wheat
Grain Sample

Milling Product Total Starch
Damaged

Starch
Amylose

Saragolla_LA Micronized 61.82 ± 0.94 cd 4.88 ± 0.21 d 15.23 ± 2.99 hi

Semolina 74.87 ± 1.45 a 5.96 ± 0.56 abc 26.70 ± 3.41 ab

F250 61.19 ± 1.23 d 6.41 ± 0.68 ab 14.02 ± 1.17 i

G250 67.49 ± 1.20 b 2.62 ± 0.27 e 21.56 ± 2.29 defg

G230 65.18 ± 1.44 b 2.93 ± 0.11 e 17.41 ± 1.02 ghi

Antalis_BA Micronized 56.46 ± 1.11 fg 5.32 ± 0.39 cd 21.67 ± 3.82 def

Semolina 67.68 ± 1.61 b 5.80 ± 0.48 bcd 28.84 ± 2.18 a

F250 55.09 ± 1.07 gh 5.91 ± 0.22 abc 18.39 ± 2.05 fgh

G250 60.26 ± 1.78 de 2.76 ± 0.13 e 23.80 ± 0.76 bcde

G230 59.26 ± 1.58 def 3.51 ± 0.10 e 25.54 ± 4.11 abcd

Antalis_MA Micronized 54.70 ± 1.36 gh 5.38 ± 0.54 cd 20.30 ± 1.58 efg

Semolina 64.83 ± 0.93 bc 6.36 ± 0.29 ab 26.09 ± 1.42 abc

F250 55.14 ± 1.25 gh 6.83 ± 0.43 a 18.82 ± 1.31 fgh

G250 53.01 ± 1.01 h 3.02 ± 0.27 e 23.75 ± 3.05 bcde

G230 57.13 ± 0.67 efg 3.29 ± 0.08 e 22.46 ± 2.43 cdef
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The amylose content was directly determined on semolina, micronized samples and
air-classified fractions. Results showed a significant reduction of amylose content in all
air-classified fractions and micronized samples due to the reduced amount of starch as
compared to semolina (Table 3). However, this reduction was not significant (p > 0.05) in
the case of evaluation of the amylose/total starch ratio (data not shown).

3.6. Phenolic Acids Analysis

Phenolic acids content and composition of micronized samples, F250, G250 and
G230 air classified fractions, and semolina from three grain samples are shown in Table 4.
Overall, each milling product exhibited a typical phenolic acid profile, differing signifi-
cantly (p < 0.05) for almost all individual components. Independently of the grain sample
and milling type, ferulic acid was the most abundant phenolic acid being comprised
between 63.52 μg/g dry matter (Antalis_BA, semolina) and 569.60 μg/g dry matter (An-
talis_BA, F250). Second in abundancy was sinapic acid, ranging from 8.28 μg/g dry matter
(Saragolla_LA, semolina) to 68.26 μg/g dry matter (Antalis_MA, F250).

Table 4. Phenolic acid profiles (μg/g dry matter) and antioxidant activity (μeq Trolox/g dry matter) of micronized
samples, air-classified fractions (F250, G250, G230) and semolina obtained from three durum grain samples (Saragolla_LA,
Antalis_BA, Antalis_MA). Different letters within columns indicate significant differences (p < 0.05).

Durum
Grain

Sample

Milling
Product

p-Hydroxy
Benzoic Acid

Syringic
Acid

Vanillic
Acid

p-Coumaric
Acid

Ferulic
Acid

Sinapic
Acid

TEAC

Saragolla_LA Micronized 4.37 ± 0.50 ab 5.98 ± 0.21 abc 8.51 ± 0.48 bc 7.96 ± 0.52 cd 502.19 ± 8.05 b 51.04 ± 1.64 abc 8.10 ± 1.54 cde

Semolina 1.12 ± 0.01 cd 1.43 ± 0.04 fg 1.50 ± 0.42 f 0.14 ± 0.01 f 80.32 ± 2.79 e 8.28 ± 0.66 g 2.67 ± 0.18 gh

F250 6.22 ± 0.36 a 8.12 ± 0.4 a 11.83 ± 0.35 a 11.60 ± 0.73 ab 498.04 ± 5.08 b 61.72 ± 3.83 ab 15.22 ± 0.27 a

G250 2.96 ± 0.47 bcd 3.23 ± 0.57 defg 5.07 ± 0.83 de 3.52 ± 0.62 ef 383.78 ± 7.31 c 32.38 ± 4.01 cde 7.05 ± 0.58 cdef

G230 3.07 ± 0.44 bcd 4.12 ± 0.51 cde 5.59 ± 0.65 cd 4.33 ± 0.47 e 408.18 ± 10.25 c 30.50 ± 3.49 cdef 8.58 ± 0.38 bcd

Antalis_BA Micronized 3.36 ± 0.75 bc 5.12 ± 0.19 bcd 5.92 ± 0.26 cd 8.59 ± 0.11 bc 409.65 ± 4.24 c 41.47 ± 4.12 bcde 9.45 ± 0.05 bc

Semolina 0.76 ± 0.15 d 0.76 ± 0.18 g 0.73 ± 0.09 f 0.09 ± 0.00 f 63.52 ± 3.32 e 9.81 ± 0.47 fg 2.47 ± 0.06 gh

F250 4.72 ± 0.56 ab 8.15 ± 0.20 a 7.53 ± 0.62 bc 13.02 ± 0.59 a 569.60 ± 5.41 a 44.21 ± 4.77 bcd 12.26 ± 0.17 ab

G250 2.07 ± 0.08 bcd 1.60 ± 0.75 fg 2.12 ± 0.70 f 2.17 ± 1.00 ef 240.90 ± 6.59 d 25.36 ± 1.38 defg 5.03 ± 0.15 efgh

G230 1.53 ± 0.12 cd 1.64 ± 0.23 efg 2.22 ± 0.28 f 2.81 ± 0.74 ef 203.66 ± 5.87 d 20.59 ± 2.11 efg 5.48 ± 0.17 defg

Antalis_MA Micronized 3.12 ± 0.01 bc 4.69 ± 0.33 cd 6.76 ± 0.15 bcd 8.49 ± 0.30 bc 394.44 ± 4.44 c 54.71 ± 5.03 ab 9.07 ± 0.39 bc

Semolina 0.83 ± 0.01 cd 1.01 ± 0.01 fg 1.19 ± 0.11 f 0.16 ± 0.00 f 67.51 ± 3.48 e 10.99 ± 0.05 fg 2.07 ± 0.10 h

F250 4.04 ± 0.11 ab 7.73 ± 0.58 ab 9.09 ± 0.49 ab 12.40 ± 0.40 a 512.48 ± 4.37 b 68.26 ± 3.61 a 11.90 ± 0.67 ab

G250 1.91 ± 0.01 bcd 4.49 ± 0.53 cd 3.42 ± 0.03 def 4.57 ± 0.21 de 241.48 ± 5.66 d 29.74 ± 2.59 def 4.26 ± 0.02 fgh

G230 1.88 ± 0.01 cd 3.49 ± 0.04 cdef 3.18 ± 0.27 def 4.28 ± 0.35 e 214.11 ± 4.38 d 25.47 ± 1.62 defg 4.32 ± 0.17 fgh

Four minor compounds were also detected, namely sinapic, p-coumaric, vanillic,
syringic and p-hydroxybenzoic acids (Table 4).

Semolina had the lowest concentration of all phenolic acids, whereas the micronized
samples and the F250 fraction had the highest (Table 4).

The antioxidant activity associated with phenolic acids was lower in semolina samples
(ranging from 2.07 to 2.67 μeq Trolox/g dry matter) compared to that of all air-classified
fractions; the highest value was in Saragolla_LA, for the F250 fraction (15.22 μeq Trolox/g
dry matter) (Table 4). Considering the average values of TPAs evaluated on the overall
data across cultivars and environments, significant differences (p < 0.05) were found
among the different milling products (Figure 5). The observed variation ranged from a
minimum of 82.48 μg/g dry matter (semolina) to a maximum of 619.57 μg/g dry matter
(F250). Compared to semolina, the F250 fraction had the highest TPAs content (7.5-fold vs.
semolina), whereas the G250 and G230 fractions showed a four-fold higher content. The
pasta-making and cooking processes caused a slight decrease of TPAs content compared to
that of raw materials (Figure 5). Nevertheless, uncooked pasta made with air-classified
fractions had significant enrichments of TPAs compared to traditional pasta made with
semolina; such an increase varied from seven-fold (F250) to four-fold (G250 and G230)
(Figure 5). A complete and detailed view of the phenolic acids profiles and antioxidant
activity of uncooked and cooked pasta is presented in Supplementary Tables S1 and S2.

27



Foods 2021, 10, 2817

 
Figure 5. Average contents (n = 3) of total phenolic acids (TPAs), expressed as μg/g dry matter
(d.m.) of four milling types: semolina, F250, G250 and G230 air classified fractions, obtained from
the overall durum grain samples used in this study, and derived uncooked and cooked spaghetti.
Different letters show significant differences (p < 0.05).

3.7. ATIs Content

An ELISA test was performed for detecting differences in the amount of ATI on the
albumin and globulin fractions (A/G) of the different milling types (micronized grains,
F250, G250, and G230 air-classified fractions, and semolina). Data relative to the four
antibody dilutions used are reported in Supplementary Table S3. Since the dilution 1:200
corresponded to the most linear region, it was used to build the histograms reported in
Figure 6. Overall, results showed that semolina had higher ATIs contents compared to
the other milling products, excepting for the Antalis_BA G230 air-classified fraction that
had slightly higher, though not significant (p < 0.05), amounts (Figure 6). Among the five
milling types obtained from the Saragolla_LA grain sample, the G230 fraction showed the
lowest amount of ATI, whereas both Antalis_BA and Antalis_MA displayed the lowest
content of ATI in the F250 air classified fraction (Figure 6).

Figure 6. Indirect ELISA performed with anti-ATI polyclonal antibodies dilution 1:200 of micronized
samples, semolina and air-classified fractions (F250, G250, G230) obtained from the durum grain
samples used in this study. Different letters indicate significant differences (p < 0.05).
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4. Discussion

One of the key challenges to enhance the health value of durum wheat foods is the
use of raw materials rich in health-promoting compounds and poor in toxic components.
Bran is the compartment accounting for only 15% of the wheat grain, but it is an important
source of components associated with health benefits, such as phenolic acids. To maintain
these healthy bran components, and reduce the negative impacts associated with some
endosperm proteins, such as ATIs, diverse bran-rich streams can be used [16,17].

In this paper, we evaluated several qualitative features of F250, G230 and G250 air-
classified fractions as compared to semolina and micronized samples. The use of this
updated technology directly provided several unrefined milling products, each having
different characteristics, and without adding fractions rich in bioactive compounds [19].
This fact could lead to time and money savings, especially in a large-scale application.

First, milling yield percentages were assessed as they are among the major milling
quality features [33]. The total recovery of milling products (F + G fractions) along the
micronizing and air classification processes reached values around 99%, thus ensuring a
minimal loss of raw material. The present results were comparable to those observed in
previous evaluations [17]; slight differences detected here could depend on diverse grain
size and texture [34]. The operating conditions that we used gave rise to G230 and F250
fractions with yield values that were near or above 60%, with some differences depending
on grain samples (p < 0.05) [17].

The distribution of coarse, intermediate and fine particles within each G and F fraction
resulted in agreement with a preliminary study [17]. The variability observed among
the overall samples depended on grain samples and the setting valve point, supporting
previous findings [17]. The typical particle size distribution characterizing each fraction
type suggested that each could be more suitable to make specific unrefined end-products
(pasta, bread, biscuits, etc.). The presence of bran particles in different rates within each
air-classified fraction could lead to durum end-products (such as pasta) of higher quality
than those obtained by adding bran aliquots to semolina [35]. The occurrence of coarse
semolina particles in milling products could be important to enhance the gluten index
and yellow color of end products [36]. Results regarding ash characterization suggested a
higher content of minerals in the F fractions than in G fractions [37]. Overall, ash values
were higher in air-classified fractions and micronized samples than in semolina. On the
whole, results concerning yield, ash content and particle sizes’ composition proved to
be in agreement with previous studies [17]. The alvegraphic behavior of the unrefined
samples revealed a great reduction in the alveographic parameters, especially with regard
to a P/L ratio increase. This latter observation confirms previous results on the quality
effects of the addition of bran aliquots to semolina [38]. Total starch content was lower in
micronized flour and in all air-classified fractions compared to semolina. G fractions had
superior amounts of total starch compared to two out of three F250 samples. These data
were expected, since F fractions contain a higher amount of bran and a reduced content of
endosperm. Results of amylose content showed a significant reduction in all air-classified
fractions and micronized samples compared to semolina due to the reduced amount of
starch in these fractions. In this regard, when considering the amylose/total starch, no
significant differences were detected. The reduction of starch, observed in the air-classified
fraction compared to semolina, is potentially interesting for the realization of low glycemic
foods, useful for the prevention of some diet-related diseases (type II diabetes, obesity and
cardiovascular disorders) [13–15].

Based on phenolic acids analysis of raw materials and derived uncooked and cooked
pasta, six main individual phenolic acids were identified, namely ferulic acid, vanillic
acid, p-coumaric acid, sinapic acid, and syringic and p-hydroxybenzoic acids. These
findings were in line with previous works carried out along the durum chain from seed to
pasta [22,39]. Literature studies established that phenolic acids have important biological
effects, independently if they are easily absorbed by the small intestine as free forms [40] or
reach the colon intact as bound forms [41]. Upon these evidences, we estimated the overall
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content of free and bound forms for each individual phenolic acid [22,39]. Results showed
that semolina had the lowest concentration of all individual phenolic components, whereas
micronized samples and the F250 fraction had the highest (Table 4). That was expected
for the diverse endosperm concentration in semolina and milling in which bran occurred,
though at a different rate [38]. Considering the total sum of individual phenolic acids, the
F250 fraction had the highest increase over semolina (650%) (Figure 5), suggesting that
it would be the best to use for enriching the content of phenolic acids of pasta. In fact,
the F250-derived pasta had the highest content of TPAs with an increase by up to 616%
over that made with semolina (Figure 5). A slight, though not significant TPAs reduction
(between 11% and 19%) resulted in cooked pasta compared to raw materials (Figure 5).
These findings were expected and in line with other studies [39,42]. The antioxidant activity
of phenolic extracts from raw materials and derived pasta were in good agreement with
predictions considering the ferulic acid content with a TEAC of 3.0, indicating that the
main source of antioxidant power of tested samples are the extracted phenolic acids.

Regarding ATIs, the highest amounts were found in semolina, which was expected
since these components are mostly present in the starchy endosperm as reviewed [7]. So far,
it can be concluded that our data show that micronization and air-classification treatment
decrease the amount of ATIs, giving a potential added value to derived pasta products. The
importance of ATIs in triggering adverse reactions to wheat is increasing, since they seem to
be not only involved in allergies and sensitivity, but also in apparently different pathologies,
such as Alzheimer’s disease, at least in murine models [43]. Thus, increasing attention is
paid to the different procedures that can be used to achieve the goal of decreasing ATIs
amounts. ATIs can be reduced in wheat flours through food processing, but the results
are ambiguous (reviewed in [7]). Moreover, most of these processing procedures include
fermentation, which is not typically used for pasta production. A genetic approach could
theoretically be the method of choice; for example, transgenic and genome edited plants
were produced in previous papers [44,45]. However, due to legislation restrictions, these
genotypes cannot be used for commercial purposes. In addition, the production of new
plant lines/varieties takes a long time. The air-fractionation procedure, described in this
paper, has the advantage that it can be applied to different genotypes without the issues
related to the above reported strategies, giving the possibility to produce pasta with high
technological quality.

5. Conclusions

In the present work, F250, G230 and G250 air-classified fractions were characterized
for standard quality parameters, starch, phenolic acids and ATIs content. The percent-
age distribution of coarse, intermediate and fine particles within each G and F fraction
depended both on grain samples and setting valve points. While the rheological behavior
revealed a reduction in the alveographic parameters, all fractions had significant improve-
ments in other qualitative properties. In fact, total starch content diminished in micronized
samples and in all air-classified fractions compared to semolina, suggesting their use for
the production of low glycemic foods. All air-fractionated millings, especially F250, also
showed strong improvements in phenolic acids content and antioxidant activity versus
semolina and traditional pasta. Finally, micronization and air-classification treatments
decreased the amount of ATIs. Overall, our data suggest the potential use of the F250, G230
and G250 air-classified fractions to make more nutritious, healthier and safer foods.
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Abstract: Dietary guidelines recommend the consumption of unprocessed, or minimally processed,
wheat foods because they are richer in health-promoting components (i.e., minerals, vitamins, lignans,
phytoestrogens, and phenolic compounds) compared to traditionally refined products. The design
and implementation of technological solutions applied to the milling process are becoming a key
requirement to obtain less refined mill products characterized by healthier nutritional profiles.
This study presents the development of an upgraded micronization plant and of a modified air-
classification plant to produce several novel types of durum wheat milling fractions, each enriched in
bran particles of different sizes (from 425 μm > Ø to Ø < 180 μm) and percentage ratios. A preliminary
quality assessment of the milling fractions was carried out by measuring yield percentages and ash
content, the latter being related to detect the presence of bran particles. A wide array of milling
fractions with different original particle size compositions was provided through the study of the
process. Results indicate the ability of the novel pilot plants to produce several types of less refined
milling fractions of potential interest for manufacturing durum wheat end-products beneficial for
human health.

Keywords: durum wheat; milling fractions; air-classification plant; micronization plant

1. Introduction

Durum wheat (Triticum turgidum L. ssp. durum) is the most important cereal staple
food in Mediterranean climates and regions. Traditionally, it is the primary raw material
used in the production of pasta, couscous, bulgur, and different types of leavened and
unleavened breads [1]. Overall, these products provide a significant portion of calories
and proteins to human diets; also, they are an important source of bioactive compounds
that may contribute to a healthy diet [2]. Among others, the most common bioactive
compounds of wheat include dietary fiber, vitamins, micronutrients, and phytochemicals,
which are mainly located in the outer layers of the kernel, typically in the bran, aleurone,
and germ tissues [3]. A high number of in vitro, in vivo, and epidemiological studies have
shown the significant health-related benefits associated with the consumption of bran-rich
or whole-wheat foods [4], together with a decreased risk of non-communicable diseases,
such as type 2 diabetes mellitus, cardiovascular disorders, and colorectal cancer [5]. Despite
the known positive effects, the consumption of whole wheat food products is still limited in
many countries. Such a hindrance may depend on consumer knowledge and behaviors [6],
but also on the negative impact of wheat bran on the sensorial quality of end products [7].
Several studies have evaluated the effect of bran particle size, bran pre-treatment, and
cooking method on the sensorial quality of final products [8]. The interfering effect of
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bran on both protein hydration and dilution of gluten network in the dough is due to the
occurrence of hydroxyl groups in the bran structure reacting with water through hydrogen
bonds, resulting in an increase in water absorption. In fact, arabinoxylans reduce the
amount of water available for the gluten network, thus affecting dough stability and
development time [9]. New technological solutions in wheat milling processing have many
advantages as compared to traditional milling, which, by removing germ and bran, cause
the loss of several beneficial compounds that are located in the bran fraction. Industrial pre-
treatments, such as debranning, micronization, and air-classification processes, can reduce
the negative effects of wheat bran [10–13]. Debranning is a dry separation technology
based on consecutive abrasions of cereal kernels; the progressive bran removal through
the detachment of the outer, intermediate, and inner layers of pericarp leads to different
byproduct classes, which can be removed by using pressurized air flowing through the
screens and outlets of the debranner [7].

The reduction in particle size obtained through micronization can be followed by an
air-classifier treatment in order to obtain two or more fractions that are collected separately.
Micronization consists of a milling process able to reduce the starting matrix such as cereal
grains in a fine particle product through the use of different technologies (e.g., hammer
mill, knife mill). The range of the particle size of the milled product depends on the
sieve diameter employed [11]. The general functioning criteria of the air-classification
system is based on the pneumatic transportation of the milled particles inside the plant,
which operates in depression, thus promoting a pneumatic flow along circular orbits.
Inside the orbits, a series of ascending airflows was controlled by setting the airflow inlet
valve to different opening conditions. Due to the combined action of different forces, the
heavier particles fall in the first “G” housing (heavier gross particles), whereas the lighter
particles fail to be collected in the first step but are gathered in the second “F” housing (fine
particles). Bran fractions derived from both debranning and micronization were used to
enrich semolina, obtaining pasta products with enhanced health properties and minimal
impacts on sensory quality [14]. The above technologies are also useful to better manage
the natural or chemical contaminants (e.g., mycotoxins, heavy metals, and pesticides) that
are typically concentrated in the outermost layers of the wheat kernel [15–17].

The aim of this study was to further improve both the micronization and air-classification
of plants by introducing ad hoc modifications into the process in order to obtain a larger
choice of less-refined milling fractions. More in detail, the micronizer pilot plant improve-
ment was carried out through the addition of a grinding chamber, equipped with a hammer
crusher impeller and a decanting collector, whereas the air-classifier pilot plant was added
with both a programmable logic controller (PLC) for the pneumatic flow management and
a chamber specially designed with a decreasing section. These latest improvements of pilot
plants already supplied in our laboratories allowed us to produce innovative mixtures
of milling products. Particular focus was put on studying the process to develop diverse
milling fractions, each characterized by a peculiar content and composition in bran particles
that could be used to make durum wheat end-products characterized by a higher bran
content and healthier nutritional content.

2. Materials and Methods

2.1. Durum Wheat Cultivars

Three Italian durum wheat cultivars, namely Saragolla, Maestà, and Iride, were grown
under conventional farming in the experimental field of CREA, Foggia (Italy) in the 2018–
2019 growing season. Single grain samples were evaluated for test weight, moisture, protein
content, gluten content, and yellow color through near-infrared analysis in transmission
mode (NIT) by using Infratec™ mod 1241 (FOSS, Hillerød, Denmark) and the results
were expressed as mean value of replicates (n = 10). Figure 1 shows the flow chart of the
experimental plan.
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Figure 1. Flow chart of the experimental plan.

2.2. Micronization of Grain Samples and Air Classification of Milling Fractions

Durum wheat grain samples (11 kg for each cultivar) were micronized using a mi-
cronizer pilot plan (mod. 32300, KMXi-300-7,5; Separ Microsystem S.a.s, Brescia, Italy). The
micronization step did not require preventive conditioning of the grains. An improvement
in the micronizing pilot plant was achieved by adding a hammer crusher impeller with
a reduced cross-section inside the grinding chamber compared to the normal type. This
latter was equipped with a sieving grid (Ø = 0.7 mm) suitable for obtaining a more homo-
geneous product. In addition, the grinding chamber was connected to a decanting chamber
suitable for collecting the ground product. Moreover, with the aim to better detach the
milled product from the plant walls, an electric vibrator was placed on the top side of the
same chamber (Figure 2).

Figure 2. Micronizer pilot plant improved through the addition of a grinding chamber including
a hammer crusher impeller (A) and a decanting collector (B).

Afterwards, 10.5 kg of micronized sample was submitted to an air-classifier pilot plant
(turbo-separator unit, model SX-LAB; Separ Microsystem S.a.s, Brescia, Italy) suitable for
particle sizes up to a set limit (Ø ≤ 1.5 mm).

The plant was improved through the insertion of a programmable logic control (PLC)
able to manage both the frequency and the action time of the airflow inside the separation
chamber. Additionally, the chamber was further improved by the modification of the
internal orbits that had been made according to a progressive decrease in the internal
section. The latter modification allowed us to enhance the separation between the fine
fractions and the coarse ones (Figure 3).
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Figure 3. Air-classifier pilot plant augmented through the addition of a programmable logic controller
(PLC) for the pneumatic flow management (A) and a chamber designed with a decreasing section (B).
The circle indicates the setting airflow inlet valve. The F and G housings are placed below the steel
plan located under the inlet valve.

Micronized aliquots of 1.5 kg were air-classified for one cycle at a time by setting
the airflow inlet valve to 220, 230, 240, 250, 260, 270, or 280. At the end of each cycle the
fractions of type G and F were collected and submitted for analysis.

2.3. Quality Analysis

Mean yield percentages of samples were evaluated based on the weight percentage of
each sample in relation to the starting weight of the same sample. Ash content was also
determined by following the official method [18]. The particle sizes of all fractions were
measured by using certified test sieves (Giuliani Tecnologie S.r.l., Turin, Italy).

2.4. Statistical Analysis

The analysis of variance was performed on transformed data applying ANOVA (post
hoc: Tukey test and Bonferroni correction) using the statistical software PAST 2.12 [19]. The
data transformation (log or root square) was needed to achieve a normal distribution of the
same data suitable for statistical analysis. The Bonferroni correction was used to counteract
the incorrect rejection of a null hypothesis.

3. Results

The qualitative characterization of Saragolla, Maestà, and Iride grains are summarized
in Table 1. Test weights among the three cultivars ranged from 81.0 to 84.4 kg/hL, namely
in the first class group according to the official standards [20], revealing the absence of
significant quantities of shrivelled kernels. The moisture content of the grains varied from
10.2% to 10.9%, below the maximum limit of 14.0%.

Table 1. Durum wheat cultivars, origin (region of Italy), and proximate quality parameters measured
by NIT. Mean values of replicated analyses (n = 10).

Cultivar Origin
Test

Weight
(kg/hL)

Moisture
(%)

Protein
Content
(% db)

Gluten
Content
(% db)

Yellow
Color

Saragolla Puglia 81.6 10.9 12.9 8.9 13.9
Maestà Puglia 81.0 10.2 15.6 11.0 15.4

Iride Puglia 84.4 10.7 12.6 9.1 14.2

Except for yellow color, which was low for each of the three cultivars, protein and
gluten percentages were satisfactory in all samples varying from 12.6 to 15.6, and from
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8.9 to 11.0, respectively, suggesting good potential nutritional and technological quality of
the cultivars.

Milling yield percentages were determined to test the efficiency of the milling process.
The mean recovery of micronized samples was equal to 98.8%, showing a negligible loss of
starting sample.

As expected, the air-classified fractions showed marked differences between the F and
G fractions (Figure 4). In detail, the F fraction showed yield values with an ascending trend
from 23% (registered for setting 220) to 93% (for setting 280). Conversely, a descending
trend was observed for the G fractions, varying from 77% (setting 220) to 6% (setting 280).
Yield recovery of the F fractions clearly exceeded 60% only for setting conditions ranging
from 250 to 280. In the G fractions, this value exceeded only at 220 and 230 settings.

Figure 4. Mean yield percentage (%) of the air-classified fractions of samples belonging to the
cultivars Saragolla, Maestà, and Iride. Different letters indicate statistically significant difference
(p < 0.05, n = 3). Circles highlight the fractions with significant differences (p < 0.05) among cultivars
(n = 2).

We did not observe significant differences (p > 0.05) among the three cultivars at any
of the operating airflow conditions, with the exception of F240, G240, and G260 (Figure 4).
Results obtained for each cultivar are presented in Table S1.

Further investigations are in progress to test the reliability of the process at those
conditions.

The F and G type fractions obtained through the micronization and air-classification
of whole durum grains contained a different percentage distribution of bran particles,
due to the applied opening rate of the inlet valve. Ash content of F fractions was higher
compared to that of G fractions, due to the higher content of bran particles in F fractions,
while the G were richer in semolina (Figure 5). Considering the ash percentages across the
F fractions, a descending trend was observed, with F220 (3.16%) and F230 (2.74%) showing
the highest levels. Conversely, no significant differences (p > 0.05) were pointed out across
the G fractions, observing a range from 1.67% (G220) to 1.42% (G280). Ash percentage
of the air-classified fractions for each cultivar showed a trend that was similar to that of
cultivar mean values with no significant differences (p > 0.05) from G220 to G280 (Table S2).

Results concerning the particle size distributions (Ø > 425 μm, 425 μm > Ø > 180 μm,
Ø < 180 μm) within the air-classified fractions are shown in Figure 6. As expected, heavier
particles (Ø > 425 μm) were found mainly in the G fractions, because these contained more
semolina than bran residues as compared to the F fractions. The percentage of the heavier
particles in G fractions ranged from 11.4% (G220) to 53.4% (G280). Conversely, heavy
particles were scarcely present in the F millings, varying from 4.3% (F250) to 19.9% (F220).
Intermediate (425 μm > Ø > 180 μm) and fine (Ø < 180 μm) particles were predominant in
all F fractions.
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Figure 5. Mean ash percentages (% dry basis) of three durum cultivars: micronized wholemeals (M);
air-classified fractions (F and G types). Different letters indicate statistically significant difference
(p < 0.05); circles highlight the fractions with significant differences (p < 0.05) among cultivars (n = 2).

Figure 6. Mean percentages of particle size in micronized samples (M) and air-classified fractions (F
and G types) of the mean of three cultivars. Circles highlight the fractions with significant differences
(p < 0.05) among cultivars (n = 2).

Together, the intermediate and fine particles were prevalent in all G fractions, with the
exception of G280 where their amount was 46.6% of the total, which could be explained by
the less open inlet valve and the consequent different dynamics of the incoming airflow.
Notably, a low percentage of finer particles was detected in F220 and F230 (18.8% and
38.3%, respectively). Detailed data on each cultivar are presented in Table S3, showing
a marked trend towards no significant differences (p > 0.05) of percentage values from
G250 to G280 fractions of all particle sizes assayed. The statistical analysis highlighted the
influence of the two sources of variation (cultivar and setting valve point) related to the
afore mentioned three particle sizes assayed (heavier, intermediate, and finer). The results
showed that each source of variation had a significant (p < 0.05) influence on heavier size
particles (Ø > 425 μm) in the fractions F, whereas their interaction was significant (p < 0.05)
in the case of finer size particles both in F and in G. In the case of the fractions G, only the
setting valve point factor was significant (p < 0.05) for heavier size particles (Ø > 425 μm).

4. Discussion

The measure of yield percentages allowed us to evaluate the air-classified fractions
from the point of view of milling quality, this latter intended as an important aspect for the
choice of more suitable fractions also for large scale production.
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The ash content is an important quality parameter influenced both by genetic and
environmental factors and associated with bran content [21]. In this study, the assay of the
ash percentage proved useful to better characterize each air-classified fraction in any case
containing both bran and semolina particles in different ratios.

The evaluation of particle size distribution within each fraction type (F and G) revealed
the key role played by the involved physical factors (i.e., weight, air-pressure inside the
circuits, turbulence, etc.). The resultant force obtained by the air-classification process,
intended as a whole system, determined the distribution of the particles in F or G collectors.
In any case, all air-classified millings were less refined compared to traditional semolina
and were characterized by a specific percentage of bran residues. In studying the processing
plants performance, the use of more than one cultivar with different grain characteristics
was considered to test if they could introduce possible “critical” issues influencing the
reliability of the system. Although the results need to be confirmed on a higher number
of cultivars grown in different years and environments, the preliminary data pointed out
that the F220, F250, and G240 fractions showed significant differences (p < 0.05) among
the cultivars. Nevertheless, the use of the innovative plants allowed the production of
several different types of air-classified fractions, allowing us to choose the more suitable
for making less refined and more attractive end-products with innovative properties from
among them due to the different combinations of heavier, intermediate and finer bran
particles. Previous studies already highlighted that the addition of durum wheat bran
with a particle size range of 150–500 μm, at levels of 10%, 20%, and 30%, had a negative
impact on pasta sensory and technological properties [22]. However, through the addition
of 30% of the same size range of bran particles, a comparable texture to that of commercial
whole milled wheat pasta was achieved. Conversely, the addition of 10% had similar
sensory texture scores to regular durum wheat pasta not supplemented with bran. The
use of milling fractions enriched with more fine bran particles is expected to be more
suitable for the release and bioavailability of bioactive compounds, due to both the major
exposition of bran particle surfaces and aleurone cells to disruption, resulting in a better
release of the intra cellular contents [23]. Therefore, the different air-classified fractions
here described offer a suitable tool to produce innovative food-products characterized
by new technological properties and improved nutritional value that could make these
products more attractive to consumers. The inclusion of bran particles in wheat millings
leads to technological disadvantages and worsens end-products quality compared to
refined semolina or flour-based processes and products, causing, among other effects,
a decrease in bread loaf volume, textural changes, and color changes [24]. These effects are
more severe, especially at 20% incorporated bran, reducing pasta quality; yet, a reduced
impact occurs at the same percentage of incorporation using finer bran [21]. In general,
bran supplementation also has a positive effect due to the increase in polyphenols and
phytosterols in end-products. These parameters are not influenced by bran particle size
above 10% incorporation, except for phenolic acids, which increase at a higher rate of finer
bran particles [21]. Therefore, the range size between 180 μm and 425 μm, which is included
in the fractions here assayed, has a key role due to the presence of a part of the fine bran
fractions (<180 μm, 180 μm, and 250 μm) suitable for better nutritional quality of pasta due
to the presence of health-promoting compounds (from the outer kernel layers) compared
to traditional pasta produced with refined semolina. The influence of the bran particle
size on the water absorption of cooked pasta has been deeply studied. Finer bran particles
produce a lower and significant degree of water absorption compared to particles with
a larger diameter, regardless of the derivation of the particles (e.g., bran or middlings) [25].
On the other hand, the positive effects of medium coarse and high coarse particle sizes of
semolina on the end product (pasta) quality has already been described [26]. Therefore, the
particle size composition of less-refined fractions constitutes a very important aspect to
be considered, especially in relation to technological aspects and the intended use of the
end-products.
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With regard to the detailed results concerning the single cultivars, it should be under-
lined that the choice to use them was aimed only at increasing the variability of samples
tested. In any case the results are intended as a study on the cultivar behavior in the
process, which would require a different experimental design (greater number of cultivars
grown under different and controlled environmental conditions over multiple seasons).
Indeed, our study was aimed at assessing the application of new technological solutions to
current micronization and air-classification plants in order to improve the quality of the
overall milling performances.

5. Conclusions

The improvement of the micronization and air-classified plants yielded a wide range
of less-refined milling fractions that could be suitable to make durum wheat end-products
characterized by enhanced health-promoting qualities. The technological modifications of
the pilot plants already in use in our laboratories regarding both the micronizer (through
the addition of a grinding chamber including a hammer crusher impeller and a decanting
collector) and the air-classifier (through the inclusion of PLC and a suitable chamber)
allowed us to deepen some quality aspects linked to the new mixtures that were devel-
oped. Indeed, milling fractions (F and G) have been characterized by new particle size
content and composition as compared to those obtained before the update of milling plants.
A preliminary assessment of the quality of the milling fractions was based on yield per-
centages, ash content, and particle size composition. The results revealed that the obtained
air-classified fractions offer diverse choices to make a good compromise between high
yield percentage, particle size composition, and the health benefits associated with a higher
content of bran (fiber, antioxidants, minerals, etc.). Further investigations on technological
and qualitative features of the air classified fractions are ongoing and will be the subject of
upcoming papers.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-815
8/10/8/1796/s1, Table S1: Mean yield percentage (%± S.D.) of micronized samples and air-classified
fractions (cv. Saragolla, Maestà and Iride). Same letter: no significant difference (p > 0.05) within all
fractions (F and G types) for each cultivar (n = 2), Table S2: Mean ash content (% dry basis ± S.D.)
of micronized samples and air-classified fractions (cv. Saragolla, Maestà and Iride). Same letter: no
significant difference (p > 0.05) within all fractions (F and G types) for each cultivar (n = 2), Table
S3: Mean particle size content (% ± Standard Deviation) of micronized samples and air-classified
fractions (cv. Saragolla, Maestà and Iride). Same letter: no significant difference (p > 0.05) within all
fractions (F and G types) for each cultivar (n = 2).
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Abstract: Mycotoxins are the most common natural contaminants and include different types of
organic compounds, such as deoxynivalenol (DON) and T-2 and HT-2 toxins. The major toxic
inorganic elements include those commonly known as heavy metals, such as cadmium, nickel,
and lead, and other minerals such as arsenic. In this study, micronisation and air classification
technologies were applied to durum wheat (Triticum turgidum ssp. durum L.) samples to mitigate
inorganic (arsenic) and organic contaminants in unrefined milling fractions and final products (pasta).
The results showed the suitability of milling plants, providing less refined milling products for
lowering amounts of mycotoxins (DON and the sum of T-2 and HT-2 toxins) and toxic inorganic
elements (As, Cd, Ni, and Pb). The results showed an As content (in end products) similar to that
obtained using semolina as raw material. In samples showing high organic contamination, the
contamination rate detected in the more bran-enriched fractions ranged from 74% to 150% (DON) and
from 119% to 151% (sum of T2 and HT-2 toxins) as compared to the micronised samples. Therefore,
this technology may be useful for manufacturing unrefined products with reduced levels of organic
and inorganic contaminants, minimising the health risk to consumers.

Keywords: durum wheat; air classification; inorganic contaminants; organic contaminants; arsenic;
mycotoxins

1. Introduction

Currently, cereal grains are the primary source of carbohydrates in human nutrition
worldwide. The Food and Agriculture Organization (FAO) forecasts that world grain
utilisation in 2021/2022 will reach a record level of 2809 million tons. The FAO’s forecast
for total wheat utilisation is 777 million tons, which is 2.4% (18.5 million tons) higher than
that in 2020/2021 [1]. Durum wheat is a crop of primary importance, as semolina (obtained
by milling durum wheat grain) is the basic raw material for the realisation of several highly
consumed end products (pasta, couscous, bulgur, local breads) and is mainly used as a
traditional food for Mediterranean populations, and it is highly appreciated worldwide.

Cereals such as wheat provide most of the energy in diets, and their consumption in
the form of unrefined end products provides health advantages because they are rich in
bioactive compounds. Among these, antioxidant molecules are of great interest because
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they are involved in lowering the risk of cardiovascular diseases, cancers, gastrointestinal
disorders, and type 2 diabetes [2–6].

In general, wholemeal products are realised by mixing suitable amounts of bran, germ,
and endosperm fractions so that they are as similar as possible to the natural grains [7].
However, the consumption of bran-enriched products could increase the risk of consumers’
exposure to food-borne organic and inorganic contaminants, the main ones being myco-
toxins, toxic elements such as arsenic, and heavy metals. All of these compounds can
persist from the raw matter to the end products, in addition to so-called processing com-
pounds, such as acrylamide [8]. The environment plays a key role as the main source of
contamination in grains, such as wheat, starting from the cultivation field and ending in
storage. Even though minerals are ubiquitous in the Earth’s crust, anthropogenic activities
are increasingly resulting in the contamination of water and soil with toxic metals and
metalloids [9–11]. Among toxic minerals, arsenic (As), cadmium (Cd), and lead (Pb) are
ranked as the most hazardous substances owing to their toxicity, prevalence, and potential
for human exposure [12]. Among the metals of great concern, cadmium (Cd) is uniformly
distributed within the endosperm, whereas lead (Pb) and nickel (Ni) are mainly located
in the outer teguments [13–15]. European legislation has established maximum tolerable
levels of several metals and metalloids in foodstuffs. However, the maximum levels of Pb,
Cd, and tin (Sn) are currently established and monitored in cereals, whereas the maximum
arsenic content has been established only for rice (0.200 μg/g) [16,17].

Mycotoxins, which are produced by several fungi growing on cereal grains, are of great
concern, as they add organic contaminants to a wide range of food commodities [17,18].
Deoxynivalenol (DON) and T-2/HT-2 toxins belong to type B and A, respectively, groups
of chemically related compounds named trichothecenes. They are the most widespread
Fusarium toxins in small grain cereals, including durum wheat (Triticum turgidum ssp.
durum L.), which constitutes the main source through which humans and animals are
exposed to these types of mycotoxins [19,20]. These mycotoxins are produced by fungi that
colonise the kernel, starting in its outer layers, where they mostly accumulate. Since the
coating structures end up in the bran milling fraction, bran-enriched foods represent an
increased risk of human exposure to mycotoxins [21–25].

The maximum tolerable limits for DON in food products have been set by the European
Commission [17]. However, to date, there are no legal limits for T-2 and HT-2 toxins in
food and feed. Nevertheless, the European Commission recommendation on the content of
T-2 and HT-2 in cereals and cereal indicates 100 μg/kg for the sum of T-2 and HT-2 as the
maximum level in cereal grains [26].

The use of new technologies, such as debranning, micronisation, and air classification,
at the starting phase of wheat processing is effective in reducing the presence of undesirable
compounds within the milling products [27–29]. In fact, micronisation combined with air
classification provides suitable solutions to obtain less refined products with improved
safety and nutritional aspects, ensuring optimal technological quality. Recently, a study
of the process carried out using updated pilot plants allowed the selection of several
unrefined milling fractions obtained from micronised and air-classified durum wheat
samples. Therefore, three types of fractions were selected based on the results obtained
in previous assays [30,31]. These fractions proved to be of interest owing to the yield
percentage, particle size composition, and health benefits associated with a higher content
of bran (fibre, antioxidants, minerals, etc.).

The goal of this study was to assess the reliability of recently updated milling plants
(microniser and air classifier) to minimise the presence of DON, T-2 and HT-2 toxins, and
toxic elements (mainly arsenic) along the production chain.

2. Materials and Methods

2.1. Durum Wheat Samples

A process study was carried out on three durum wheat grain samples (group I) of
cultivars Saragolla, Maestà, and Iride. All of them were grown in conventional farming
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fields in Apulia (Southern Italy) during the 2018–2019 season (Figure 1). The use of these
three samples allowed the identification of air-classifying conditions that were suitable for
the aim of this study. In particular, group I samples were selected from those collected
within the “AsFRUM” research project. The criteria adopted in the choice of samples
concerned both the type and the rate of contamination. Moreover, the use of three different
cultivars only served to achieve greater variability in the grain characteristics without
accounting for the cultivar as a factor. On the basis of the results obtained in the process
study, three additional durum wheat grain samples (group II) were used only under the
selected air-classifying conditions previously identified in the process study. These group
II samples were collected within the aforesaid research project during the same cropping
year (2018–2019) in conventional growing fields located in three regions of the centre-south
of Italy. More specifically, one durum wheat sample (Saragolla) was grown in the Lazio
region (Central Italy), and the other two samples from the cv. Antalis were grown in the
Marche region (Central Italy) and in the Basilicata region (Southern Italy) (Figure 1). In this
case (group II), the selection criteria adopted for grain samples also concerned both the
type and the rate of contamination. Three analytical replicates were carried out for all of
the materials tested, as detailed below.

Figure 1. Flow chart of the experimental plan.

2.2. Micronisation and Air Classification Processes

The milling plants (microniser and air classifier) used in this study were already
supplied to our laboratories and recently updated [30].

Briefly, innovative advances in the microniser pilot plant (model 32,300, KMXi-300-7,5;
Separ Microsystem S.a.s, Brescia, Italy) included the introduction of a hammer crusher
impeller, which reduced the internal cross-section and a sieving grid (Ø = 0.7 mm), which
produced a more homogeneous milled product than the traditional type. The air-classifier
pilot plant (model SX-LAB; Separ Microsystem S.a.s, Brescia, Italy) designed for a sample
particle size up to a set limit (Ø ≤ 1.5 mm) was improved through the insertion of a
programmable logic controller (PLC) capable of managing the airflow inside the separation
chamber. Moreover, the orbits located in the inner part of the chamber were improved by
designing a progressively decreasing inside diameter. Each micronised sample (groups I
and II) was split into 1.5 kg aliquots. The micronisation step did not require preventive
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conditioning of the grains. The samples included in group I were subjected to the air
classification process by setting the airflow inlet valve from 220 to 280 as opening conditions
for each cycle at a time. At the end of each cycle, fractions of types G (heavier coarse
particles) and F (fine particles) were collected. The samples of group II were only air-
classified at the 230 and 250 settings based on a previous evaluation (see Figure 1). Therefore,
the three air-classified fractions (F250, G250, and G230) were collected and used in the
subsequent steps.

2.3. Traditional Roller Milling Process

The traditional roller milling process was carried out as a reference process. Grain
samples were conditioned by adding tap water until a moisture value of 17% was achieved,
and the samples were left to rest for 24 h. This treatment facilitated the processes of
both stripping the kernels and softening the endosperm, making grain samples suitable
for processing in the traditional roller milling plant (Bühler, model MLU 202, Uzwil,
Switzerland). The main milling products were collected: semolina refined through a
sieving treatment (sieve types: 38GG, 40GG, and 44GG) using a suitable pilot plant sieving
system (NAMAD Impianti, Rome, Italy), bran fractions (coarse and refined types), and
fine middlings.

2.4. Pasta-Making Process

A pilot press plant (NAMAD Impianti, Rome, Italy) was used, and the “spaghetti”
format (Ø = 1.6 mm) was adopted in the pasta-making process. The pasta samples were
dried for 18 h at low temperature (50 ◦C) using a suitable dryer plan (AFREM, Lyon, France).

2.5. Mycotoxin Analysis

Sampling was carried out based on representative criteria, and all milled samples (from
micronisation, air classification, and traditional roller milling) were stored at 2–8 ◦C until
analysis [32]. DON content was assessed using the Ridascreen® DON kit (Ridascreen® DON
method, R-Biopharm AG, Darmstadt, Germany) following the manufacturer’s instructions.
Specifically, extraction at a ratio of 1 part sample to 5 parts deionised water was performed,
and then the sample was shaken vigorously for 3 min. The extract was filtered through a
Whatman no. 1 filter, and the filtrate was collected as a sample. The limit of detection (LOD)
of the enzyme-linked immunosorbent assay (ELISA) was 18.5 μg/kg. The recovery range
obtained with this method was 85–110% of the sample. Deionised water was obtained
from the Water Purification System Zeener Power I (Human Corporation, Seoul, Korea).
The basic robotic immunoassay operator (BRIO, SEAC, Radim Group, Florence, Italy)
was employed, and the absorbance data were acquired using a Sirio-S microplate reader
(SEAC, Radim Group, Florence, Italy). The ELISA method for the DON content in durum
wheat samples had already been validated by comparison with chromatographic (HPLC)
analysis [33]. The sum of T-2 and HT-2 toxins was measured by ELISA analysis (Veratox®

T2/HT2 toxin, Neogen, Lansing, MI, USA) according to the manufacturer’s instructions.
Extraction at a ratio of 1 part sample to 5 parts 70% methanol was carried out, and then
the sample was shaken vigorously for 3 min. The extract was filtered through a Whatman
no. 1 filter, and the filtrate was collected as a sample. The limit of quantification (LOQ)
was 25 μg/kg. The ELISA method for measuring the sum of T-2 and HT-2 toxin content
in durum wheat samples was assessed by comparison with ultra-performance liquid
chromatography (UPLC) analysis [34]. Absorbance values were read using the Sirio-S
microplate reader (SEAC, Radim Group, Florence, Italy), and the RIDA® Soft Win software
(R-Biopharm AG, Darmstadt, Germany) was used for the quantification of mycotoxins
in samples.

2.6. Toxic Elements

Micronised samples and all air-classified G and F fractions were processed to deter-
mine the concentrations of As, Cd, Pb, and Ni. Each sample underwent an initial step of
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acid digestion using a laboratory high-pressure microwave oven (Mars plus CEM, Cologno
al Serio (BG), Italy) with a power of 1.200 W. Approximately 200 mg of the dry sample
was placed in contact with 7.5 mL of 67% v/v HNO3 for one hour, and then 0.5 mL of
HCl was added and left to digest for one hour; finally, 2 mL of H2O2 was added and left
to digest for 30 min. At the end of the predigestion process, the obtained acid solution
was mineralised inside a microwave, with a heating program in which a temperature of
180 ◦C was reached in 37 min and incubation at 180 ◦C continued for 15 min. At the end of
the digestion procedure, the samples were appropriately diluted with high-purity water
(18 MΩ/cm) obtained from a Milli-Q water purification system (Millipore, Bedford, MA,
USA) and then filtered (DISMIC 25HP PTFE syringe filter, pore size = 0.45 mm, Toyo Roshi
Kaisha, Ltd., Tokyo, Japan) and stored in a plastic screw-cap tube (Nalgene, New York, NY,
USA). Each experiment was performed in triplicate.

Elemental quantification was performed using an inductively coupled plasma optical
emission spectrometer (ICP-OES) with an axial configuration (8000 DV, Perkin Elmer Inc.
Waltham, MA, USA) equipped with an ultrasonic nebuliser (Teledyne Cetac Tecnologies,
Omaha, USA). To assess the concentration levels of trace elements, calibration standards
were prepared and treated in the same way as the samples before dilution (multi-element
standard solution, CaPurAn, CPAchem, Stara Zagora, Bulgaria). The frequencies used for
the determinations were: Cd 228.8 nm, Fe 259.9 nm, Cu 324.7 nm, Pb 220.3, Ni 231.6 nm,
and As 197.69 nm.

The European Reference Material ERM-BC21 was used as the standard material to
assess the accuracy of the measurements.

The super-pure-grade reagents used for microwave-assisted digestion were as follows:
hydrochloric acid (36% HCl), nitric acid (69% HNO3), and hydrogen peroxide (30% H2O2);
highly pure water (18 MΩ/cm) was used to dilute the standards and prepare the samples
throughout the chemical procedure.

2.7. Statistical Analysis

The results for the mycotoxin content were subjected to analysis of variance (ANOVA
and Tukey test) using the statistical software PAST v. 2.12, Oslo, Norway [35].

3. Results

3.1. Determination of Mycotoxin Concentration

All air-classified G and F fractions (220–280) collected from group I samples were
analysed to show the distribution of DON and T-2 and HT-2 toxins (sum of the two
types) within the same samples. The results clearly highlight the influence of the process
conditions on the DON content in the milling fractions collected (Figure 2).

The average levels of DON In micronised samples ranged between 28 μg/kg (cv.
Iride) and 156 μg/kg (cv. Maestà). The highest mycotoxin content was detected in the F
fractions, with a clear decreasing trend from fraction F220 to fraction F280 in all samples
tested. From F220 to F240, which had the highest degree of contamination, the differences
were statistically significant (p < 0.05) as compared with the corresponding micronised
samples. A marked reduction in mycotoxin content was also found in all G fractions,
with no significant differences (p > 0.05) between the most contaminated cultivar samples
(Saragolla and Maestà). In this regard, all G fractions were significantly different (p < 0.05)
from the F fractions.

The aforementioned general trend was even more marked in the case of the residual
content, expressed as a percentage, compared to the micronised samples, all of which
were set equal to 100%. In fact, the contamination rate varied from a minimum of
155% (cv. Maestà) to a maximum of 215% (cv. Iride) in the F220 fractions, whereas it
decreased in the F280 fractions to values even lower than those of the micronised samples
(cv. Maestà = 86% and cv. Iride = 94%, both in F280). Among the G fractions, the maximum
rate achieved was 66% (G250) as compared to the micronised sample (cv. Iride).
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Figure 2. Average content of DON in the micronised (M) and air-classified fractions (F and G) of the
durum wheat samples belonging to group I; different letters within each cultivar indicate significant
differences (p < 0.05), n = 3.

A trend similar to DON was also found for the sum of T-2 and HT-2 toxin content,
though to a greater extent (Figure 3). In fact, the F fractions F220, F230, and F240 showed
significantly higher levels of contamination (p < 0.05) with a clear further reduction in the
remaining F fractions as compared to the average values of the corresponding micronised
samples, ranging from 58 μg/kg (cv. Iride) to 256 μg/kg (cv. Saragolla). A marked reduction
in mycotoxin content was detected in all G fractions without significant differences (p > 0.05)
in any samples between fractions G240 and G280, but they were significantly different
(p < 0.05) from the F fractions. Moreover, similarly to DON, a marked effect of the air
classification process was evident in the percentage evaluation as compared to micronised
samples (set equal to 100%) In fact, within all F220 fractions, the percentage rates varied
from a minimum of 164% (cv. Maestà) to a maximum of 225% (cv. Iride), with a tendency
to decrease as the opening of the airflow inlet valve increased until reaching levels close to
those of the micronised samples (Maestà = 105% in F270). A further decreasing trend was
observed in G fractions, which did not exceed the percentage value of 46% for G230 (cv.
Maestà), except for G220 in all samples (maximum value = 67% for cv. Iride).

The results for the DON contents only in the selected fractions (group II) showed a
trend similar to that of group I (Figure 4). In fact, in the case of the more contaminated
sample (cv. Antalis, Marche region) showing the highest DON content (1350 μg/kg) in the
micronised sample, there was no significant difference (p > 0.05) between micronised and
F250 samples, and significant differences (p < 0.05) between micronised and G fractions
were confirmed. The pasta-making process effect tended to limit the concentration of
DON in the F fractions as compared to the micronised sample, and only the F250 fraction
(1043 μg/kg) was significantly different (p < 0.05) from semolina in Antalis (Marche).
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Figure 3. Average content of the sum of T-2 and HT-2 toxins in the micronised (M) and air-classified
fractions (F and G) of the durum wheat samples belonging to group I; different letters within each
cultivar indicate significant differences (p < 0.05), n = 3.

 

Figure 4. Group II: average content of DON in the micronised (M) and air-classified fractions (F
and G) of the durum wheat samples that tested positive; different letters within each group indicate
significant difference (p < 0.05). Different colored letters are referred to different sample types (red for
milling fractions and black for pasta), n = 3.

As regards contamination by T-2 and HT-2 toxins, which is defined as the sum of the
two, in the most contaminated sample (cv. Antalis, Basilicata), there was a trend showing
the highest contamination rate in the bran-enriched F250 fraction (97 μg/kg), but the differ-
ence was not significant (p > 0.05) compared to the micronised sample (64 μg/kg) (Figure 5).
Conversely, a marked decrease from 34 μg/kg in the G230 fraction to undetectable levels

51



Foods 2022, 11, 304

(less than the limit of quantification (<LOQ)) in the G250 fraction was observed. Moreover,
in micronised samples that did not show detectable levels of the sum of T-2 and HT-2
toxins (cv. Saragolla, Lazio region, and cv. Antalis, Marche region), the “latent” presence of
toxins, just below the LOQ (25 μg/kg), led to their detection only in the F250 fraction (max-
imum value: 37 μg/kg). The absence of contamination was confirmed in all G250 fractions
analysed, whereas a marked effect of the pasta-making process on the most contaminated
fractions (F250) was observed.

 

Figure 5. Group II: average values of the sum of the T-2 and HT-2 toxins in the micronised (M) and in
the air-classified fractions (F and G) of the durum wheat samples that tested positive; different letters
within each group indicate significant difference (p < 0.05), n = 3; data without a letter indicate single
values (F250).

3.2. Determination of Toxic Elements

All air-classified G and F fractions (220–280) collected from the group I samples were
analysed to determine the distribution of As, Cd, Ni, and Pb (Tables 1 and 2).

Table 1. Group I: average values ± standard error (SE) of arsenic (As), cadmium (Cd), nickel (Ni),
and lead (Pb) contents in the micronised samples and F-type air-classified fractions; d.m.: dry matter;
LOD: limit of detection. Different letters indicate significant difference (p < 0.05 ), n = 3.

cv. Maestà (Apulia Region)
As (μg/g d.m.) ± SE Cd (μg/g d.m.) ± SE Ni (μg/g d.m.) ± SE Pb (μg/g d.m.) ± SE

Micronised sample 0.478 ± 0.037 a 0.002 ± 0.0004 a 0.043 ± 0.001 b 0.157 ± 0.019 a

Air-classified fractions

F 220 0.143 ± 0.004 d 0.001 ± 0.0002 a 0.031 ± 0.001 b 0.059 ± 0.020 bc

F 230 0.190 ± 0.008 cd <LOD 0.027 ± 0.003 b 0.030 ± 0.005 c

F 240 0.274 ± 0.012 bc 0.001 ± 0.0002 a 0.034 ± 0.002 b 0.039 ± 0.004 c

F 250 0.359 ± 0.022 b <LOD <LOD 0.005 ± 0.001 c

F 260 0.522 ± 0.016 a <LOD 0.355 ± 0.012 a 0.038 ± 0.005 bc

F 270 0.511 ± 0.018 a 0.074 ± 0.025 a 0.058 ± 0.012 b 0.103 ± 0.004 ab

F 280 0.513 ± 0.018 a 0.001 ± 0.0003 a 0.041 ± 0.013 b 0.025 ± 0.006 c

cv. Saragolla (Apulia Region)
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Table 1. Cont.

cv. Maestà (Apulia Region)
As (μg/g d.m.) ± SE Cd (μg/g d.m.) ± SE Ni (μg/g d.m.) ± SE Pb (μg/g d.m.) ± SE

Micronised sample 0.518 ± 0.069 a 0.008 ± 0.0013 abc 0.143 ± 0.004 b 0.152 ± 0.007 ab

Air-classified fractions

F 220 0.073 ± 0.012 c 0.001 ± 0.002 c 0.014 ± 0.001 e 0.074 ± 0.002 c

F 230 0.207 ± 0.009 bc 0.005 ± 0.0004 bc 0.039 ± 0.004 d 0.077 ± 0.004 c

F 240 0.286 ± 0.014 b 0.011 ± 0.003 a 0.051 ± 0.002 cd 0.081 ± 0.015 bc

F 250 0.486 ± 0.023 a 0.005 ± 0.001 bc 0.055 ± 0.002 c 0.086 ± 0.011 bc

F 260 0.555 ± 0.029 a 0.013 ± 0.003 ab 0.057 ± 0.001 c 0.163 ± 0.031 a

F 270 0.590 ± 0.038 a 0.007 ± 0.002 abc 0.126 ± 0.001 b 0.118 ± 0.011 abc

F 280 0.297 ± 0.061 b <LOD 0.171 ± 0.003 a 0.101 ± 0.026 abc

cv. Iride (Apulia Region)

Micronised sample 0.582 ± 0.013 a <LOD <LOD 0.022 ± 0.005 b

Air-classified fractions

F 220 0.110 ± 0.008 f 0.001 ± 0.0002 b 0.014 ± 0.001 d 0.074 ± 0.002 d

F 230 0.246 ± 0.008 e <LOD 0.007 ± 0.002 d 0.016 ± 0.001 d

F 240 0.342 ± 0.013 d <L.R. 0.009 ± 0.001 bcd 0.038 ± 0.002 cd

F 250 0.469 ± 0.022 c <LOD 0.009 ± 0.001 cd 0.038 ± 0.002 bc

F 260 0.502 ± 0.033 bc 0.005 ± 0.0007 b 0.031 ± 0.003 a 0.055 ± 0.009 ab

F 270 0.618 ± 0.021 a <LOD 0.019 ± 0.003 bc 0.044 ± 0.005 ab

F 280 0.638 ± 0.021 a 0.028 ± 0.001 a 0.021 ± 0.001 ab 0.063 ± 0.006 a

Table 2. Group I: average values ± standard error (SE) of arsenic (As), cadmium (Cd), nickel (Ni),
and lead (Pb) contents in the micronised samples and G-type air-classified fractions; d.m.: dry matter;
LOD: limit of detection , different letters indicate significant difference (p < 0.05 ), n = 3.

cv. Maestà (Apulia Region)
As (μg/g d.m.) ± SE Cd (μg/g d.m.) ± SE Ni (μg/g d.m.) ± SE Pb (μg/g d.m.) ± SE

Micronised sample 0.478 ± 0.037 a 0.002 ± 0.000 a 0.043 ± 0.001 b 0.157 ± 0.019 a

Air-classified fractions

G 220 0.325 ± 0.034 b 0.001 ± 0.000 ab 0.102 ± 0.024 a 0.109 ± 0.034 ab

G 230 0.313± 0.009 b 0.002 ± 0.000 ab 0.019 ± 0.001 c 0.049 ± 0.0059 bc

G 240 0.372 ± 0.003 b <LOD 0.019 ± 0.002 c 0.026 ± 0.003 c

G 250 0.145 ± 0.002 c 0.001 ± 0.000 b 0.001 ± 0.000 d 0.006 ± 0.002 c

G 260 0.055 ± 0.000 d <LOD 0.003 ± 0.001 d 0.003 ± 0.000 c

G 270 0.037 ± 0.001 d 0.001 ± 0.000 ab 0.002 ± 0.001 d 0.007 ± 0.001 c

G 280 0.025 ± 0.001 d 0.0001 ± 0.000 b 0.003 ± 0.000 d 0.007 ± 0.001 c

cv. Saragolla (Apulia Region)

Micronised sample 0.518 ± 0.069 a 0.008 ± 0.0013 b 0.143 ± 0.004 a 0.152 ± 0.007 a

Air-classified fractions

G 220 0.420 ± 0.044 ab 0.021 ± 0.0056 a 0.014 ± 0.001 bc 0.213 ± 0.044 a

G 230 0.363 ± 0.001 bc <LOD 0.058 ± 0.0017 b 0.061 ± 0.001 b

G 240 0.243 ± 0.005 cd 0.001 ± 0.000 c 0.008 ± 0.001 c 0.036 ± 0.005 b

G 250 0.119 ± 0.002 de <LOD 0.007 ± 0.001 c 0.015 ± 0.002 b

G 260 0.100 ± 0.002 de 0.0007 ± 0.0001 c 0.057 ± 0.001 bc 0.020 ± 0.002 b

G 270 0.045 ± 0.001 e 0.0005 ± 0.0001 c 0.009 ± 0.003 c 0.019 ± 0.001 b

G 280 0.034 ± 0.001 e 0.0002 ± 0.000 c 0.005 ± 0.001 c 0.010 ± 0.001 b

cv. Iride (Apulia Region)

Micronised sample 0.582 ± 0.013 a <LOD <LOD 0.022 ± 0.005 b

air-classified fractions

G 220 0.455 ± 0.038 b <LOD <LOD 0.044 ± 0.003 a

G 230 0.412± 0.002 b <LOD <LOD 0.023 ± 0.0012 b

G 240 0.322 ± 0.002 c <LOD <LOD 0.022 ± 0.002 b

G 250 0.160 ± 0.001 d 0.008 ± 0.000 a 0.035 ± 0.010 a 0.015 ± 0.001 bc

G 260 0.088 ± 0.002 de <LOD 0.004 ± 0.001 b 0.015 ± 0.002 bc

G 270 0.065 ± 0.001 e <LOD <LOD 0.015 ± 0.001 bc

G 280 0.050 ± 0.001 e 0.0003 ± 0.000 b <LOD 0.008 ± 0.001 c
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As in the case of As and Cd, a more marked reduction in the Ni content of the G
fractions than that in the F fractions was observed. In particular, F220 and F230 (cv. Maestà
and cv. Saragolla, respectively) showed a trend toward lower values of Ni content than the
corresponding micronised samples, but the difference was significant (p < 0.05) only for
the cv. Saragolla samples. This trend was not confirmed in cv. Iride samples because all
F fractions showed values higher than the micronised fractions, with relevance for F260
(0.031 μg/g). In addition, this fraction type tended toward higher levels of Cd in all cultivar
samples tested. The G fractions had a lower rate of contamination than the corresponding
micronised samples, especially with regard to G280, which reached a maximum value of
0.005 μg/g (cv. Saragolla). Regarding the cv. Iride G fractions, only G250 (0.035 μg/g) and
G260 (0.004 μg/g) had detectable Ni content, which was undetectable for the micronised
and the remaining G samples.

Higher Pb content in micronised samples from cv. Maestà (0.157 μg/g) and cv.
Saragolla (0.152 μg/g) compared to cv. Iride (0.022 μg/g) was detected. An apprecia-
ble trend toward a reducing rate due to the technological process of milling fractions was
confirmed in all cultivar samples, especially for G fractions from G250 to G280. Although
not always significant, a general tendency toward values lower than those of the micronised
samples was observed from F230 to F250 in all cultivar samples. However, in the case of cv.
Iride, only the F230 value (0.016 μg/g) was significantly lower than that of the micronised
sample. Table 3 shows the results for As, Cd, Ni, and Pb for group II. The As contamination
was significantly decreased in all fractions as compared to the corresponding micronised
samples. More specifically, the F250 and G250 fractions maintained the lowest rate of
contamination (maximum percentage residue: 52% in F250, cv. Saragolla), which is even
lower than that of semolina.

Table 3. Group II: average values ± standard error (SE) of arsenic (As), cadmium (Cd), nickel (Ni),
and lead (Pb) contents in the micronised, semolina, and selected air-classified fractions (F250, G250,
and G230); d.m.: dry matter; LOD: limit of detection, different letters indicate significant difference
(p < 0.05 ), n = 3.

As (μg/g d.m.) ± SE Cd (μg/g d.m.) ± SE Ni (μg/g d.m.) ± SE Pb (μg/g d.m.) ± SE

cv. Saragolla (Lazio
Region)

Micronised sample 0.100 ± 0.002 a 0.01 ± 0.002 b <LOD <LOD
Semolina 0.053 ± 0.002 c 0.002 ± 0.000 b <LOD 0.013 ± 0.001 a

F250 0.052 ± 0.004 c <LOD <LOD <LOD
G250 0.025 ± 0.001 d 0.01 ± 0.000 a <LOD <LOD
G230 0.063 ± 0.005 b 0.002 ± 0.001 b <LOD 0.008 ± 0.003 a

cv. Antalis (Basilicata
Region)

Micronised sample 0.111 ± 0.05 a 0.01 ± 0.001 a <LOD 0.138 ± 0.006 a

Semolina 0.066 ± 0.005 b 0.001 ± 0.000 a <LOD 0.144 ± 0.026 a

F250 0.039 ± 0.001 c 0.001 ± 0.000 a <LOD 0.042 ± 0.009 b

G250 0.015 ± 0.001 d 0.001 ± 0.000 a <LOD 0.016 ± 0.002 c

G230 0.062 ± 0.007 b 0.002 ± 0.000 a <LOD 0.038 ± 0.004 b

cv. Antalis (Marche
Region)

Micronised sample 0.164 ± 0.016 a <LOD <LOD <LOD
Semolina 0.089 ± 0.007 b <LOD <LOD 0.042 ± 0.002

F250 0.041 ± 0.001 d <LOD <LOD <LOD
G250 0.034 ± 0.002 e <LOD <LOD <LOD
G230 0.054 ± 0.004 c <LOD <LOD <LOD

Regarding Cd contamination, the presence of the element was unchanged compared
to micronised samples. Undetectable Ni content was observed in all micronised and milled
samples, and the same results were obtained for all fraction types tested.

Regarding Pb contamination, the fractions F250 and G250 had undetectable levels
of this element (content < LOD) in micronised samples. Moreover, the F250 and G250
fractions showed a significantly (p < 0.05) lower rate of contamination than the micronised
sample (0.138 μg/g) from cv. Antalis (Basilicata).

Through the pasta-making process, a slight decrease in the content of As in semolina
was achieved, which proved to not be significantly (p > 0.05) different from the air-classified
fractions (Table 4).
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Table 4. Pasta: average values ± standard error (SE) of arsenic (As) content in semolina and selected
air-classified fractions (F250, G250, and G230); d.m.: dry matter, different letters indicate significant
difference (p < 0.05 ), n = 3.

As (μg/g d.m.) ± SE
cv. Saragolla (Lazio Region) cv. Antalis (Basilicata Region) cv. Antalis (Marche Region)

Semolina 0.050 ± 0.012 ab 0.063 ± 0.009 ab 0.048 ± 0.011 a

F250 0.026 ± 0.004 b 0.084 ± 0.019 a 0.037 ± 0.004 a

G250 0.023 ± 0.004 b 0.031 ± 0.006 ab 0.044 ± 0.010 a

G230 0.053 ± 0.003 a 0.029 ± 0.013 b 0.039 ± 0.013 a

4. Discussion

This study aimed to address the issue of organic and inorganic contamination in
durum wheat-derived food products, which has already been preliminarily examined [29].
In the present assay, updated micronising and air classification plants were used as reliable
tools to improve the quality characteristics of products. Moreover, the choice of the three
fractions assayed in the second series of samples (group II) also took into account the
previous assessment of the main quality characteristics (i.e., milling yield, particle size
composition, and ash content). These characteristics shown by all air-classified fractions
(from the 220 to 280 setting) were previously assayed in a process study [30].

As a whole, the three air-classified fractions assayed in this study were the best com-
promise between the presence of bran particles and several contaminants in the products.

Moreover, the use of several cultivars showing different grain characteristics was
deemed suitable only to introduce more variability within the durum wheat samples tested.

The results obtained show a clear effect of the process on the mycotoxin contamina-
tion of both milling and final products while retaining a non-negligible amount of bran
particles in the air-classified mixes. Both types of mycotoxins were concentrated in the
F250 fraction, with a clear trend toward a strong reduction in the G fractions. However,
different behaviours of DON and T-2/HT-2 toxins were observed (Figures 4 and 5). In fact,
the only semolina sample that was significantly different (p < 0.05) from both micronised
and F250 fractions was the sample with slight DON contamination (cv. Saragolla, region
Lazio), whereas in the case of high contamination (cv. Antalis, Marche region), no signifi-
cant difference (p > 0.05) was detected for these fractions. These results confirm the high
capacity of DON-producing fungi to penetrate the inner parts of the kernel, thus colonising
the endosperm structure with negative effects on semolina, as previously shown [36]. More-
over, the pasta-making process did not produce significant differences (p > 0.05) among
the semolina and G fractions, probably due to the high content of semolina particles in the
G fractions [30].

In the case of a higher rate of contamination of the sum of T-2 and HT-2 toxins (cv.
Antalis, Basilicata region), a strong mycotoxin accumulation in F250 (151%) and a decreased
amount in G230 (53%) were noted as compared to the micronised sample. Mycotoxin
contamination persisted in these air-classified fractions (F250 and G230), albeit to a lesser
extent (88% and 39%, respectively) in the end product (pasta). Conversely, the presence of
toxins was not detected in semolina. This result is consistent with previous studies showing
the greater difficulty of managing toxin-producing fungi (i.e., F. langsethiae) colonising the
inner endosperm of the kernel and thus strongly limiting semolina contamination [21–37].
Interestingly, the toxin content (sum of T-2 and HT-2) tended to concentrate in the F250
fraction, and a higher bran content was clearly demonstrated by the measurement that was
close to the limit of quantification of the ELISA test (25 μg/g). This limit must be defined as
the “zone” with the greatest uncertainty of quantification. However, this was not observed
in the corresponding pasta samples analysed.

As a whole, the results for both types of mycotoxins underline the importance of the
starting levels of grain contamination for determining the rate of contamination in both
the air-classified fractions and final product (pasta). For this reason, the air classification
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technology, when intended as a management tool for mycotoxin contamination in prod-
ucts, must be used only for grain samples with absent or slight contamination below the
mandatory limits [16–26]. In fact, only in this manner can the residual contamination rate
in milling and final products be maintained below the established safe levels.

The data from the detection of inorganic contaminants showed an important effect of
the technological process on the content of toxic elements in the different fractions, which is
in agreement with previous assays [14,15,38]. In particular, the latter assays highlighted the
effect of processing under controlled pilot plant conditions on the levels of As, Cd, Pb, and
Ni, mainly by producing a marked trend toward a reduction in As content in the milling
fractions. This latter aspect was confirmed in our study for pasta manufactured both with
semolina and with the use of each of the three selected fractions (F250, G250, and G230).

The residual content of elements assayed in the fractions decreased as compared to the
micronised samples, except for several fractions in which the opposite trend was observed.
Moreover, considering the lower starting contamination rates of micronised samples with
Cd, Ni, and Pb as compared to As, only the latter element was analysed in the end product
(pasta) as the inorganic contaminant of major interest for the purposes of this work.

From the results obtained, we cannot select a fraction where the average content of all
toxic elements analysed was consistently significantly lower than that of the micronised
sample. However, as shown by the first series tested (group I), a significant trend of the G
fractions toward a reduction in inorganic element contents, as compared to the F fractions,
was clearly observed. This could be due to the higher content of bran particles in F fractions
than in G fractions, which conversely contained higher amounts of semolina residues.
Furthermore, the latter effect was evident as the progressive airflow opening increased. In
addition, based on the contamination rates observed, the three air-classified fractions (F250,
G250, and G230), previously selected based on qualitative evaluation, were confirmed as
suitable products for the pasta-making process [30,31].

The results for the second series of samples (group II) proved to be of particular
interest because it seemed to confirm the process effect shown in the first series (group
I), mainly regarding As contamination. In fact, in all samples, the lowest As content was
found in the G250 fraction, with decreasing rates ranging from 75% (cv. Saragolla, Lazio
region) to 86% (cv. Antalis, Basilicata region). The presence of Cd and Pb was reduced, and
thus, lower levels were present in the chosen fractions than in the semolina samples.

The assessment of As content in the end product was of great interest due to its role as
an important source of consumers’ direct exposure to food-borne contaminants [11]. The
clear trend toward lower rates of As contamination shown by the three selected fractions
(F250, G250, and G230) can provide greater safety in manufacturing unrefined end products.
In fact, the same three air-classified fractions showed no significant difference as compared
to semolina, even in the fraction with a higher content of bran residue (F250). The lower As
content as a process effect in pasta manufacturing is in agreement with a previous assay [15].

5. Conclusions

This work addressed the management of several organic (mycotoxins) and inorganic
(mainly arsenic) contaminants in the manufacturing of unrefined durum wheat products.
The importance of reducing the risk of consumers’ exposure to toxic compounds derives
from the role of pasta as an appreciated and widely consumed food worldwide. The results
obtained confirmed the reliability of the upgraded technological process to provide air-
classified milling fractions characterised by the strong containment of several contaminants,
and thus, the process is suitable for manufacturing high-quality, unrefined end products.
Therefore, from a technological point of view, suitable management protocols and desirable
results were achieved for preparing the main product of durum wheat (pasta), with a focus
on ensuring consumers’ safety.
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Abstract: This study involves information about the concentrations of nutrients (proteins, phenolic
compounds, free amino acids, minerals (Ca, P, and Iron), hardness) in milled rice processed with
enzymes; xylanase and cellulase produced by Aspergillus awamori, MTCC 9166 and Trichoderma reese,
MTCC164. Brown rice was processed with 60–100% enzyme (40 mL buffer -undiluted) for 30 to
150 min at 30 ◦C to 50 ◦C followed by polishing for 20–100 s at a safe moisture level. Multiple linear
regression (MLR) and artificial neural network (ANN) models were used for process optimization of
enzymes. The MLR correlation coefficient (R2) varied between 0.87–0.90, and the sum of square (SSE)
was placed within 0.008–8.25. While the ANN R2 (correlation coefficient) varied between 0.97 and
0.9999(1), MSE changed from 0.005 to 6.13 representing that the ANN method has better execution
across MLR. The optimized cellulase process parameters (87.2% concentration, 80.1 min process
time, 33.95 ◦C temperature and 21.8 s milling time) and xylanase process parameters (85.7% enzyme
crude, 77.1 min process time, 35 ◦C temperature and 20 s) facilitated the increase of Ca (70%),
P (64%), Iron (17%), free amino acids (34%), phenolic compounds (78%) and protein (84%) and
decreased hardness (20%) in milled rice. Scanning electron micrographs showed an increased rupture
attributing to enzymes action on milled rice.

Keywords: multiple linear regression (MLR); artificial neural network (ANN); milled rice; enzymes

1. Introduction

Rice (Oryza sativa L.) exists as an essential commodity all over the world. This must be
a prominent subsistence grain for growing nations and a primary energy source containing
bioactive compounds, vitamins, minerals, amino acids, and fiber [1]. Brown rice dehusked
from paddy consists of an embryo (2–3% of its total weight), endosperm (90%), and bran
layer (6–7%) [2]. The bran layer’s major constituents are protein, fat, crude fiber, ash,
carbohydrates, cellulose, arabinoxylans, mannans, Galatians, pentosans, and uronic acid.
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It additionally furnishes a substantial quantity of B1, B2, B3, Zn, and smaller amounts of
different trace elements [3].

The commercial value of rice grains is established over these proportions and moisture
of crop; these characteristics further support more portion of fracture throughout automatic
polishing. However, it may not be suitable for consumer consumption. Polishing the
grain to a proper degree may be essential for preserving the quality and characteristics of
the grain. Degrading the bran structure in paddy grains is a critical stage for the grain in
an individual’s ingestion [4]. The loss of essential nutrients in case milling have been shown
to occur through over-processing; reducing such losses throughout automatic milling may
be conquered via novel pre-treatment: cold plasma [5], high-pressure processing [6],
ultrasonication [7], pulsed electric field processing [8], and enzymes treatment [9], before
polishing to improve the milling properties. We have attempted to apply enzymes as
a pre-treatment to enhance the nutrient content after milling. Pretreatments are evidence
to enhance seed functioning by affecting the biochemical and physiological qualities of
grains without adversely affecting the atmosphere. Polishing is a primary treatment
step for cereals to eliminate their hard-cellulosic cover and bran adhering to the surface.
Several pretreatment methods, such as high hydrostatic pressure (HHP), cold plasma, pulse
electric filed, UV light, microwave and enzymatic treatment can ensure the nutritional
improvement in cereals and millets for shorter processing time at various conditions [9,10].

Some investigations have described how the complete breakdown of bran structure
through different enzymes (amylase and glucanase) may improve the textural characteris-
tics of milled rice due to the bran structure interface through polysaccharides (cellulose,
hemicelluloses, and amylase) via various bonds; glycosidic, covalent, and hydrolytic bonds
may be adhered and hydrolyzed with endoglucanase, cellulase, and xylanase [9,10]. These
bonds may perform to limit bran structure decline during the degree of milling materials.

Considering the above factors, both Cellulase and xylanase enzymes, have been se-
lected for the process of brown rice, improving the polishing nature, cooking characteristics,
retaining the nutrients in polished rice, and textural characteristics. Few investigations
have been carried out, but none have attempted to model and optimize processing condi-
tions by using MLR (multiple linear regression) and ANN (artificial neural networks) to
enhance nutritional properties in milled rice.

The modeling and optimization of treatment conditions for nutritional enhancement
has had a problematic method, which has been analyzed as far as agriculture based prod-
ucts, food products, beverages, dairy products, and oil extraction industry products have
pertained to different design methods to attain reasonable valuable resources [11]. Multi-
ple linear regression (MLR) may be described while an experimental modeling design is
employed as formulating, enhancing, and reducing complicated operations [12,13]. This
method has the benefit of reducing the number of empirical tests and may be sufficient to
provide a significantly acceptable outcome [13]. It is used for modeling and optimizes nutri-
tional increments in food products: Extrusion [13,14], bakery foods [15], meat products [16],
oils [17], and enzymes [18] are enzymatically treated during processing [19,20]. ANN
sought tools and design for learning a simple process from the nonlinear association be-
tween input data to output data in a system compared to MLR. Lately, several researchers
have mentioned ANN utilization in favor of optimizing conditions for food processing,
including the enzymes production for beverages [11] and enzyme application in food [18].
This study aimed to (1) generate cellulase and xylanase enzymes with Aspergillus awamori
(MTCC 9166) as well as Trichoderma reesei Rut C-30(MTCC16675) for the intent of process-
ing, (2) modeling and optimizing enzyme-treated parameters for rice by applying MLR
and ANN, and (3) to evaluate the nutritional and textural properties of enzyme treated
milled rice.
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2. Materials and Methods

2.1. Rice Samples

The Pant Sugandh Dhan15 (Aromatic, long and slender) rough rice was acquired with
a Crop Research Centre, GB Panth University of Agriculture and Technology, Pantnagar.
The sample was stored in an airtight container to avert the moisture interchange with the
atmosphere. Rough rice was dehusked for further experimentation.

All Reagents were acquired with Hi-media Laboratories Pvt Ltd., Mumbai, and Sigma–
Aldrich, New Delhi, India.

2.2. Enzyme Preparation

The Fungal crude cellulase and xylanase were produced from Trichoderma reesei
Rut C-30 (MTCC16675) and Aspergillus awamori (MTCC 9166) submerged fermentation
(Figure 1) was used as the enzyme activity. Enzyme activities can be expressed in the en-
zyme unit (U). 1 U was determined as the quantity by which the transformation is induced
of about one micromole of matrix materials per minute through the particular circum-
stances of the analysis method [9,20]. The produced enzyme were diluted with different
ratios: 100% (undiluted), 90% (90 mL crude + 10 mL buffer), 80% (80 mL crude + 20 mL
buffer), 70% (70 mL crude + 30 mL buffer), and 60% (60 mL crude + 40 mL buffer) [19,20].

Figure 1. Flow diagram of cellulase (A) and xylanase (B) enzyme production.

2.3. Experimental Process

The head brown rice (100 g) was soaked in 50 mL water for 24 h, and the water was
altered at specific gaps of time to decrease microbial infection. Soaked grains were again
treated to an additional one hour in 100 mL sterile water about 5 g of calcium carbonate
on 55 ◦C to create calcium ions enforce as a promoter to the enzyme action. These soaked
samples processed cellulase and xylanase at various concentrations in the ratio 100% to
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60% appropriately, for process the brown rice at various temperatures 30 ◦C to 50 ◦C (with
5 ◦C variation) in distinct time: 30–150 min (with 30 min variation). The processed samples
were polished at various times, 20–100 s (20 s variation) through an abrasive Satake polisher.
After de-husking, the polished rice was removed by sieving [19,20].

2.3.1. Estimation of Mineral Content

Determinations of mineral content in rice were measured by atomic absorption spec-
troscopy (Spectro Ciros C CD, Spectro, and Dusseldorf, Germany) in ppm according to [9].

2.3.2. Total Phenolic Substance Estimation

The phenolic content of milled rice was estimated through the Follin–Ciocalteu reagent
method by spectrophotometer. The details were precise for mg gallic acid equivalent (GAE)
per 100 g of a crude sample [21].

2.3.3. Total Free Amino Acid Assessment

The free amino acid substance of samples were determined by using Moore and Stein
method (Spectrophotometer: ninhydrin solution and n-propanol at 570 nm absorbance)
referred by [22].

2.3.4. Grain Hardness Assay

The Hardness of cooked rice used was measured by applying a texture analyzer
(TA-XT2, Stable microsystems) with a 5 kg load cell [23]. The cooked sample of one kernel
was directly situated on the inner cylindrical compressed probe with 100 mm diameter
with a test speed of 0.5 mm/min.

2.3.5. Total Protein Content Determination

Protein was estimated by using the micro-Kjeldahl method and showed by way of
total nitrogen × 5.95 g/100 g [24].

2.3.6. Enzyme Interaction through Scanning Electron Microscopy (SEM)

SEM was utilized to observe the action of interaction enzymes with treated and
untreated brown rice (JEOL-JSM 6610 LV, Japan; Plate No.18) using 15 kv electron voltage.
The freeze-dried (5%) specimens were situated with two-layered adhesive tape fastened
over metallic but sheeted with gold.

2.4. Statistical Analysis

In addition to observational optimization, the enzyme treatment analysis turned out to
be performed using multiple linear regression (MLR) and artificial neural network (ANN).
The treatment variables (enzyme concentration, treatment time, temperature, and polishing
time) influence quality attributes viz. mineral content (Ca, P, Fe). Phenolic content, free
amino acid content, protein, and hardness was evaluated through multiple experimental
designs. The multiple polynomial regression equations were used for the experimental
design and produced to fit the experimental data; the applicable model terms are shown
at Equation (1)

Y = b0 + b1X1 + b2X2 + b3X3 + b11X12 + b22X22 + b33 X32 + b12X1X2 + b13X1X3 + b23X2X3 (1)

Considering Y states expected inconsistent, b0, b1, b2, and b3 represents linear interval,
b11, b22, and b33 portray quadratic gap, b12, b13, and b23 exists interlinkage interval,
X1, X2, and X3 indicates explanatory variables for enzyme processed rice. This statistical
evaluation and analysis of variance were stated applying Design Expert Version 11.0 (Stat-
Ease, Inc., Minneapolis, MN, USA). The significance exists at 0.01%, 1%, and 5% with the
linear, cross-product, and square terms.
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2.4.1. Multiple Linear Regression (MLR)

The significant variables determining the target variable were chosen over the central
composite rotatable design resultant in addition to being applied to create a multivariate
analysis (MLR) equation implementing MATLAB’s fitlm function. A design elucidation
was evaluated using the correlation coefficient (R2) and the sum of square error (SSE).

2.4.2. Artificial Neural Network

An ANN model consists of uncomplicated treatment components termed neurons that
are interlinked with each other in a fuzzy logic configuration. A neuron receives a series
of inputs that are filtered by an activation function to generate a primary output signal
that serves as the stimulus for the next neuron. Training of the network is carried out by
fine-tuning the progressive input neuron signals. MATLAB software R2018a was used
for developing and testing the ANN design. The positive reaction neural network with
a backpropagation algorithm comprising three strata, viz. an entry t layer, one concealed
layer, and an exit layer, was employed as shown in Figure 2 below. The signals coming
from the previous layer were processed, followed by transmission of output to the next
layer on the basis of convergence criteria [13,25,26]. The variables selected for the input
layer were cellulase—X1 X2 X3 X4 and xylanase—X1 X2 X3 X4, and the variables in the
output layer were cellulase—Y1 Y2 Y3Y4 Y5 Y6 and xylanase—Y7 Y8 Y9 Y10 Y11 Y12 Y13 Y14
Y15. The input stratum included 4 neurons. The exit stratum comprised 6 neurons, whereas
the number of neurons inside the concealed layer was optimized to be 7. The sigmoid
transfer function “transit” was selected for activation of neurons at the hidden layer. For
neurons of the exit layer, linear alienate operate “purelin” was utilized as this function is
regarded as most suitable for backpropagation networks [25]. The Levenberg–Marquardt
training algorithm was selected for training the network as this algorithm has now been
calculated as the quickest technique to learn moderate-sized feed-forward neural networks
until various hundred weights. Throughout fine-tuning, the actual observational data
(30 runs) were been reproduced threefold (90 entries) and ruptured with three portions:
80:10:10 (%) for training, validation, and testing [25].

Figure 2. Configuration of multilayer ANN model with four input neurons, six hidden neurons and seven output neurons.

3. Results and Discussion

3.1. Multiple Linear Regression (MLR)

This research demonstrates the sustained findings by assessing and correlating details
of appropriate models implementing central rotatable composite design. Multiple linear
regression designs have been formulated and exploited to influence numerous predictor
responses over measured variables. The design capability was measured through using
correlation coefficient (r square), Fisher exact test (F), and Lack of fit (Table 1). This
may indicate that significant variables affect every model for predicting its comparable
variables (Table 2).
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Table 1. F-value, p-value and significance of each variable cellulase.

Source Y1 Y2 Y3 Y4 Y5 Y6 Y7

F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value

Model 9.01 <0.0001 8.50 <0.0001 8.63 <0.0001 9.20 <0.0001 3.64260 <0.0001 8.90 <0.0001 7.84 0.0001

X1 0.07041 0.0075 0.01260 0.2267 0.00770 0.2088 3.64260 0.1694 4.10853 0.0505 0.09375 0.0089 0.00135 0.7220

X2 0.00426 0.4588 0.00453 0.4611 0.05133 0.0040 4.10853 0.1613 1.52510 0.0393 0.05041 0.0436 0.35526 <0.0001

X3 0.06406 0.0100 0.06100 0.0142 0.02870 0.0229 1.52510 0.0002 21.6030 0.1891 0.03375 0.0916 0.16666 0.0011

X4 0.01401 0.1884 0.00050 0.8043 0.00633 0.2521 21.6030 0.5067 17.1226 0.0001 0.35041 <0.0001 0.02801 0.1195

X1X2 0.13043 0.0740 0.24591 0.3154 0.01845 0.0053 17.1226 0.1079 19.5895 0.1063 0.38003 0.8096 0.05200 0.2365

X1X3 0.15003 0.4610 0.22682 0.3689 0.10607 0.0005 19.5895 0.0580 38.8484 0.2748 0.02503 0.1066 0.02234 0.0736

X1X4 0.07985 0.8637 0.04052 0.3978 0.02027 0.6338 38.8484 0.1733 9.23028 0.7490 0.12574 0.0433 0.38543 0.0880

X2X3 0.19914 <0.0001 0.28641 0.3978 0.14792 0.0281 9.23028 0.9077 2.37930 0.2093 0.08360 0.0061 0.00600 0.2950

X2X4 0.02722 0.0172 0.00855 0.0014 0.04730 0.5830 2.37930 0.7404 1.03530 0.5439 0.00062 0.0433 0.01562 0.0961

X3X4 0.00422 0.0822 0.00680 0.0013 0.08555 0.0029 1.03530 0.1137 0.08555 0.7326 0.03062 0.8096 0.03802 0.0805

X1
2 0.00022 0.0008 0.00600 <0.0001 0.00105 0.0602 0.08555 0.0006 1.38650 0.0003 0.05062 <0.0001 0.03422 0.0399

X2
2 0.2704 0.0004 0.00600 <0.0001 0.02640 0.0002 1.38650 <0.0001 0.31080 0.0002 0.10562 0.0977 0.0121 0.1610

X3
2 0.0529 0.0050 0.12075 0.0391 0.00140 0.0501 0.31080 0.0336 0.09765 <0.0001 0.05062 0.0022 0.0324 <0.0001

X4
2 0.0256 0.0001 0.12425 <0.0001 0.05640 <0.0001 0.09765 <0.0001 3.64260 <0.0001 0.00062 0.0081 0.0361 0.4566

R2 0.8938 0.8880 0.8896 0.8957 0.8902 0.8925 0.8798

Adj. R2 0.7946 0.7835 0.7865 0.7883 0.7877 0.7946 0.7676

Pred. R2 0.4490 0.4158 0.4418 0.4392 0.5148 0.4490 0.3695

SSE 10.31 8.94 9.52 92.35 12.09 0.16 0.0183

LOF NS NS NS NS NS NS NS

Table 2. F-value, p-value and significance of each variable.

Source Y8 Y9 Y10 Y11 Y12 Y13 Y14

F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value

Model 10.49 <0.0001 10.52 <0.0001 8.78 <0.0001 7.21 1.316667 8.39 <0.0001 7.21 0.0002 6.17 0.0005

X1 0.03450 0.0718 0.00015 0.8351 0.00041 0.8261 349.988 −0.0125 0.01550 0.8452 0.00375 0.3243 0.01353 0.3871

X2 0.01870 0.1743 0.01306 0.0667 0.05226 0.0243 0.81770 −0.02083 4.51533 0.0040 0.01041 0.1101 0.03010 0.2039

X3 0.04593 0.0411 0.03081 0.0083 0.02041 0.1385 2.74050 −0.00417 0.09003 0.6390 0.00041 0.7388 3.75E-0 0.9632

X4 0.00700 0.3966 0.01126 0.0863 0.10401 0.0030 6.25260 0.004167 1.19260 0.1018 0.00041 0.7388 0.00220 0.7243

X1X2 0.18905 0.0426 0.02714 0.0765 0.15087 0.0212 283.930 −0.03125 0.07832 0.3036 0.01574 0.0551 0.17508 0.0056

X1X3 0.00771 0.8980 0.20503 0.2447 0.42287 0.8296 4.09425 0.04375 3.16491 0.1202 0.07145 0.0107 0.37000 0.0082

X1X4 0.31268 0.0028 0.12574 0.9322 0.10430 0.3400 32.8812 −0.01875 4.36802 0.1017 2.98E-0 0.2311 0.37000 0.0082

X2X3 0.07710 <0.0001 1.19E-0 0.0085 0.12190 0.0909 93.2305 −0.06875 0.54966 0.0046 0.01860 0.0004 0.36208 0.6128

X2X4 0.04515 0.0005 0.0121 0.4007 0.05522 0.2272 267.567 −0.00625 0.44555 0.0244 0.01562 0.6833 0.17850 0.2191

X3X4 0.00015 0.5921 0.0049 0.6114 0.0004 0.0007 13.9689 0.04375 1.06605 <0.0001 0.03062 0.0107 0.15800 0.0831

X1
2 0.11730 0.0004 2.5E-05 0.0019 0.0081 0.0007 312.317 −0.00312 1.19355 0.6615 0.00562 0.7891 0.15800 0.0059

X2
2 0.43230 0.3742 0.03062 <0.0001 0.02722 <0.0001 8.65830 0.071875 4.35765 0.0124 0.07562 <0.0001 0.00455 0.0003

X3
2 0.17850 <0.0001 0.0025 <0.0001 0.01322 0.0030 579.726 0.021875 2.45705 0.0045 0.00062 0.0759 0.02805 0.0003

X4
2 0.00275 0.0111 0.0009 0.3697 0.1521 0.0017 99.9500 0.046875 21.3213 0.2552 0.03062 0.0010 0.05880 0.0003

R2 0.9073 0.9076 0.8913 0.8706 0.8867 0.8706 0.8574

Adj. R2 0.8209 0.8214 0.7898 0.7499 0.7810 0.7499 0.7243

Pred. R2 0.5896 0.5421 0.4708 0.3438 0.4650 0.3438 0.2429

SSE 0.14 0.050 0.13 203.85 5.89 8.69 6.44

LOF NS NS NS NS NS NS NS

3.1.1. Minerals

The cellulase-treated milled rice retained calcium fluctuated around 2.41 to 3.11 mg,
whereas xylanase differed from 2.79 to 3.62 mg (Table 3). The maximum retention of
calcium for cellulase rice was observed at 80% X1, 90 min X2, 30 s X3, 40 ◦C X4, and
xylanase rice at 90% X1, 120 min X2, 20 s X3, and 35 ◦C X4. The lowest values of calcium
retention of cellulase rice were found to be 70% X1, 120 min X2, 40 s X3, and 45 ◦C X4, and
xylanase rice 80% X1, 90 min X2, 30 s X3, and 40 ◦C X4. The coefficient of determination
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(R2 = 89.38 (cellulase) and R2 = 90.73 (xylanase)) in terms of regression analysis was
significant (<0.0001) as well as the lack of fit was nonsignificant. Figures 3a and 4a)
show the consequence of predictor parameters over mineral (Ca, P, Fe) retention about
enzymatic milled rice. Figure 4a–f initially increased treatment temperature, and enzyme
concentration up to 42.5 ◦C and 85% caused maximum retention of minerals (Ca, P, and
Fe) in enzyme-treated bio-milled rice. After, losses of minerals occurred by continuously
increasing temperature and enzyme concentration, whereas increased polishing time and
treatment time continually caused better retention of minerals (concave shape) in cellulase
rice and a reverse trend (convex shape) was observed for xylanase rice. The macronutrients
existed inside the bran layer integrated to proteins; such distributions of minerals have
been shown to be maximized in the exit stratum against endosperm [27]. Generally,
during enzymatic treatment, the cellulase hydrolyzing enzyme acts on a coat around the
cellulose [28]. It contains xylan and lignin; xylan invades the mean situation among the
spathe of lignin remnants and intertwines through a covalent bond to the sheath in different
positions. Covalent linkages around xylan through the lignin scabbard interweave with
inter H-bonding imparts off a sheet nearby cellulosic manner. This cellulosic sheath is
incorporated with macro elements and proteins. Initially, more enzyme concentration at
low temperature causes breakages of covalent and inters H-bonding linkages and leads
to moving macronutrients to the inner endosperm; this leads to more retained calcium
in bio-polished rice at an initial level during polishing after losses have occurred due
to enzyme inactivation by increasing temperature. This reason is due to phosphorus
presence in the form of a phosphorus composite matrix with a cellulose stringy chain
via hydrogen bonds and Van der Waals forces in the parallel direction. This cellulase
reaction upon composite matrix leads to the creation of microfibrils; these were broad as
well as forming a crystalline assemblage, leading to a significant release as water-soluble
fragments from aleuronic stratum towards endosperm enriches the final products when
enzyme concentrations are high its moves opposite to endosperm decreases the final
product phosphorus concentration [19,20,29].

Table 3. ANN design (experimental and predicted values) for performance of xylanase.

Y8 Y9 Y10 Y11 Y12 Y13 Y14

Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred.

2.84 3.09 2.06 2.00 0.94 0.98 160.67 160.03 61.12 60.66 1.50 1.41 7.65 7.51
2.94 3.18 1.93 2.05 0.77 0.92 162.78 167.10 61.78 60.45 1.40 1.45 7.91 7.75
3.47 3.20 1.97 2.06 0.86 0.79 172.89 170.53 58.11 58.68 1.60 1.41 7.61 7.66
3.62 3.21 2.05 2.13 1.09 0.83 168.95 166.97 59.98 58.73 1.50 1.43 7.92 7.87
3.22 3.07 2.08 2.08 0.59 0.95 147.92 153.31 58.09 59.44 1.30 1.38 7.91 7.63
3.14 3.04 1.98 2.12 0.62 1.11 157.97 162.59 58.14 60.40 1.60 1.44 7.83 7.60
3.00 3.19 1.99 2.08 0.58 0.80 176.89 167.76 57.43 58.53 1.40 1.40 7.64 7.68
3.18 3.10 2.16 2.22 0.63 0.95 162.89 163.10 56.55 57.94 1.30 1.41 8.16 7.80
3.43 3.31 2.09 2.08 0.78 0.73 173.24 169.78 58.57 58.00 1.40 1.55 7.77 8.00
2.98 3.21 2.06 2.12 0.68 0.86 159.47 165.93 57.99 58.37 1.30 1.53 7.9 7.92
3.43 3.16 2.02 2.16 1.03 0.86 172.78 167.95 56.82 57.93 1.60 1.43 7.81 7.78
3.27 3.00 1.97 2.20 0.99 1.13 139.78 160.10 56.45 59.27 1.40 1.43 8.12 7.66
3.52 3.32 1.97 2.08 1.05 0.69 175.78 170.64 59.73 57.73 1.60 1.55 8.13 8.02
3.19 3.20 2.02 2.12 0.78 0.88 168.98 165.59 57.78 58.50 1.60 1.52 7.19 7.90
2.97 3.18 2.22 2.14 0.89 0.84 171.89 169.60 59.89 58.14 1.40 1.43 7.92 7.75
2.89 3.03 2.25 2.27 1.08 1.04 148.99 159.52 60.12 57.78 1.40 1.41 7.84 7.79
3.29 3.18 2.09 2.09 0.79 0.80 172.59 165.58 58.99 58.37 1.30 1.39 7.72 7.70
3.17 3.12 2.11 2.08 0.88 1.01 167.89 164.75 59.78 60.39 1.30 1.45 7.79 7.69
2.94 3.06 1.85 2.13 0.59 1.08 156.78 162.69 61.17 59.76 1.70 1.47 7.87 7.67
2.99 3.12 1.91 2.17 0.68 0.92 154.87 167.09 59.89 58.29 1.50 1.41 7.93 7.71
3.37 3.00 1.87 2.13 0.83 1.16 159.91 162.07 57.17 60.43 1.40 1.44 7.89 7.54
3.28 3.07 2.04 2.22 0.94 0.99 163.59 162.91 57.98 58.05 1.40 1.41 7.91 7.75
3.28 3.21 2.19 2.03 0.77 0.77 161.67 165.10 58.98 59.15 1.50 1.40 7.85 7.71
2.94 3.29 2.26 2.13 0.96 0.74 167.82 167.39 58.23 57.41 1.50 1.55 7.94 8.06
3.05 3.03 2.3 2.16 1.12 1.09 159.23 162.47 58.44 59.54 1.40 1.43 7.52 7.62
2.99 3.03 2.32 2.16 1.06 1.09 156.9 162.47 59.11 59.54 1.30 1.43 7.42 7.62
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Table 3. Cont.

Y8 Y9 Y10 Y11 Y12 Y13 Y14

Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred.

2.87 3.03 2.22 2.16 1.21 1.09 158.92 162.47 59.54 59.54 1.60 1.43 7.42 7.62
2.94 3.03 2.28 2.16 1.19 1.09 157.01 162.47 59.40 59.54 1.40 1.43 7.42 7.62
2.89 3.03 2.3 2.16 1.24 1.09 158.15 162.47 58.19 59.54 1.50 1.43 7.42 7.62
2.79 3.03 2.22 2.16 1.09 1.09 156.92 162.47 58.89 59.54 1.20 1.43 7.29 7.62

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3. Cont.
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Figure 3. Effect of cellulase enzymatic treatment variables on calcium (a,b), iron (c,d), phospho-
rus (e,f), TPC (g,h), free amino acids (i,j), protein content (k,l), and hardness (m,n) of polished rice.
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Figure 4. Cont.
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Figure 4. Effect of xylanase enzymatic treatment variables on calcium (a,b), iron (c,d), phospho-
rus (e,f), TPC (g,h), free amino acids (i,j), protein content (k,l) and hardness (m,n) of polished rice.

3.1.2. Total Phenolic Content (TPC)

The observed value for the total phenolic content of cellulase milled rice varied
between 151.92 to 169.66 μg, while xylanase milled varied within 139.78 to 176.89 μg.
Correlation regression indicates that the phenolic content owned significantly (p < 0.001)
was influenced via independent variables of cellulose as well as xylanase treated milled rice
at a linear form and quadratic terms (Tables 1 and 2). The mathematical formula generated
with a variation in the phenolic content under individual parameters (X1, X2, X3, X4) was
considerably suited within second-order polynomial equation (Equations (Y4) and (Y11)
in Table 4). The high R2 = 0.87 and 0.87 (Tables 1 and 2) data represent the acquaintance
within viewing values and anticipated values and, as a result, improve the paradigm.
(Figures 3g,h and 4g,h) 3D surface plots show the effect of the whole phenolic substance
against the independent variables. The phenolic importance of cellulase processed milled
rice at the beginning increased arbitrarily (160 to 166.21 mg) after that moderately diminish
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(166.22 to 164.54 mg) demonstrates as a bulging (convex) shaped, continuous rising enzyme
engrossment, time, and temperature, whereas xylanase treated milled rice shows a reverse
trend in a concave way (initially decreases after that increases) with all the independent
variables. Usually, phenolic acid concentrations are enhanced upon the endosperm towards
aleuronic stratum. All phenols existed in an aleuronic layer derivate shape additionally
connected to lignin and arabinoxylans compounds. These reactions validate that the
enzymes induce the rupture of the attachment among lignin and cell walls and create lesser
leaks around phenols derivatives: benzoic, gallic, protocatechuic, and vanillic acids in
enzyme-processed milled rice throughout the treatment since phenolic compounds migrate
towards the outer layer to endosperm.

Table 4. Quadratic models developed using independent variables from enzymatic treatment experimental design.

Response Equation

CellulaseY1 Y1 = 3.05 + 0.0547X1 + 0.0246X4 + 0.041X1X2
Y2 Y2 = 0.92 + 0.054X1X2 + 0.073X1X3 + 0.041X2X3 + 9.375 × 10−3 X2X4
Y3 Y3 = 2.49 + 0.0237X1 + 0.014X2 + 0.050X3 + 4.583 × 1036 X4 + 0.019X1X4 + 0.019X2X3 + 0.087X2X4
Y4 Y4 = 168.24 + 1.27X1X3 + 0.89X1X4 + 1.04X3X4
Y5 Y5 = 63.14 + 0.39X1 + 0.25X3 + 0.95X4 + 0.25X1X3 + 0.073X1X4

Y6
Y6 = 1.23 − 0.063X1 + 0.044X1X3 + 0.056X1X4 + 0.081X2X3 + 0.056X2X4 + 0.12X1

2 + 0.034X2
2 +

0.072X3
2 + 0.059X4

2

Y7 Y7 = +7.77 + 0.12X2 + 0.083X3 + 0.031X1X2 + 0.027 X2X3 + 0.047 X3X4
Xylanase Y8 Y8 = 2.92 + 0.028X2 + 0.053X1X2 + 3.125 × 10−0.086 X1X3 + 0.083X1

2 + 0.017X2
2 + 0.11X3

2 + 0.053X4
2

Y9
Y9 = 2.27 + 2.500 × 10−3 X1 + 0.023X2 + 0.036X3 + 0.022X4 + 0.028X1X2 + 0.018X1X3 + 0.044X2X3 + 0.013X2X4 +
7.500 × 10−3 X3X4

Y10 Y10 = 1.15 + 4.167 × 10−3 X1 + 0.047X2 + 0.066X4 + 0.059X1X2 + 5.000 × 10−3 X1X3 + 0.029X2X4 + 0.098X3X4
Y11 Y11 = 168.24 + 1.27X1X3 + 0.89X1X4 + 1.04X3X4
Y12 Y12 = 63.14 + 0.39X1 + 0.25X3 + 0.95X4 + 0.073X1X4
Y13 Y13 = 1.23 + 0.044X1X3 + 0.056X1X4 + 0.081X2X3 + 0.12X1

2 + 0.034X2
2 + 0.072X3

2 + 0.059X4
2

Y14 Y14 = 7.77 − 7.500 × 10−3 X1 + 0.12X2 + 0.083X3 − 0.034X4 − 0.044 X1
2 + 0.031 X1X2 + 0.027 X2X3 + 0.047 X3 X4

3.1.3. Free Amino Acids

The free amino acid content of cellulase and xylanase milled rice ranging from 1.1 mg
to 1.9 mg and 1.2 mg to 1.7 mg across the entire experimental considerations. The exper-
imental and predicted values of xylanase are reported in Table 3. The best free amino
acid was obtained by 70% X1,60 min X2, 20 s X3, 35 X4 and 80% X1,30 min X2, 30 s X3,
40 ◦C X4. An equilateral polynomial equation was adapted to both enzymes’ free amino
acid practical information, which evolved a statistical retrogradation portrayed in Table 5
(Equations (Y6) and (Y13) in Table 4). The R2 (0.89 and 0.87), adjusted R2 (0.79 and 0.78),
and the lack of fit was nonsignificant stated such that the fitness of model acts intimately
among observational and anticipated values (Tables 1 and 2). The free amino acid com-
pound of cellulase (1.46 to 1.35 mg) and xylanase (1.41 to 1.33 mg) milled rice at first slightly
diminished after they increased (1.21 to 1.42 mg) by an enhancement of all parameters (X1,
X2, X3, X4) continuously from −2 to +2, observed in Figures 3i,j and 4i,j. Free amino acid
content is delicate for peak temperature over a lengthy period of cooking; it may cause
loss of nutrients easily as a result of processing of the decreased enzyme losses through
cooking; the ability of two enzymes in rupturing the glycosidic bonds among proteins
with amino acids drives all the compounds (protein plus free amino acids) from the ex-
ternal stratum towards the internal stringy network endosperm. The glycosidic linkage
associated compounds (proteins and amino acids) located at the bran layer were smoothly
damaged in the middle of mechanical milling owing to the erratic mode through aleurone
structure [2,30]. The previous statement reveals that cellulase processed brown rice, at first
being slightly diminished, might be because cellulase performing over glycosidic bonds
may have taken time. In contrast, xylanase immediately pretends as a result of being
verified in the connected linkages (noncovalent bonds).
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Table 5. ANN design (experimental and predicted values) for performance of cellulase.

Y1 Y2 Y3 Y4 Y5 Y6 Y7

Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred. Exp. Pred.

2.51 2.73 2.04 2.05 0.95 0.79 165.33 163.84 58.14 58.55 1.90 1.72 7.45 7.61
2.65 2.72 2.12 2.06 0.58 0.75 162.88 159.21 59.73 58.53 1.70 1.71 7.31 7.62
2.82 2.73 1.93 2.05 0.76 0.78 165.67 162.60 57.72 58.52 1.80 1.72 7.48 7.61
2.96 2.75 1.82 2.11 0.71 0.74 158.9 157.41 59.19 58.99 1.40 1.67 7.82 7.63
2.88 2.82 2.29 2.19 0.64 0.74 154.91 156.28 58.94 59.32 1.60 1.62 7.46 7.67
2.66 2.87 2.33 2.27 0.67 0.72 156.74 153.89 59.91 59.81 1.50 1.56 7.39 7.70
2.45 2.88 2.25 2.26 0.71 0.75 154.23 157.42 59.19 59.39 1.80 1.59 7.73 7.70
2.76 2.86 2.15 2.25 0.97 0.68 152.21 153.14 58.97 58.67 1.60 1.56 7.91 7.74
2.79 2.91 1.99 2.35 0.91 0.86 160.11 167.67 59.22 62.11 1.80 1.41 7.24 7.65
2.89 2.85 2.22 2.31 0.71 0.80 164.21 163.78 61.15 61.68 1.60 1.38 7.42 7.67
2.92 2.89 2.25 2.33 0.95 0.83 162.7 166.00 59.74 61.92 1.30 1.40 7.46 7.66
3.01 2.73 2.28 2.21 0.79 0.66 155.32 154.87 61.18 60.69 1.30 1.30 7.41 7.71
2.92 2.78 2.05 2.24 0.56 0.71 156.21 158.58 60.18 60.82 1.40 1.33 7.72 7.71
2.91 2.74 1.95 2.21 0.47 0.66 158.9 156.05 63.17 60.37 1.50 1.31 7.44 7.72
2.41 2.75 2.19 2.21 0.59 0.67 151.92 156.63 60.15 60.27 1.30 1.32 7.92 7.73
2.54 2.76 2.25 2.22 0.78 0.67 157.29 157.67 58.77 60.06 1.40 1.33 7.64 7.73
2.65 2.91 2.08 2.35 0.81 0.86 163.67 168.05 59.89 62.04 1.80 1.42 7.65 7.65
2.96 2.75 2.29 2.23 0.79 0.68 157.21 156.95 60.17 60.67 1.50 1.32 7.62 7.71
2.78 2.91 2.15 2.35 0.57 0.86 157.21 167.93 60.91 62.06 1.30 1.42 7.45 7.65
2.79 2.79 2.25 2.25 0.74 0.72 158.78 159.42 58.71 60.84 1.30 1.34 7.94 7.71
2.92 2.90 2.31 2.34 0.76 0.86 165.87 167.79 57.72 62.00 1.50 1.42 7.24 7.65
2.81 2.87 2.51 2.25 0.83 0.74 162.44 167.24 59.14 58.27 1.40 1.44 7.43 7.79
2.77 2.68 2.19 2.00 0.65 0.68 154.92 151.73 58.12 57.22 1.70 1.80 7.88 7.63
2.71 2.72 2.12 2.21 0.57 0.65 152.89 154.64 63.62 60.64 1.10 1.30 7.62 7.72
3.1 2.91 2.54 2.35 0.96 0.86 165.96 167.90 62.14 61.96 1.30 1.42 7.89 7.66
2.96 2.91 2.55 2.35 0.85 0.86 169.01 167.90 63.34 61.96 1.20 1.42 7.79 7.66
3.11 2.91 2.41 2.35 0.97 0.86 167.89 167.90 63.1 61.96 1.30 1.42 7.74 7.66
3.05 2.91 2.49 2.35 0.94 0.86 168.11 167.90 63.98 61.96 1.40 1.42 7.74 7.66
3.03 2.91 2.52 2.35 0.91 0.86 169.66 167.90 64.14 61.96 1.20 1.42 7.74 7.66
3.06 2.91 2.45 2.35 0.87 0.86 168.79 167.90 62.14 61.96 1.10 1.42 7.74 7.66

3.1.4. Protein Composition

The protein compound values of cellulase and xylanase treated milled rice among
7.24 to 7.94 g and 7.29 to 8.16 g. The maximum protein content was shown at 80% X1,
150 min X2, 30 s X3, 40 ◦C X4 and 90%X1, 120 min X2, 30 s X3, 45 ◦C X4. A simplified
equation (Equations (Y7) and (Y14) in Table 4) has been created regarding multinomial
polynomial. It shows the result of significant parameters of protein recovery from milled
rice. The correlation coefficient (R2) protein composition is nearly 95%, the F value was
immensely significant (p < 0.0001), and the lack of fit was nonsignificant (p < 0.05) and
may imply that the model has been confirmed within observational values and predicted
values. The protein complex of cellulase processed rice was enhanced through the convex
shape (progressively raised from 7.4 to 7.62 g, then moderately diminished until 7.56 g) by
constantly increasing whole parameters (−2 to 2). In contrast, xylanase processed milled
rice demonstrates slightly enhanced protein content over an increase of all parameters
(Figures 3k,l and 4k,l); this is the reason behind the large number of embryonic proteins
tightly attached to a stringy network bran stratum via glycosidic bonds. While traditional
milling processes a significant loss of protein due to the above reason, enzyme process-
ing improves bond breakage, stringing of bonds and collisions among enzymes and its
bonds lead to relocation of free amino acid outer matrix layer to inner endosperm during
specific conditions [30].

3.1.5. Hardness

The hardness of enzymes treated milled rice varied between 57.72 to 64.14 N and
56.45 to 61.78 N. The highest hardness of enzymatic milled rice was sustained at 80% X1,
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90 min X2, 30s X3, 40 ◦C X4 (cellulase), and 90% X1, 60 min X2, 20s X3, 35 ◦C X4 (xylanase).
The correlation coefficient (R2 = 89.9 and 88.6) for the regression model of the hardness of
both enzymes treated milled rice was highly significant (<0.0001), and lack of fit has now
been recognized as nonsignificant as evidenced in Tables 1 and 2. Figures 3m,n, and 4m,n
represents the hardness of cellulase processed milled rice, in the beginning, enhanced
randomly after the moderate decline (60.51–60 N) by way of bulging shape (convex form)
through enhancing the entire treatment of variables (−2 to 2), considering that xylanase
milled rice shows linearly decreased hardness with all treatment conditions. This may be
due to the aleuronic stratum removal caused by vulnerability around starch granules by
enhanced gelatinization of the starch. Two of the maximum oil and fiber concentrations
within the bran stratum inside the brown rice rendered a rigid structure with the hardness,
subsequently reducing hardness continually by enzymes reacting over the Huron structure,
thereby decreasing both compounds (fibers and oils) around the bran layer and making
it smoother [21,31].

3.1.6. Scanning Electron Microscopy Structural Analysis

Microstructure analysis performed by SEM revealed loosening of rice bran from the
endosperm due to the splitting activity of cellulase and xylanase on the bran layer of
brown rice is observed in Figure 5A,B, which is deviated from regular brown rice followed
in Figure 5C.

   
(A) (B) (C) 

Figure 5. SEM images of cellulase treated rice (A), xylanase treated rice (B) and normal brown rice (C).

3.1.7. Model Optimization

Equation (1) shows the outcome of using multiple linear regression in the design
of quadratic multinomial retaliation. Usually, many responses were used to produce the
quadratic multinomial regression retaliation for predicting related responses. The models
developed through significant variables have been reconstructed with MATLAB’s fitlm op-
eration, as displayed in Table 4. It might have identified the novel linear equations that have
shortened the significantly influenced parameters, and the achievement has been strength-
ened. Therefore, the present multivariate models (Table 4) have been endorsed as their
potential for creating nutritionally enhanced enzymatic milled rice process parameters.

3.2. Artificial Neural Network

The ANN model was used further for differentiating the execution over the multiple
linear regression model. The observed and anticipated assessment ranges were almost
to an identical field (0.95 = 1) (Table 5). This interrelation distinguishes data and values
expected as projected in Figures 6 and 7. Counterpointing the previous exploration [26]
comprises seven neurons at the exit structure while six neurons extracted at hidden stratum
were abundant for establishing good achievement for ongoing investigations. Can it be
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ascertained that R2 enhanced over a maximum quantity of neurons at the invisible stratum.
The complete artificial neural network design performance was better across multiple linear
regression designs presented in Table 6. This might be noted that great fit would have been
noticed wherein nutrients were retained in enzyme treated milled rice because determined
R2 and MSE values fluctuated upon 0.91 to 0.97 and 0.005 to 6.13. The maximum R2 and
minimum mean square error (MSE) values for ANN showed improved precision and
authenticity [13,26]. ANN and MLR designs were advisable to anticipate the xylanase
performance, which was superior over cellulase and stated R2 values of 0.97 and 0.90.
Still, the ANN design could be strengthened through implementing maximum concealed
neurons over every model; however, on this point, design engorgement is a possiblity.
Therefore, a conclusion over quantity about neurons through established models has been
applied appropriately. The MSE and correlation coefficient (R2) of a practiced network
subsist approximately at 0.006 and 9.99. Attainment programs based on the aimed network,
further to the scatter plot overtraining, validation, and test are depicted at Figure 8. Equat-
ing ANN and MLR, the ANN design achievement has been excellent; consequently, it is
possible to exploit the speculation of the modeling of enzyme application for enhancing
nutrients in cereals.

 
(a) 

 
(b) 

 
(c) 

Figure 6. Cont.
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(d) 

 
(e) 

 
(f) 

 
(g) 

Figure 6. The relationship between experimental values and predicted values for the models de-
veloped using artificial neural network. (a) Calcium, (b) phosphorus, (c) iron, (d) phenolic content,
(e) hardness, (f) free amino acid, and (g) protein of cellulase treated rice.
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 7. Cont.
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(e) 

 

(f) 

 

(g) 

Figure 7. The relationship between experimental values and predicted values for the models de-
veloped using artificial neural network. (a) Calcium, (b) phosphorus, (c) iron, (d) phenolic content,
(e) hardness, (f) free amino acid, and (g) protein of xylanase treated rice.

Table 6. Performance measure of artificial neural network model.

Variables Experimental Range Predicated Range R2 MSE

Cellulase Y1 2.41–3.11 2.68–2.91 0.91 1.1641
Y2 1.82–2.51 2.00–2.35 0.94 1.1622
Y3 0.47–0.97 0.65–0.87 0.96 6.1344
Y4 152.21–169.66 151.92–168.05 0.92 0.971
Y5 57.72–64.14 57.72–64.14 0.94 2.734
Y6 1.10–1.90 1.30–1.80 0.93 4.924
Y7 7.24–7.88 7.62–7.72 0.96 0.229
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Table 6. Cont.

Variables Experimental Range Predicated Range R2 MSE

Xylanase Y8 2.84–3.62 3.00–3.32 0.91 0.677
Y9 1.93–2.32 2.00–2.27 0.94 0.354
Y10 0.58–1.24 0.69–1.16 0.93 0.005
Y11 147.92–176.89 159.52–170.64 0.90 1.667
Y12 57.45–61.78 57.41–60.66 0.95 2.871
Y13 1.20–1.70 1.39–1.55 0.92 0.195
Y14 7.29–8.16 7.51–8.02 0.97 0.2044

(a) (b) (c) 

(d) (e) (f) 

Figure 8. Regression plots for the training (a,d), validation (b,e) and (c,f) test for cellulose enzyme and xylanase treated
milled rice ANN mode.

Process Optimization

Economic software (Design-Expert version 11.0) was used for the optimization proce-
dure for mathematical optimization for nutrients in the cellulase and xylanase processed
milled rice. Simultaneously, enzyme concentration, treatment time, temperature, and
milling time were the independent variables. The optimized values of processing condi-
tions were acquired to create the following characteristics: maximum Ca, P, Fe, phenolic
content, hardness, and free amino acid in enzyme processed polished rice. The desirable
optimized values for cellulose (87.2% X1, 80.1 min X2, 21.8 s X3 and 33.95 ◦C) and xylanase
(85.7% X1, 77.1 min X2, 20 s X3 and 35 ◦C X4) were found for treatment conditions in milled
rice. The nutritional enhancement of enzyme treated milled rice under the above optimum
conditions of experimental and predicted values can be observed in Table 6. Consequently,
the chosen mathematical design exists precisely as well as immediately to create deviations
in entire parameters.
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4. Conclusions

The current research focused on modeling and optimizing process parameters for
enhancing nutrients in enzyme treated milled rice by multiple optimization techniques.
During the optimization of enzyme treatment, the consequences from the process assess-
ment revealed that the enzyme concentration, treatment time, temperature, and polishing
time had more impact upon the nutritional improvement of milled rice. The optimized
cellulase treated milled rice was improved by 66% in calcium, 17% in iron, 64% in phos-
phorus, 78% in total phenol content, 33% in free amino acid, and 84% in protein content. In
contrast, xylanase treated milled rice was improved by 70% in calcium, 15% in iron, 62%
in phosphorus., 79% in total phenol content, 34% in free amino acid, and 83% in protein
content compared to polished rice. The overall hardness (19–20%) of cooked milled rice
was reduced. The xylanase showed better performance than cellulase. The designs were
measured based upon the correlation coefficient (R2), the sum of squared error (SSE), and
mean squared error (MSE). The observation outcome of MLR was enhanced by the multiple
polynomial retrogression equations despite the predominate multilayer neuromorphic
model of ANN obtained six neurons over a “transig” for activating in the hidden stratum.
Two designs (MLR and ANN) have been better adapted to optimizing enzyme-treated
milled functioning responses. The more significant coefficient and a lesser sum of squared
error data of ANN indicate greater anticipation on observational values across MLR.
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Abstract: Lipophilic tocols, γ-oryzanol, and coixenolide in coix seed before and after fermentation by
Monascus purpureus were determined. Antioxidant and anticancer activities of raw and fermented coix
seed were evaluated using free-radical-scavenging assays and polyunsaturated fatty acid oxidation
model, and human laryngeal carcinoma cell HEp2, respectively. Compared to the raw seed, the
tocols, γ-oryzanol, and coixenolide contents increased approximately 4, 25, and 2 times, respectively,
in the fermented coix seed. Especially, γ-tocotrienol and γ-oryzanol reached 72.5 and 655.0 μg/g in
the fermented coix seed. The lipophilic extract from fermented coix seed exhibited higher antioxidant
activity in scavenging free radicals and inhibiting lipid oxidation. The inhibitory concentrations
for 50% cell survival (IC50) of lipophilic extract from fermented coix seed in inhibiting HEp2 cells
decreased by 42%. This study showed that coix seed fermented by M. purpureus increased free and
readily bioavailable lipophilic antioxidants and anticancer activity. Therefore, fermentation could
enhance the efficacy of the health promoting function of coix seeds.

Keywords: coix seed; Monascus purpureus; antioxidant; fermentation; HEp2

1. Introduction

Coix (Coix lacryma-jobi L. var. adlay) is a cereal widely cultivated in Asian countries,
including China, Japan, Thailand, Myanmar, Laos, and India [1]. It has been recommended
as a nourishing whole food, since coix seeds contain different amino acids, fibers, and
phytochemical antioxidants, especially the lipophilic antioxidant vitamin E (tocols) and γ-
oryzanol [2]. Numerous studies have reported different health benefits of the consumption
of coix seed including decreasing in low-density lipoprotein cholesterol and increasing
high-density lipoprotein cholesterol triglycerides, preventing fatty liver, reducing cell
inflammation induced by lipoprotein oxidation, inhibiting allergic effects, etc. [3–5]. It
has also been used for rheumatism, neuralgia, and diuretic medications and anticancer
treatment [1,6]. However, those previous studies mainly focused on raw coix seed. As most
of the antioxidants in cereals are in bound or blocked form due to cellulose, they are not
readily converted to a free form in normal cooking processes and in the human digestive
tract [7]. Thus, the bioavailability and bio-absorption of the bound-form antioxidants in
the body are usually much lower than that of the free-form antioxidants.

Recently, the fermentation by probiotic microorganisms as a pre-digestion process
has been applied to release the bindings of bound hydrophilic antioxidants and increase
free-form antioxidants and their bioavailability [8]. However, the effects of the fermentation
process on bound lipophilic antioxidants in cereal have not been reported. In this study, the
changes in lipophilic antioxidants and the antioxidant and anticancer activity of coix seed
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fermented by Monascus purpureus were evaluated. The increase in the levels of free-form
antioxidants by fermentation could enhance their bioavailability or bio-absorption in the
body and increase the efficacy of the health-promoting functions of coix seed.

M. purpureus is a fungus, traditionally used in the preparation of fermented grains
in China, such as fermented rice [9,10]. The fermentation process increases organoleptic
qualities including desirable pigment and flavor. It also inhibits the growth of pathogenic
microorganisms by producing organic acids and other compounds, thereby extending the
shelf-life of fermented rice [11]. Previous studies found that the antioxidants of sweet
potato, oat, and soybean, especially hydrophilic antioxidants, such as total phenolics and
flavonoids, were significantly increased due to fermentation of Lactobacillus acidophilus,
Aspergillus oryzae, Monascus anka, and Bacillus subtilis [8,9,12]. The results showed that
fermentation was one of the effective and practical ways to increase the hydrophilic
antioxidants in those plant foods. Fermentation not only assists in releasing those bound
antioxidants to increase their bioavailability, but it could also reduce the sugar level in
fermented foods. The fermented food can also help people with small-intestinal bowel
infection or colonic infection effectively metabolize and absorb those antioxidants in the
fiber-rich cereals [8].

In this study, the antioxidant activities of the lipophilic extracts from raw and fer-
mented coix seed were measured using DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) cation, and superoxide anion radical-
scavenging assays. The activities of the extracts from raw and fermented coix seed in
stabilizing susceptible polyunsaturated fatty acids C20:5 and C22:6 were evaluated as well.
As vitamin E is an important lipophilic antioxidant in the human body, the anticancer activ-
ities of lipophilic extracts from raw and fermented coix seed were determined using HEp2
laryngeal carcinomatous cells. The results of this study could be helpful in understanding
the changes of lipophilic antioxidants in fermented cereals. The fermented cereal or its
extract could be used as a healthy processed food or ingredient with highly bioavailable
bioactivity and enhanced health promoting function.

2. Materials and Methods

2.1. Chemicals and Materials

HPLC-grade hexane and acetic acid were purchased from Fisher Chemicals (Fair
Lawn, NJ, USA). α- and γ-Tocopherols, α- and γ-tocotrienols, γ-oryzanol, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)(ABTS), EDTA,
Trolox, Tween 20, and menhaden fish oil were purchased from Sigma Aldrich (St. Louis,
MO, USA). Human laryngeal carcinoma cell HEp2 and normal monkey kidney cell CV-
1 lines were purchased from American Type Culture Collection (ATCC, Manassas, VA,
USA). Other cell culture reagents, Dulbecco’s modified Eagle medium (DMEM), fetal
bovine serum (FBS), antibiotic (penicillin–streptomycin), phosphate-buffered saline (PBS),
dimethyl sulfoxide (DMSO), and CellTiter-Blue were purchased from Invitrogen (Grand
Island, NY, USA). M. purpureus (CGMCC 3.4629) was purchased from China General Mi-
crobiological Culture Collection Center (Beijing, China). Broken coix seed was provided by
Xinlong Green Development Company (Guizhou, China).

2.2. Fermentation of Coix Seed Using M. purpureus Strain

The M. purpureus strain was cultivated on potato dextrose agar (PDA) medium at
30 ◦C for 7 days. The spores were harvested in sterile distilled water and then adjusted
to prepare a solution with concentration of 106 spores/mL. Coix seed were sterilized at
121 ◦C and 15 psi for 20 min. Then, the strain solution was mixed with the sterilized seed
at a ratio of 1:10 (v/w). The mixture was incubated at 30 ◦C for 10 days. The pigment
extraction and estimation were performed according to the method described by Marič [10].
The fermentation was independently carried out in triplicate.
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2.3. Extraction and Determination of Lipophilic Antioxidants and Coixenolide in Raw and
Fermented Coix Seed

Lipids in the seed were extracted by the method described by Shen with slight modifi-
cations [13]. Briefly, raw or fermented coix seed (10 g) was extracted using 50 mL of hexane
at 45 ◦C for 20 min. The extraction was repeated three times. All collected supernatants
were combined and evaporated using a vacuum centrifugal evaporator (CentriVap Mobile
System; Labconco, Kansas City, MO, USA) to remove the hexane solvent. The dried extract
was weighed (dry weight basis) and dissolved in isopropanol to prepare a stock solution
(100 mg/mL).

Tocopherols, tocotrienols, and oryzanol in the extract were determined using a normal-
phase HPLC system (1100 series; Agilent, Santa Clara, CA, USA) with Supelcosil LC-Si
column (id 250 × 4.60 mm 5 μm, Supelco, Bellefonte, PA, USA) and a series of fluores-
cence and UV detectors. The HPLC analysis conditions were as described by Jang and
Xu [14]. The concentration of each component was calculated based on standard curves.
Coixenolide was determined by the method of Yang et al. [15].

2.4. Determination of Free-Radical-Scavenging Activity of the Lipophilic Extract

During fermentation, the DPPH-scavenging activity of lipophilic extract from fer-
mented seed was determined every day. The DPPH-scavenging activity of Trolox was used
to prepare a calibration curve of the activity. The DPPH-scavenging activity of lipophilic
extract was calculated and converted to μmol Trolox equivalent/gram.

The DPPH assay was performed according to a previous study with slight modi-
fications [16]. Briefly, 1.9 mL of methanolic solution containing 0.1 mM DPPH radicals
was mixed with 0.1 mL of different concentrations of sample solutions in a range of 0 to
100 mg/mL and/or methanol used as a blank. The mixtures were vortexed thoroughly
and then stood in a dark area for 30 min at room temperature. The absorbance of the
reaction mixture was measured at 517 nm using a spectrophotometer. The DPPH free-
radical-scavenging activities were calculated as follows:

DPPH free-radical-scavenging rate (%) = (1 − Abssample/Absblank) × 100 (1)

where Abssample and Absblank were the absorbance of the mixture of blank and sample
with DPPH reagent after reaction, respectively.

For ABTS cation radical-scavenging activity, the measurement method was based on
our previous research [4]. Briefly, 9 mL of ABTS solutions was mixed with 3 mL sample
solutions with different concentrations (0–100 mg/mL). Methanol was used as a blank. The
mixtures were incubated in dark at room temperature for 20 min. The absorbance of each
mixture was measured at 734 nm. The ABTS-scavenging activity was calculated according
to the equation:

ABTS-scavenging rate (%) = {[Abs0 − (Abs1 − Abs2)]/Abs0} × 100 (2)

where Abs0 was the absorbance of ABTS solution; Abs1 was the absorbance of the reacted
mixture of ABTS with tested sample; Abs2 was the absorbance of the methanol with
tested sample.

The superoxide anion radical-scavenging activity of the extract was measured based on
the method in previous study [17]. Different concentrations of the sample solutions (0.1 mL)
were mixed with 4.5 mL of 0.05 mol/L Tris-HCl buffer (pH 8.2) containing 2 mmol/L EDTA.
The mixtures were reacted at 25 ◦C for 20 min. Then 0.4 mL of 25 mmol/L 1,2,3-phentriol
was added and allowed to react at 25 ◦C for 5 min more. Finally, to the mixture was added
1 mL of HCl (8 mol/L) to stop the reaction. The absorbance was recorded at 325 nm.
Methanol was used as a blank. The superoxide anion radical-scavenging activity was
calculated as follows:

Superoxide anion radical-scavenging rate (%) = (1 − Abssample/Absblank) × 100 (3)
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where Absblank was the absorbance of the control group and Abssample was the absorbance
of mixtures with sample solutions.

2.5. Determination of Anti-Lipid-Oxidation Activity Using Fatty Acid Model

The anti-lipid-oxidation activity of lipophilic extract from raw or fermented seed
was determined according to a previous study by Zhang et al. [18]. Briefly, 2 mL sample
solution (100 mg/mL) was mixed with 20 mL of fish oil emulsion, which consisted of 10 g
menhaden fish oil, 10 mL Tween 20, and phosphate buffer. Then, the mixed emulsion was
incubated at 37 ◦C for 5 days with continuously stirring. The concentrations of fatty acid
EPA (C20:5) and DHA (C22:6) in the mixed emulsion were measured at day 1, 3, and 5.
The fatty acid analysis was performed on a GC system equipped with an FID detector
with analysis condition described in the study of Zhang et al. [18]. The emulsion without
sample solution was used as a blank control. Anti-lipid-oxidation activities were expressed
by the retained rate of DHA and EPA and were calculated as follows:

Retained DHA or EPA rate (%) = (Ct/C0) × 100 (4)

where C0 was the original concentration of EPA or DHA; Ct was the concentration of EPA
or DHA at different incubation time.

2.6. Determination of Anticancer Activity of Lipophilic Extract on HEp2 Cells

Anticancer activities were determined based on the survival rate of HEp2 cells treated
with different concentrations of lipophilic extract from raw or fermented coix seed. The
procedure was described in our previous study [13]. The cells were maintained in 95%
DMEM (containing 10% FBS and 1% penicillin−streptomycin) and incubated with 5% CO2
at 37 ◦C. The cells were placed in a 96-well plate and incubated for 24 h. Then, the cells
were exposed to the medium with different concentrations (0 as blank, 0.625, 1.25, 2.5, 5,
and 10 mg/mL) of lipophilic extract from coix seed and incubated for another 24 h at 37 ◦C.
After incubation, the cells were washed three times with PBS and mixed with new medium
containing 20% CellTiter-Blue. They were incubated at 37 ◦C for 4 h. By using a FluoStar
Optima microplate reader, the cell viability or survival rate in each well was determined
at excitation and emission wavelengths of 570 and 615 nm, respectively. Meanwhile, the
normal monkey kidney cells, CV-1, were used as the control, and were treated with the
same concentration extract of fermented coix seed. The survival rate of each concentration’s
treatment group relative to that of the blank group was used to express anticancer activity.

2.7. Data Analysis

The determinations of lipophilic antioxidants and the evaluations of antioxidation
activities were carried out in triplicate and expressed as mean with standard deviation
values. The SPSS 22.0 software (IBM Company, New York, NY, USA) was used for statistical
analysis. The significant differences between the two groups were determined by ANOVA
(SAS, 9.1.3, Cary, NY, USA). Difference between two groups was determined at a significant
difference p < 0.05 or at an extremely significant difference p < 0.01. The determinations of
anticancer activities of extracts were repeated five times and analyzed by GraphPad Prism
(version 6.0; GraphPad Software Inc., La Jolla, CA, USA).

3. Results and Discussion

3.1. Lipophilic Antioxidants and Coixenolide in Raw and Fermented Coix Seed

Figure 1 shows the color changes of coix seeds at different fermentation times. The
original color of raw coix seeds was yellowish white and changed to a brownish color
in the middle of fermentation (Figure 1a,b). Eventually, the fermented coix seeds had
reddish brown color and were readily crushed to a fine powder (Figure 1c). At this time,
color value units (CVUs) of pigments in fermented coix seeds reached 687.2 CVU/g.
Usually, the growth of Monascus sp. and the change of substrate fermentation could be
preliminarily judged by the accumulation of pigments. The Monascus pigments were the
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secondary metabolites of polyketides and were biosynthesized by malonyl-CoA catalysis
from tetraketide and pentaketide to hexaketide [10,19]. They were accumulated in the
solid-state aerobic fermentation of Monascus sp.

Figure 1. Images of raw coix seeds (a), coix seeds in the middle of fermentation (b), and coix seed powder after fermenta-
tion (c).

The yield of lipophilic extract from raw coix seeds was 4.2%, while it increased to 8.6%
from fermented coix seeds after 10 days of fermentation. The fermentation significantly
released bound-form lipophilic compounds in coix seeds, which were likely contributed by
enzymatic hydrolysis induced by M. purpureus during fermentation [20]. As fermentation
could produce a significant amount of acid and lower pH in the fermented medium, acid
hydrolysis would also contribute to the release of bound or blocked forms of lipophilic
compounds [8].

Four tocols—α-tocopherol, α-tocotrienol, γ-tocopherol, and γ-tocotrienol—were found
in both raw and fermented coix seeds (Table 1 and Figure 2). Although vitamin E has eight
different tocols—α, β, γ, and δ-tocopherols and α, β, γ, and δ-tocotrienols, α-tocopherol, α-
tocotrienol, and γ-tocopherol are the common tocols in most cereals, beans, and grains [21].
In raw coix seeds, γ-tocopherol was the leading tocol at a level of 21.2 μg/g DW, followed
by γ-tocotrienol, while α-tocopherol and tocotrienol were at a very low level in raw coix
seeds (Table 1). Typically, α-tocopherol and α-tocotrienol were the dominant tocols in
beans and grain oils, followed by γ-tocopherol. Therefore, the profile of tocols in coix
seeds was different from that of most cereals, but similar to rice bran, which contains a
high level of γ-tocotrienol [14]. After fermentation, α-tocopherol and γ-tocotrienol were
significantly increased (p < 0.01), approximately 160 (from 0.1 to 17.9 μg/g) and 16 (from
4.4 to 72.5 μg/g) times, respectively (Table 1). It indicated that raw coix seeds had a high
level of the bound or blocked form α-tocopherol and γ-tocotrienol. γ-Tocotrienol recently
has been reported to have greater health promoting function than other tocols [22,23].
Therefore, the high level of γ-tocotrienol in coix seeds fermented by M. purpureus could
significantly enhance the health benefits of coix seeds.

Table 1. Lipophilic antioxidants and coixenolide in raw and fermented coix seeds.

Compound Raw Coix Seed Fermented Coix Seed

α-Tocopherol (μg/g DW) 0.1 ± 0.1 A 17.9 ± 7.1 B

α-Tocotrienol (μg/g DW) 2.4 ± 0.6 A 4.2 ± 3.5 A

γ-Tocopherol (μg/g DW) 21.2 ± 3.9 A 25.4 ± 3.2 A

γ-Tocotrienol (μg/g DW) 4.4 ± 1.5 A 72.5 ± 10.8 B

Total tocols (μg/g DW) 28.1 120.0
γ-Oryzanol (μg/g DW) 26.2 ± 4.1 A 655.0 ± 30.1 B

Coixenolide (mg/g DW) 4.0 ± 0.2 A 8.7 ± 0.8 B

Difference between data with different letters in a row is extremely statistically different (p < 0.01).
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Figure 2. HPLC chromatogram of lipophilic extract from fermented coix seeds: (1) α-tocopherol, (2) α-tocotrienol, (3) γ-
tocopherol, (4) γ-tocotrienol, (5 and 6) γ-oryzanols.

The level of γ-oryzanol in fermented coix seeds increased about 25 times to 655.0 μg/g
from the level of 26.2 μg/g in raw coix seeds (Table 1 and Figure 2). γ-Oryzanol is usually
rich in rice bran and not commonly present in most cereals. It is a type of plant sterol and
contains ferulic acid in its structure [24]. Thus, γ-oryzanol is an antioxidant phytosterol
because ferulic acid is a strong antioxidant phenolic. It has a potent antioxidant activity in
preventing cholesterol oxidation, which could generate toxic cholesterol oxidation prod-
ucts in foods and human body, resulting in development of cardiovascular diseases [25].
Although the level of γ-oryzanol in raw coix seeds was much lower compared to that of
most rice varieties (26.2 vs. 200–300 μg/g), the level in fermented coix seeds (655.0 μg/g)
was much higher than the level in rice [26]. It was reported that rice bran fermentation by
Rhizopus oryzae could also increase the free γ-oryzanol level but only by 1.5 times that of
raw rice bran. [27]. During fermentation, the microorganisms could degrade the plant cell
wall through a variety of self-generated enzymes that stimulate the release of intracellular
compounds, especially fiber-bound compounds [28].

Coixenolide is a diol lipid uniquely present in coix seeds. It is a long carbon chain with
two long-chain fatty acid esters (Figure 3). Although it may not have antioxidant function
based on its chemical structure, previous studies reported that it has outstanding anticancer
activity [1,6]. After the fermentation by M. purpureus, coixenolide in fermented coix seed
increased to 8.7 mg/g, which was about 2.2 times higher than that in raw coix seed (Table 1).
The increase of coixenolide could assist in the enhancement of health benefits of coix seeds.

Figure 3. Chemical structure formula of coixenolide in coix seeds (C38H70O4).

3.2. Scavenging Activities on Different Free Radicals of Lipophilic Extracts from Raw and
Fermented Coix Seed

DPPH-scavenging activity is widely used as an index of antioxidant activity of a
test sample in vitro. The activity of lipophilic extract in fermented coix seeds at different
fermentation times was monitored. The scavenging activity rose slightly within the first
7 days of fermentation (Figure 4a), then it dramatically increased from 0.4 to 3.3 μmol/g
of Trolox equivalent after 9 days of fermentation. The increase of the activity began to
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slow down from day 9 to day 10 of fermentation. After 10 days of fermentation, the
scavenging activity of the lipophilic extract reached 3.8 μmol/g of Trolox equivalent.
Tocols and γ-oryzanol were monitored simultaneously during fermentation. The results
displayed that the level of total tocols and γ-oryzanol was extremely significantly enhanced
during fermentation (p < 0.01), especially after the 6th day of fermentation (Figure 4b,c).
Correlation analysis showed that total tocols had a significantly positive correlation with
DPPH-scavenging activity at a correlation coefficient of 0.9. The correlation coefficient of
γ-oryzanol was only 0.8. Thus, tocols could be the major contributor in scavenging DPPH
free radicals.

Figure 4. Changes of DPPH-scavenging activity (a), total tocols (b) and γ-oryzanol (c) of lipophilic extract from coix seeds
during fermentation. Bars with different letters indicate significant differences (lowercase letters, p < 0.05; capital letters,
p < 0.01).

Free radicals are a group of very reactive species that not only cause rancid deteri-
oration in food products but also result in oxidative inflammation in mammalian cells,
leading to eventual development of different chronic diseases, such as cardiovascular
diseases and cancers [29]. The harmful free-radical initiators can be effectively annihilated
by antioxidants to prevent their negative impacts. Antioxidants from natural sources, such
as cereals, vegetables, and fruits are considered as safe antioxidants compared to synthetic
antioxidant, such as BHA (butylated hydroxyanisole), BHT (butylated hydroxytoluene),
and PG (propyl gallate) [30]. Raw and fermented coix seeds with high levels of tocols and
γ-oryzanol could be a rich source of natural antioxidants destined for use as ingredients in
food products.

Figure 5a shows the scavenging activities of lipophilic extracts from raw and fermented
coix seeds at 0–100 mg/mL. The scavenging activities increased with the concentration
increase of lipophilic extracts. It also revealed dose–response relationships between the
additive concentration of extracts and scavenging activities. The extract from fermented
coix seeds on scavenging DPPH, ABTS cation, or superoxide anion free radicals was
significantly higher than that of the extract from raw coix seeds at 100 mg/mL (Figure 5b).
Moreover, in three different scavenging tests, the lipophilic extract of fermented coix
seeds had the most prominent scavenging effect on ABTS cation. The scavenging activity
(60.79%) increased 1.7 times after fermentation, followed by superoxide anion and DPPH
(about 1.3 times). The effective concentration for 50% of scavenging DPPH rate of pure α-
tocopherol is 120 μmol/L or 51.6 μg/mL [30]. α-Tocopherol was normally considered to be
the most active tocol in scavenging different free radicals and had 1.5 times higher activity
than γ-tocopherol [31]. The increased α-tocopherol in fermented coix seeds could be an
important factor for the higher free-radical-scavenging activity, in addition to γ-tocotrienol
and γ-oryzanol.
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Figure 5. DPPH, ABST cation, and superoxide anion free-radical-scavenging activities of lipophilic extracts from raw
and fermented coix seeds at 0–100 mg/mL (a) and at 100 mg/mL (b). LE-R, lipophilic extract from raw coix seeds. LE-F,
lipophilic extract from fermented coix seeds.

Traditionally, the antioxidant activity of a compound is assessed by measuring its scav-
enging activity against DPPH or other free radicals and through reducing power assays [32].
However, a good result in these chemical-based spectrophotometric assays cannot predict
whether the sample has a good antioxidant capability in inhibiting lipid oxidation in an
emulsion. In other words, the higher free-radical-scavenging activity of an antioxidant
may not be closely correlated with the actual antioxidant activity in inhibiting the lipid
oxidation in a lipid-rich food or oxidative inflammation in mammalian cell in which fluid
is a complicated emulsion [30]. Therefore, the antioxidant activity of the lipophilic extract
of fermented coix seeds was further evaluated using an oil emulsion model.

3.3. Anti-Lipid-Oxidation Activities of Lipophilic Extracts from Raw and Fermented Coix Seeds

In this study, fatty acids, the key component of lipids, were used as the substrates
to evaluate antioxidant activity of lipophilic extracts from coix seeds. Compared with
free-radical-scavenging chemical assays, the activity obtained in this method is closely
correlated to the capability of the antioxidant in stabilizing lipids in a food matrix to extend
its shelf life or in a biological system to prevent oxidative stress [18,30]. EPA (C20:5) and
DHA (C22:6), polyunsaturated long-chain fatty acids, are the most vulnerable fatty acids
to oxidation. Fatty acids could be oxidized to produce a group of short-chain aldehydes,
alcohols, and other components. Therefore, the retention of EPA and DHA in oil emulsion
with or without the lipophilic extract from coix seeds was monitored. The retained rates
of these susceptible polyunsaturated fatty acids could be more accurate to indicate the
oxidation status in the emulsion [30]. For example, although α-tocopherol was considered
to be the most active tocopherol in reacting with free radicals, in a liposomal membrane
model, tocotrienols had higher antioxidant activity than tocopherols [23]. In a recent study,
the activity of γ-tocotrienol was also higher than that of α-tocopherol in oil systems [31].

The retention rates of EPA and DHA in the control group decreased to below 20% in
24 h and almost totally oxidized after 120 h (Figure 6a,b). Both of the lipophilic extracts
from raw and fermented coix seeds still had much higher retention rate for EPA or DHA
after 120 h of incubation. Although the extract from fermented raw coix seeds had slightly
lower retention rate of EPA or DHA than the extract from raw coix seeds at 24 h, its
retention rate at 72 and 120 h of incubation was more than two times higher than that of the
extract from raw coix seeds (Figure 6a,b). It still retained approximately 40% and 32% for
EPA or DHA after 120 h of incubation, respectively (raw coix seed, only 15% and 11%). The
results were similar to that in a previous study that reported anti-lipid-oxidation activity
of tocols extract from rice bran against EPA and DHA oxidation [18]. Overall, the results
indicated that fermented coix seeds had higher anti-lipid-oxidation activity than raw coix
seeds in inhibiting lipid oxidation. Recently, γ-oryzanol as a new lipophilic antioxidant has
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been studied to stabilize corn oil and fish oil in yogurt [33,34]. Fermented coix seeds could
be a good food preservative to reduce lipid oxidation in food. It could also have a higher
antioxidant function to lower oxidative stress in a biological system.

Figure 6. Retention rates of EPA (20:5) (a) and DHA (22:6) (b) of lipophilic extracts from raw and fermented coix seeds. Bars
with different letters indicate significant differences at p < 0.05.

3.4. Anticancer Activities of Lipophilic Extracts from Raw and Fermented Coix Seeds

The anticancer activities of raw and fermented coix seed were evaluated by using
the HEp2 cell line, which is a human laryngeal carcinomatous cell. Laryngeal carcinoma
is one of the most common respiratory cancers and accounts for 25% of head and neck
carcinomas [35]. Figure 7a shows the images of HEp2 cell morphology in control and
treatment groups after 24 h of incubation. The inhibitory concentrations for 50% of cell
survival rate (IC50) of lipophilic extracts from raw and fermented seeds were 3.67 and
2.13 mg/mL, respectively (Figure 7b). The IC50 of lipophilic extract from fermented coix
seeds in inhibiting HEp2 cell decreased by 42%. The anticancer activity of lipophilic extract
was significantly improved after the fermentation, but its cytotoxicity toward normal CV-1
cells was relatively low. Even at the concentration of 10 mg/mL, only 30.5% of the normal
cells were inhibited. The IC50 values of lipophilic extracts from raw and fermented seeds
for HEp2 cells were higher than that of the lipophilic extract from butterfly pea seeds,
for which the IC50 for HEp2 cells is 8 mg/mL [13]. In a previous study that compared
anticancer activity for T24 cell, a human urinary bladder cancer cell, of coix seed oil extracts
from 11 different varieties, all of them had IC50 values higher than 0.33% or 3.3 mg/mL
in medium [6]. Thus, the anticancer activity of coix seeds could be improved through the
fermentation by M. purpureus.

Tocols and γ-oryzanol could be the primary compounds responsible for the anticancer
activity of the lipophilic extract from coix seeds, besides coixenolide. For example, tocols
are involved in the DR5 (death receptor 5) protein upregulation, which stimulates tumor
necrosis and restricts its proliferation [36]. For antioxidant phytosterols, such as γ-oryzanol,
they could inhibit cancer cell proliferation by meddling with protein phosphatase 2A
(PP2A) in the sphingomyelin cycle and blocking the cell cycle at G0/G1 phase in different
cancer cells, such as prostate cancer, hepatocyte, and breast cancer cells [37,38]. Therefore,
the increase of tocols and γ-oryzanol could assist in the improvement of anticancer activity
of the lipophilic extract from fermented coix seeds.
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Figure 7. Images of HEp2 cell morphology in medium in the control (a-left) and treatment (a-right) groups, and survival
rates of HEp2 cells incubated with lipophilic extracts from raw and fermented coix seeds (b).

4. Conclusions

In summary, this study revealed positive changes in lipophilic antioxidants and
anticancer activity of coix seeds after fermentation by Monascus purpureus, a typical mold
used in the preparation of fermented grains. The fermented coix seeds had increased
tocols (vitamin E), γ-oryzanol, and coixenolide contents. The levels γ-tocotrienol or γ-
oryzanol in fermented coix seeds were much higher than the level found in most cereals.
The increased antioxidants enhanced the antioxidant activity in scavenging different free
radicals and stabilizing susceptible polyunsaturated fatty acids. The anticancer activity of
coix seeds was significantly improved after the fermentation by M. purpureus. Therefore,
the fermentation by M. purpureus is a good approach in increasing the lipophilic bioactivity
and bioavailability of health-promoting compounds in cereals. The fermented coix seed or
its extract could be used as a food, food ingredient, or nutritional supplement to provide
added health benefits to humans.

5. Patents

A new product, coix seed tea fermented by Monascus purpureus, has been described in
China patent no. CN 201810372538.3.
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10. Marič, A.; Skočaj, M.; Likar, M.; Sepčić, K.; Cigić, I.K.; Grundner, M.; Gregori, A. Comparison of lovastatin, citrinin and pigment
production of different Monascus purpureus strains grown on rice and millet. J. Food Sci. Technol. 2019, 56, 3364–3373. [CrossRef]
[PubMed]

11. Hur, S.J.; Lee, S.Y.; Kim, Y.; Choi, I.; Kim, G. Effect of fermentation on the antioxidant activity in plant-based foods. Food Chem.
2014, 160, 346–356. [CrossRef]

12. Handa, C.L.; de Lima, F.S.; Guelfi, M.F.; da Silva Fernandes, M.; Georgetti, S.R.; Ida, E.I. Parameters of the fermentation of soybean
flour by Monascus purpureus or Aspergillus oryzae on the production of bioactive compounds and antioxidant activity. Food Chem.
2019, 271, 274–283. [CrossRef]

13. Shen, Y.; Du, L.; Zeng, H.; Zhang, X.; Prinyawiwatkul, W.; Alonso Marenco, J.R.; Xu, Z. Butterfly pea (Clitoria ternatea) seed and
petal extracts decreased HEp-2 carcinoma cell viability. Int. J. Food Sci. Technol. 2016, 51, 1860–1868. [CrossRef]

14. Jang, S.; Xu, Z. Lipophilic and hydrophilic antioxidants and their antioxidant activities in purple rice bran. J. Agric. Food Chem.
2009, 57, 858–862. [CrossRef]

15. Yang, J.; Tseng, Y.; Chang, H.; Lee, Y.; Mau, J. Storage stability of monascal adlay. Food Chem. 2005, 90, 303–309. [CrossRef]
16. Du, L.; Shen, Y.; Zhang, X.; Prinyawiwatkul, W.; Xu, Z. Antioxidant-rich phytochemicals in miracle berry (Synsepalum dulcificum)

and antioxidant activity of its extracts. Food Chem. 2014, 153, 279–284. [CrossRef] [PubMed]
17. Zhang, Z.H.; Fan, S.T.; Huang, D.F.; Yu, Q.; Liu, X.Z.; Li, C.; Wang, S.; Xiong, T.; Nie, S.P.; Xie, M.Y. Effect of Lactobacillus plantarum

NCU116 fermentation on Asparagus officinalis polysaccharide: Characterization, antioxidative, and immunoregulatory activities.
J. Agric. Food Chem. 2018, 66, 10703–10711. [CrossRef] [PubMed]

18. Zhang, X.; Shen, Y.; Prinyawiwatkul, W.; King, J.M.; Xu, Z. Comparison of the activities of hydrophilic anthocyanins and lipophilic
tocols in black rice bran against lipid oxidation. Food Chem. 2013, 141, 111–116. [CrossRef]

19. Chen, G.; Yang, S.; Wang, C.; Shi, K.; Zhao, X.; Wu, Z. Investigation of the mycelial morphology of Monascus and the expression of
pigment biosynthetic genes in high-salt-stress fermentation. Appl. Microbiol. Biotechnol. 2020, 104, 2469–2479. [CrossRef]

91



Foods 2021, 10, 566

20. Masiero, S.S.; Peretti, A.; Trierweiler, L.F.; Trierweiler, J.O. Simultaneous cold hydrolysis and fermentation of fresh sweet potato.
Biomass Bioenergy 2014, 70, 174–183. [CrossRef]

21. Moreau, R.A.; Lampi, A.M. Analysis Methods for Tocopherols and Tocotrienols; Xu, Z., Howard, L.R., Eds.; Wiley-Blackwell: Oxford,
UK, 2012; pp. 353–386. [CrossRef]

22. Nesaretnam, K.; Yew, W.W.; Wahid, M.B. Tocotrienols and cancer: Beyond antioxidant activity. Eur. J. Lipid Sci. Technol. 2007, 109,
445–452. [CrossRef]

23. Yoshida, Y.; Niki, E.; Noguchi, N. Comparative study on the action of tocopherols and tocotrienols as antioxidant: Chemical and
physical effects. Chem. Phys. Lipids 2003, 123, 63–75. [CrossRef]

24. Nyström, L. Analysis Methods of Phytosterols; Xu, Z., Howard, L.R., Eds.; Wiley-Blackwell: Oxford, UK, 2012; pp. 313–351.
[CrossRef]

25. Lesma, G.; Luraghi, A.; Bavaro, T.; Bortolozzi, R.; Rainoldi, G.; Roda, G.; Viola, G.; Ubiali, D.; Silvani, A. Phytosterol and
γ-Oryzanol conjugates: Synthesis and evaluation of their antioxidant, antiproliferative, and anticholesterol activities. J. Nat. Prod.
2018, 81, 2212–2221. [CrossRef] [PubMed]

26. Heinemann, R.J.; Xu, Z.; Godber, J.S.; Lanfer-Marquez, U.M. Tocopherols, tocotrienols, and γ-oryzanol contents in Japonica and
Indica subspecies of rice (Oryza sativa L.) cultivated in Brazil. Cereal Chem. 2008, 85, 243–247. [CrossRef]

27. Massarolo, K.C.; de Souza, T.D.; Collazzo, C.C.; Furlong, E.B.; Souza Soares, L.A. The impact of Rhizopus oryzae cultivation on rice
bran: Gamma-oryzanol recovery and its antioxidant properties. Food Chem. 2017, 228, 43–49. [CrossRef]

28. Cho, J.; Lee, H.J.; Kim, G.A.; Kim, G.D.; Lee, Y.S.; Shin, S.C.; Park, K.; Moon, J. Quantitative analyses of individual γ-oryzanol
(steryl ferulates) in conventional and organic brown rice (Oryza sativa L.). J. Cereal Sci. 2012, 55, 337–343. [CrossRef]

29. Kruk, J.; Aboul-Enein, H.Y.; Kładna, A.; Bowser, J.E. Oxidative stress in biological systems and its relation with pathophysiological
functions: The effect of physical activity on cellular redox homeostasis. Free Radic. Res. 2019, 53, 497–521. [CrossRef]

30. Zhang, Y.; Shen, Y.; Zhu, Y.; Xu, Z. Assessment of the correlations between reducing power, DPPH scavenging activity and
anti-lipid-oxidation capability of phenolic antioxidants. LWT Food Sci. Technol. 2015, 63, 569–574. [CrossRef]

31. Seppanen, C.M.; Song, Q.; Csallany, A.S. The antioxidant functions of tocopherol and tocotrienol homologues in oils, fats, and
food systems. J. Am. Oil Chem. Soc. 2010, 87, 469–481. [CrossRef]

32. Dudonné, S.; Vitrac, X.; Coutière, P.; Woillez, M.; Mérillon, J.M. Comparative study of antioxidant properties and total phenolic
content of 30 plant extracts of industrial interest using DPPH, ABTS, FRAP, SOD, and ORAC assays. J. Agric. Food Chem. 2009, 57,
1768–1774. [CrossRef]

33. Yi, B.; Lee, J.; Kim, M. Increasing oxidative stability in corn oils through extraction of γ-oryzanol from heat treated rice bran.
J. Cereal Sci. 2020, 91, 102880. [CrossRef]

34. Zhong, J.; Yang, R.; Cao, X.; Liu, X.; Qin, X. Improved physicochemical properties of yogurt fortified with fish oil/γ-oryzanol by
nanoemulsion technology. Molecules 2018, 23, 56. [CrossRef] [PubMed]

35. Abbasi, R.; Ramroth, H.; Becher, H.; Dietz, A.; Schmezer, P.; Popanda, O. Laryngeal cancer risk associated with smoking and
alcohol consumption is modified by genetic polymorphisms in ERCC5, ERCC6 and RAD23B but not by polymorphisms in five
other nucleotide excision repair genes. Int. J. Cancer 2009, 125, 1431–1439. [CrossRef] [PubMed]

36. Kannappan, R.; Gupta, S.C.; Ji, H.K.; Aggarwal, B.B. Tocotrienols fight cancer by targeting multiple cell signaling pathways.
Genes Nutr. 2011, 7, 43–52. [CrossRef] [PubMed]

37. Woyengo, T.A.; Ramprasath, V.R.; Jones, P.J. Anticancer effects of phytosterols. Eur. J. Clin. Nutr. 2009, 63, 813–820. [CrossRef]
38. Awad, A.B.; Fink, C.S. Phytosterols as anticancer dietary components: Evidence and mechanism of action. J. Nutr. 2000, 130,

2127–2130. [CrossRef]

92



foods

Article

Germinated Buckwheat: Effects of Dehulling on Phenolics
Profile and Antioxidant Activity of Buckwheat Seeds
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Abstract: The aim was to investigate the effects of the cold dehulling of buckwheat seeds on their
germination, total phenolic content (TPC), antioxidant activity (AA) and phenolics composition.
Cold dehulling had no negative effects on germination rate and resulted in faster rootlet growth
compared to hulled seeds. Although the dehulling of the seeds significantly decreased TPC and AA,
the germination of dehulled seeds resulted in 1.8-fold and 1.9-fold higher TPC and AA compared
to hulled seeds. Liquid chromatography coupled to mass spectrometry identified several phenolic
compounds in free and bound forms. Rutin was the major compound in hulled seeds (98 μg/g
dry weight), orientin and vitexin in 96-h germinated dehulled seeds (2205, 1869 μg/g dry weight,
respectively). During germination, the increases in the major phenolic compounds were around two
orders of magnitude, which were greater than the increases for TPC and AA. As well as orientin
and vitexin, high levels of other phenolic compounds were detected for dehulled germinated seeds
(e.g., isoorientin, rutin; 1402, 967 μg/g dry weight, respectively). These data show that dehulled
germinated seeds of buckwheat have great potential for use in functional foods as a dietary source of
phenolic compounds with health benefits.

Keywords: buckwheat; dehulling; germination; LC-MS; free phenolic; bound phenolic; antioxi-
dant activity

1. Introduction

The germination of edible seeds is a recognized method for improving the nutritional
value of seeds [1–4]. Malted grains have traditionally been used in beer production and
in recent years, as a functional ingredient in the baking industry, as groats and flour.
The use of the germinated seeds of many plant species is increasing due to the often
high contents and availability of nutrients compared to dry seeds, and to the associated
beneficial effects on human health. In recent years, there have been many studies on the
effects of the germination of cereals and pseudocereals, and their various health benefits
for the prevention of chronic diseases, such as heart disease, cancers and diabetes [5–9].
Dynamic changes during germination can lead to the breakdown of macronutrients, such
as carbohydrates, proteins and lipids. In addition, the levels of polyphenols, vitamins and
other bioactive compounds rapidly increase during germination due to de novo synthesis
and transformation, thus enhancing the health-promoting effects of seeds [10–13].

Buckwheat (Fagopyrum esculentum) is a pseudocereal that is highly adaptable to harsh
environmental conditions, has a short growth period, and shows greater resistance to pests
compared to other cereals. Nowadays, buckwheat is recognized as an important gluten-free
functional food ingredient due to its balanced composition of macronutrients and high
content of bioactive compounds. The protein content in buckwheat seeds is similar to that of
wheat grain, but with a higher biological value due to the balanced, lysine-rich amino-acid
composition and the low content of storage prolamins [14]. Buckwheat seeds have a high
levels of phenolic compounds, and especially flavonoids, such as rutin [15], orientin, vitexin
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and isovitexin, which have been reported to have several health benefits [16–19]. Different
studies in humans have shown associations between the consumption of buckwheat seed
products with antihypertensive effects [20] and cholesterol-lowering effects [21]. However,
the total phenolic content (TPC) in cereals has often been underestimated, as significant
proportions of these phenolic compounds are covalently bound to cell wall materials, and
thus need to be extracted by alkaline hydrolysis. For the correct estimation of TPC, this
portion of bound phenolics must also be considered [22].

Buckwheat seeds are usually consumed in the form of products made from their
flour, or as the dehulled seeds, known as groats. Almost all of the data available on the
TPC of germinated buckwheat seeds refer to hulled seeds, and although the hull is not
edible, it is an important contributor to TPC [23,24]. The usual processing method used for
groats production is thermal dehulling, where the seeds are first boiled or steamed at high
temperatures of 130 ◦C to 160 ◦C, under high pressure. They are then cooled, conditioned
and dried prior to dehulling. During this process, the seed endosperm swells and the
husk breaks so that it can be easily removed [25,26]. The thermal processing used in the
production of groats significantly reduces the nutritional value of the seeds, and from the
point of view of sprout production, this reduces the seed germination. Several studies have
shown the effects of thermal dehulling, in terms of decreases in TPC, antioxidant activity
(AA) and the major flavonoids, rutin and quercetin [27,28].

Buckwheat has been used previously for the preparation of sprouts and micro-
greens [29], which are generally considered to be a rich source of bioactive compounds. For
the production of buckwheat sprouts ready for consumption, it is nevertheless essential to
obtain the groats, with the need to thus remove the seed hull. To retain high germination
rates, the typical thermal processing method for the seeds is not an option. In comparison
to other hulled cereals, buckwheat seeds are easily damaged during dehulling, and hence
the obtainment of intact groats with high germination rates is a challenging task.

However, the many reported advantages of hull-less buckwheat seeds justify the
efforts needed to obtain this product for use as a functional food ingredient. A previous
study on oat [30] showed that germination of the dehulled grain resulted in higher TPC
and AA in comparison to the grain with the hulls. It can be assumed that similar effects
will apply to buckwheat seeds, which would justify the efforts to prepare hull-less seeds
that retain high germination rates and can be used as a functional food ingredient.

Germination is initiated by increasing the moisture content of grain or seeds to 43%
to 45% by soaking in water [31]. Upon the initiation of germination, enzyme synthesis
and kernel modification take place, and the seeds rapidly undergo metabolic activities
that include respiration, nutrient degradation and secondary metabolite synthesis [32,33].
Several studies have investigated the effects of germination on the TPC, AA and phenolics
composition of buckwheat seeds [34,35].

In our study, a new processing approach of mechanical—the cold dehulling method—
was used for the buckwheat, which maintained a high germination rate. Previous studies
and other scientific articles have focused on the effects of germination on phenolic content
and antioxidant activity of hulled germinated buckwheat. However, to the best of our
knowledge, there have not been any studies into the effects of buckwheat seed dehulling
on the germination bioactivities. Furthermore, for the Slovenian domestical cultivar of
common buckwheat (Fagopyrum esculentum) “Čebelica” [36] used here, there appears to be
no information on their phenolic profile.

The objectives of this study were: (1) to determine the effects of the dehulling of buck-
wheat seeds on their growth (dry weight, rootlet length); (2) to study the dynamic changes
in the TPC and AA of extracts of hulled and dehulled seeds during germination; and (3) to
characterise the dynamic changes in the content of individual phenolic compounds in their
free and bound forms at different stages of germination.
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2. Materials and Methods

2.1. Materials

The buckwheat seeds were purchased from a local producer (Krasinec, Slovenia) and
grown under organic growing conditions. Methanol, sodium hydroxide, hydrochloric acid,
sodium bicarbonate, 2,2′-azino-bis (3-ethylbenzothiazolin-6-sulfonic acid diammonium
salt) (ABTS reagent), 1,1-diphenyl-2-picrylhydrazyl (DPPH), and gallic acid were from
Sigma-Aldrich (Steinheim, Germany). Folin–Ciocalteu reagent was from Merck (Darmstadt,
Germany), and manganese dioxide was from Kemika (Zagreb, Croatia). The analytical
standards of rutin (PN:78095-25MG-F), orientin (PN:09765-1MG), isoorientin (PN:78109-
5MG), vitexin (PN:49513-10MG-F), catechin (PN:43412-10MG), epicatechin (PN:68097-
10MG) and p-coumaric acid (PN:C9008-10G) were from Sigma–Aldrich (Steinheim, Ger-
many), and hyperoside (PN:0018-05-85) was from HWI Analytik (Rülzheim, Germany).
Along with the compounds identified, eight other phenolic standards were used: caf-
feic acid (PN:C0625-5G), gallic acid (PN:91215-100MG), luteolin-7-glucoside (PN:49968-
10MG), naringenin (PN:N5893-5G), morin (PN:M4008-5G), quercetin (PN:Q4951-10G) and
kaempferol (PN:K0133-10MG), which were all from Sigma-Aldrich (Steinheim, Germany),
and chlorogenic acid (PN:0050-05-90), which was from HWI Analytik (Rülzheim, Ger-
many). All of the standards used were analytical or HPLC grade. All aqueous solutions
were prepared using Milli-Q purified water (Merck Millipore, Bedford, MA, USA).

2.2. Cold Dehulling of Buckwheat Seeds

A “cold dehulling” method was used to dehull the seeds in this study, whereby
the groats obtained appeared to show good germination rates. Prior to dehulling, the
hulled seeds were fractionated using a series of square-holed sieves with mesh sizes
defined as 5.5, 6.0 and 6.5 (3.70, 3.35, 3.00 mm). Approximately 15% of the seeds (diameter
>3.7 mm, <2.7 mm) were discarded, and so not used further in this study. The remaining
seed fractions of different sizes were dehulled separately using a stone mill (TYP A130;
Osttiroler Grain Mills, Austria) [37] with a gap between the stones of 3.0 mm, 3.4 mm and
3.8 mm, respectively. The hulls were separated from the groats using a flow of air. The
dehulled seeds were separated using the respective sieves, and for the remaining hulled
seeds, the dehulling was repeated.

2.3. Germination

Before germination, the hulled and dehulled seeds were soaked in water for 8 h, with
a 15-min period out of the water every hour. After soaking, all of the seeds were placed
in a thin layer on moistened filter paper in glass Petri dishes. Germination was carried
out in a 20 ◦C thermostated growth chamber, with moistened filter papers to ensure high
humidity (relative humidity, >95%). The filter papers were kept moist by spraying with
distilled water as needed. The sprouts were harvested for analysis at 24, 48, 72 and 96 h
after the start of soaking.

2.4. Determination of Total Dry Mass Loss during Germination

Previous studies have shown that during germination, the energy reserves in the form
of starch, lipids, and to a certain extent, proteins are mobilised, and become depleted [38,39].
As all of the data here are presented on a dry weight basis, the characterisationof these
losses was of crucial importance. For this purpose, a method for estimating the loss of
dry matter during germination was developed. Briefly, 100 seeds from each batch with
the determined moisture content were placed in glass Petri dishes, and the weight of each
batch was determined using laboratory scales. Germination was initiated as described
above, and after 24, 48, 72 and 96 h the germinated seeds in the Petri dishes were dried to
constant mass in a laboratory dryer. The loss of dry matter was expressed as the difference
between the calculated dry matter mass of the initial seeds and the mass determined for
the dry germinated seeds.
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2.5. Extraction of Free Phenolic Compounds

Samples of the seeds and the germinated seeds (i.e., sprouts) were frozen in liquid
nitrogen and milled in a laboratory mill (A11 Basic; IKA-Werke, Staufen, Germany). The
free phenolic compounds were extracted using 70% aqueous methanol. Briefly, 0.5 g of
ground seeds were mixed with 3.0 mL of 70% aqueous methanol, and the mixture was
shaken in the dark at room temperature for 40 min, at 200 rpm (EV-403; Tehtnica Železniki,
Slovenia). After centrifugation at 8709× g for 8 min at 10 ◦C (Avanti JXN-26; Beckman
Coulter, Krefeld, Germany), the supernatant was removed and saved, and the extraction
was repeated twice more. The three supernatants were pooled, diluted to 10 mL with 70%
aqueous methanol, filtered using 0.45-μm pore size syringe filters (Chromafil A-45/25;
cellulose acetate, hydrophilic membrane; Macherey-Nagel, Düren, Germany), and stored
at 2 ◦C until the determination of the TPC, and DPPH and ABTS analysis, within 24 h.

2.6. Extraction of Bound Phenolic Compounds

After the methanol extraction, the solid residues were hydrolysed with sodium hy-
droxide, as described previously [40]. Then, 20 mL of 2 M NaOH was added to the reaction
tube, and the mixture was shaken in the dark at room temperature for 4 h, at 200 rpm
(Tehtnica Železniki EV-403, Slovenia). The hydrolysed mixture was acidified to pH 3.2 to
3.4 by the addition of 3.5 mL of concentrated formic acid. After centrifugation at 8709× g
for 8 min at 10 ◦C (Avanti JXN-26; Beckman Coulter, Krefeld, Germany), the supernatant
was removed and filtered through 0.45-μm pore size syringe filters (Chromafil A-45/25;
cellulose acetate, hydrophilic membrane; Macherey-Nagel, Düren, Germany) and stored at
2 ◦C until the determination of the TPC, and DPPH and ABTS analysis, within 24 h.

2.7. Total Phenolic Content

The TPC of the seed extracts was determined using the Folin–Ciocalteu spectrophoto-
metric method described previously [41], with some modifications. Briefly, 0.1 mL of each
extract was dispensed into 2.0 mL microcentrifuge tubes and mixed with 1.3 mL of Milli-Q
water and 0.3 mL 1:3 diluted of Folin–Ciocalteu phenolic reagent, and allowed to react
for 5 min. Then, 0.3 mL of 20% (w/v) aqueous Na2CO3 was added, and after 1 h at room
temperature, the absorbances were measured at 765 nm (UV–Vis spectrophotometer; model
8453; Agilent Technologies, Santa Clara, CA, USA). The measurements were compared
with a standard curve of a gallic acid (GA) solution, and the TPC is expressed as mg gallic
acid equivalents (GAE) per g dry weight of the seed sample (mg GAE/g DW).

2.8. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity of the extracts was determined according to a
method described previously [41], with some modifications. Briefly, 50.0 μL of each extract
was dispensed into 2.0 mL microcentrifuge tubes, and 250 μL of acetic buffer was added,
and the volume was adjusted to 1.0 mL with methanol. Finally, 1 mL of 0.2 mM methanol
solution of DPPH was added. The mixture was shaken and then left in the dark for 1 h. The
absorbance was then measured at 517 nm (UV–Vis spectrophotometer; model 8453; Agilent
Technologies, Santa Clara, CA, USA). A lower absorption of the reaction mixture indicates
higher free radical scavenging activity. The absorbance of the control was achieved by
replacing the seed sample with methanol. The measurement was compared to a standard
curve of a Trolox solution, and the radical scavenging activity is expressed as mg Trolox
equivalents per g dry matter (mg TE/g DW).

2.9. ABTS Radical Cation Scavenging Activity

The radical scavenging activities of the seed extracts against the ABTS radical cation
were determined according to a method described previously [34], with some modifications.
The ABTS stock solution was prepared by reacting ABTS reagent with manganese dioxide
as the oxidising agent. Before analysis, 10 mL of ABTS stock solution was diluted with
25 mL of 0.325 M phosphate buffer and 65 mL of Milli-Q water. An aliquot of each extract
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(0.05 mL) was mixed with 0.5 mL 0.325 M of phosphate buffer and 1.0 mL of diluted ABTS
radical cation solution, and 0.45 mL Milli-Q water was added, to give the final volume of
2 mL. The mixture was shaken and left in the dark for 1 h. The absorbance was measured
at 734 nm (UV–Vis spectrophotometer; model 8453; Agilent Technologies, Santa Clara, CA,
USA). A lower absorption of the reaction mixture indicates higher free radical scavenging
activity. The absorbance of the control was achieved by replacing the seed sample with
methanol. The measurement was compared to a standard curve of a Trolox solution, and
the radical scavenging activity is expressed as mg TE/g DW.

2.10. Purification of the Seed Extracts

For the purification of the crude seed extracts, 100 mg Strata-X RP cartridges were used
(Phenomenex, Torrance, CA, USA). The seed extracts were initially filtered (0.45 μm pore size
syringe filters; Chromafil A-45/25; cellulose acetate, hydrophilic membrane; Macherey-Nagel,
Düren, Germany), to remove any solid residue. The cartridges were conditioned with 3.0 mL
of methanol followed by 3.0 mL of Milli-Q water. Then, 30 mL of the diluted methanol
seed extracts (extract:water, 1:9) or 3.0 mL of the hydrolysed seed extracts were applied
to the cartridges, and allowed to pass through them. The phenolic compounds remained
bound to the cartridges, and the co-extracted compounds were washed from the columns
with 4.0 mL of Milli-Q water. The cartridges were then dried using a vacuum pump. The
compounds bound to the cartridges were eluted with 2.0 mL of 70% (v/v) aqueous methanol.
The resulting extracts were filtered through 0.20 μm pore size syringe filters (Chromafil
Xtra-20/13; cellulose acetate; Macherey-Nagel, Düren, Germany), and then stored at −80 ◦C
until the liquid chromatography–mass spectrometry (LC-MS) analysis.

2.11. Liquid Chromatography–Mass Spectrometry Analysis

Reversed-phase LC-MS analysis was used to separate and quantify the individual
phenolic acids in the seed extracts. The LC system used (1100 chromatography system;
Agilent Technologies, Santa Clara, CA, USA) included of a thermostated auto-sampler
(G1330B), a thermostated column compartment (G1316A), a diode array detector (G1315B),
and a binary pump (1312A). The LC system was coupled with a mass spectrometer (Quattro
micro API; Waters, Milford, MA, USA). Chromatographic separation was carried out using
a C18 column (2.7 μm, 150 mm × 2.1 mm; Ascentis Express) with an C18 guard column
(2.7 μm, 5 mm × 2.1 mm; Ascentis Express; Supelco, Bellefonte, PA, USA). The conditions
used were: column temperature, 30 ◦C; injection volume, 20 μL; and mobile phase flow
rate, 250 μL/min. The components of the mobile phase were 0.1% aqueous formic acid
(solution A) and acetonitrile (solution B). The mobile phase gradient was programmed as
follows (%B): 0–2 min, 10%; 2–18 min, 10–60%; 18–18.2 min, 60–80%; 18.2–20 min, 80%;
20–20.2 min, 80–10%; 20.2–26 min, 10%; Detection was performed with the scanning diode
array spectra from 240 nm to 650 nm.

The mass spectrometer was operated in negative ionisation mode, and the operating
conditions were as follows: electrospray capillary voltage, 3.5 kV; cone voltage, 20 V;
extractor voltage, 2 V; source block temperature, 100 ◦C; desolvation temperature, 350 ◦C;
cone gas flow rate, 30 L/h, and desolvation gas flow rate, 350 L/h. The data signals
were acquired and processed on a PC using the MassLynx software (V4.1 2005; Waters
Corporation).

The identification of the individual compounds was achieved by comparing their
retention times and both the spectroscopic and mass spectrometric data, with quantifica-
tion according to peak areas, as compared to previously determined calibration curves.
The recoveries of the different compounds were determined using the standard addition
method (Supplementary Materials Table S1). The samples were spiked with all of the
analysed compounds at four spiking levels (1, 10, 200, 2000 μg/g DW of sample) by adding
different volumes of a methanolic solution of the analytes.
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2.12. Statistical Analysis

All of the experiments were performed as six independent replicates, using a complete
randomisation method. The data are reported as the means ± standard deviation (SD) for
three analyses for each extract. The results were subjected to two-way ANOVA, and the
significances of the differences between the mean values were determined using Tukey’s
multiple comparison tests. Pearson’s correlation analysis was used to define correlations
between the means. All of the tests were performed using the SPSS Statistics software
(version 24; IBM, New York, NY, USA). Statistical significance was defined at the level of
p < 0.05.

3. Results and Discussion

3.1. Effects of Dehulling and Germination on Growth Rates and Total Dry Weight

All of the samples of the hulled and cold dehulled seeds reached high germination
rates of over 95%. The dry weights of the sprouts were monitored for 96 h, at 24-h intervals,
as shown in Figure 1.

Figure 1. Buckwheat sprout dry weights and rootlet lengths over the 96-h germination period.

As also shown in Figure 1, the mean dry weight losses of the sprouts after 48 h were
1.5% for hulled seeds and 6.4% for dehulled seeds. After 96 h, these losses had reached 8.7%
and 21.9%, respectively. Compared to the sprouts from the hulled seeds, the dry weight
losses of those from the dehulled seeds were significantly higher at all of the sampled
stages of germination (p < 0.05).

To determine the growth of the seedlings, the lengths of the rootlets were measured.
After 24 h of germination, the roots were visible for most of the seeds. At this time, the
rootlets of hulled seeds were visible as white spots at the tips of the seeds, and were less
than 1 mm long, while those of the dehulled seeds were significantly longer, with a mean
length of 2.3 mm (p < 0.05) (Figure 2) For the rest of the germination period analysed, the
rootlets of dehulled seeds were always significantly longer than those of hulled seeds.
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Figure 2. Germinated of representative hulled (left) and dehulled (right) buckwheat seeds after 24 h (a) and 48 h (b) of
germination. Scale measures, 1.0 cm.

This difference in rootlet growth rates between hulled and dehulled seeds is probably
due to the higher respiration rate and easier O2/CO2 transfer for dehulled seeds, compared
to hulled seeds. It is also possible that dehulled seeds had better water absorption over
the first few hours of germination [42]. A study performed on barley [43] showed that
hull-less barley malted more quickly than hulled barley, with significant benefits in terms
of reductions in the consumption of water and energy. For these buckwheat seeds, it can
be concluded here that the removal of the hulls results in quicker germination, but not
significantly greater, germination rates.

It can be assumed that the dry weights of these sprouts will have continued to decrease
beyond the 96 h. However, the aim of this study was to determine the dynamic changes
in the early germination stages for the production of buckwheat malt that can be used in
baking and brewing processes.

3.2. Effects of Germination on Total Phenolic Content

The changes in the content of free and bound phenolic compounds at the different
germination stages are shown in Table 1. The total and the free and bound fractions of
the phenolic compounds showed dynamic changes. In the first 24 h of germination, no
significant increases in the TPC were detected. It is possible that, although the growth and
bioactivation of the seeds was observed, some of the water-soluble bioactive compounds
might have been lost during the soaking [44]. For the rest of the germination process,
gradual and significant increases in TPC were observed, with the maximum values obtained
at the end of the 96 h period of monitoring, which is in agreement with a previous study
on germinating buckwheat seeds [34]. Compared to hulled seeds, for dehulled seeds the
increase in TPC was faster, probably as a consequence of the earlier onset of germination.
Germination had the greatest effects on the phenolic content of the free fractions (hulled
vs. dehulled, 2.93-fold vs. 5.40-fold increases, respectively). On the other hand, smaller
increases were seen for the bound fractions of the phenolic compounds (24% vs. 41%
increases, respectively).
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Table 1. Total phenolic content (Folin-Ciocalteu) and antioxidant activities (1,1-diphenyl-2-picrylhydrazyl (DPPH), 3-
ethylbenzothiazolin-6-sulfonic acid diammonium salt (ABTS)) for the free and bound extraction fractions of the buckwheat
seeds during germination.

Analysis Seed Measure Germination Time (h)

Preparation 0 24 48 72 96

Total phenolic content (mg GAE/g dry weight)

Folin- Hulled Free 4.60 ± 0.42 ab 4.21 ± 0.09 a 5.61 ± 0.38 b 8.01 ± 1.09 c 13.46 ± 0.89 d

Ciocalteu Bound 5.47 ± 0.29 a 5.87 ± 0.09 ab 6.13 ± 0.32 bc 6.57 ± 0.50 c 7.28 ± 0.37 d

Total 10.06 ± 0.38 a 10.08 ± 0.19 a 11.74 ± 0.46 b 14.58 ± 1.50 c 20.74 ± 1.20 d

Dehulled Free 4.32 ± 0.12 a 4.46 ± 0.15 a 6.36 ± 0.24 b 14.28 ± 1.05 c 23.31 ± 2.09 d

Bound 3.65 ± 0.12 a 3.91 ± 0.27 a 4.40 ± 0.12 b 4.50 ± 0.25 b 6.19 ± 0.22 c

Total 7.98 ± 0.21 a 8.37 ± 0.35 a 10.76 ± 0.19 b 18.78 ± 1.03 c 29.50 ± 2.17 d

Antioxidant activity (TE/g dry weight)

DPPH Hulled Free 4.61 ± 0.19 a 3.99 ± 0.08 a 5.45 ± 0.56 a 7.60 ± 0.75 b 14.00 ± 2.14 c

Bound 4.15 ± 0.38 a 4.04 ± 0.42 a 5.64 ± 0.66 b 6.10 ± 1.19 b 8.53 ± 0.53 c

Total 8.76 ± 0.49 a 8.03 ± 0.38 a 11.08 ± 1.03 b 13.70 ± 1.83 c 22.53 ± 2.49 d

Dehulled Free 4.45 ± 0.15 ab 3.84 ± 0.18 a 6.42 ± 0.71 b 15.00 ± 1.06 c 24.07 ± 2.39 d

Bound 2.01 ± 0.22 a 2.54 ± 0.19 a 3.37 ± 0.27 b 3.99 ± 0.66 c 5.80 ± 0.16 d

Total 6.46 ± 0.33 a 6.38 ± 0.31 a 9.79 ± 0.64 b 18.99 ± 1.41 c 29.87 ± 2.29 d

ABTS Hulled Free 7.02 ± 0.18 a 7.53 ± 0.36 a 9.09 ± 0.35 b 12.34 ± 0.82 c 19.20 ± 1.11 d

Bound 5.94 ± 0.65 b 4.72 ± 0.47 a 4.64 ± 0.54 a 5.06 ± 0.46 a 6.65 ± 0.33 b

Total 12.96 ± 0.61 a 12.26 ± 0.48 a 13.74 ± 0.71 a 17.4 ± 1.17 b 25.85 ± 1.31 c

Dehulled Free 7.19 ± 0.22 a 7.73 ± 0.38 ab 10.44 ± 1.22 b 23.22 ± 2.28 c 35.02 ± 2.74 d

Bound 3.14 ± 0.26 a 2.59 ± 0.25 a 2.45 ± 0.23 a 2.80 ± 0.26 a 4.71 ± 1.02 b

Total 10.34 ± 0.46 a 10.32 ± 0.6 a 12.89 ± 1.28 a 26.01 ± 2.36 b 39.73 ± 3.51 c

Data are means ± SD, from three independent replicates. Means with different letters indicate statistically significant differences between
the different stages of germination (p < 0.05). GAE: gallic acid equivalents; TE: Trolox equivalents.

For the seeds prior to germination, the contents of free phenolic compounds were
similar in hulled and dehulled seeds (Table 1, 0 h). Initially here, as percentages of TPC,
the free phenolic compounds were 45.7% in hulled seeds and 54.1% in dehulled seeds. In
comparison to cereals (i.e., the Poaceae family), the contribution of free phenolic compounds
to the TPC in buckwheat seeds is higher, as in cereals most of the phenolic compounds are
in a bound form [22].

Throughout the germination period, the bound phenolic content remained signifi-
cantly higher for hulled seeds compared to dehulled seeds. These data are in agreement
with previous studies that reported higher bound phenolic content in buckwheat seed hulls
compared to the rest of the seeds [23,45].

From Figure 1, it can be seen that the dry mass of seeds decreases during germination.
Here, 10% to 20% of the dry mass was lost during the respiratory metabolic processes
required for seed germination and sprout growth to 96 h. The increases in all of the
fractions of the phenolic compounds in these sprouts at 96 h will be a combination of de
novo synthesis and, to a lesser extent, the concentration of the tissues rich in phenolic
compounds, due to the loss of the starchy endosperm [45].

3.3. Effect of Germination on Antioxidant Activity

The total AA measured by both the DPPH and ABTS assays gradually increased for
both hulled and dehulled sprouts over the 96-h germination period, as summarised in
Table 2.
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Before germination, the total AA was higher in hulled seeds compared to dehulled
seeds. For both hulled and dehulled seeds, the germination significantly increased AA. The
highest measured AA in these methanol extracts was at 96 h of germination for dehulled
seeds, and the lowest was for the bound fraction from before germination and after 24 h
of germination of dehulled seeds (Table 1). Compared with the Folin–Ciocalteu method
for phenolic content (see also Table 1), the AA measures showed similar trends during the
course of germination.

In the DPPH test for AA of the free fractions of these seed extracts, up to 48 h after
the start of germination there were only minor increases compared to the seeds before
germination, with no significant difference between the hulled and dehulled seed extracts.
However, after 48 h of germination, AA here increased rapidly, with significantly higher
values measured as the maxima that were reached after 96 h.

These data for the DPPH tests showed significant correlations (p < 0.01) between the
TPC and AA in the free fractions of both hulled (r = 0.974) and dehulled (r = 0.988) seeds.
In the bound fractions, significant correlations were still observed (p < 0.05) for both these
hulled (r = 0.781) and dehulled (r = 0.926) seed extracts.

The AA obtained using the ABTS assay showed similar trends, with some small
differences. Overall, the AA in the free fractions of these seed extracts measured by the
ABTS method was significantly higher than that by the DPPH method, which might be
explained by the higher activities of the phenolic compounds contributing to the antioxidant
potential of the seed extracts towards the ABTS radical [46,47]. It was also noted that the
ABTS/DPPH ratio changed, reaching a maximum at 24 h of germination, at around 2.0,
and then decreasing to around 1.4 for the 96-h germinated seed extracts. This indicates that
during germination, the chemical compositions of the antioxidants were changing, as well
as their total concentrations. The different reactivities of particular antioxidants toward the
ABTS/DPPH radicals and the changes in their relative compositions will be reflected in
these different AA values obtained by the two methods. Indeed, Floegel et al. reported that
antioxidant capacities determined for various foods in in vitro assays differed significantly
across these two assays (i.e., ABTS and DPPH) [48].

With the ABTS assay, the maximum values of the AA in the free fraction were reached
after 96 h of germination, as 19.20 mg TE/g DW and 35.02 mg TE/g DW in hulled and
dehulled seeds, respectively. As with the DPPH and Folin-Ciocalteu methods, the lowest
values were detected before germination and after 24 h of germination. These data for the
ABTS assay also showed significant correlations (p < 0.01) between the TPC and AA for
the free fractions of both hulled (r = 0.976) and dehulled (r = 0.992) seeds. For the bound
fractions, significant correlations were again observed (p < 0.05) for the hulled (r = 0.450)
and dehulled (r = 0.781) extracts.

In general, the AA in the bound fractions of these seed extracts were lower compared
to the free fractions. In the bound fractions, the differences between the extracts before
germination and after 96 h of germination were lower in comparison to the free fractions,
where strong increases in the AA were seen during the course of germination.

For the DPPH assay, the lowest values in the bound fractions were seen up to 24 h
after the start of germination. Afterwards, the AA began to increase, to reach the maxima
at 96 h. In the ABTS assay, the AA of the bound phenolic compounds before germination
decreased significantly over the first 24 h of germination (20%, 17% for hulled and dehulled
seeds, respectively). Afterwards, the AA slowly increased and reached starting values
again after 72 h of germination. These data for the AA in the bound fractions of these seed
extracts confirmed the significant differences between these two assays. The lower levels
of AA measured using ABTS can be explained by the low content of phenolic compounds
that contributed to the antioxidant potential towards the ABTS radical [47]. This is also
confirmed by the lower correlations between the AA in the bound fraction in the ABTS
assay and the Folin–Ciocalteu and DPPH assays.

In general, these data for AA also concur with previous studies on buckwheat seeds
and germinated buckwheat seeds [24,49–51]. However, it needs to be noted that detailed
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comparisons of the data in the present study with the data in the literature can be difficult,
as previous studies were mainly related to buckwheat seeds either before germination [52]
or as sprouts [53], without consideration of the effects of dehulling on the levels of the
bioactive compounds and the antioxidative potential.

3.4. Phenolic Characterisation by Liquid Chromatography–Mass Spectrometry

Liquid chromatography coupled with mass spectrometry is a powerful tool for the
analysis of a wide range of compounds. It is now commonly used for the analysis of
phenolics and other bioactive compounds in biological samples. In the present study,
LC-MS analysis of the extracts of the germinated seeds (i.e., sprouts) identified several
phenolic compounds, most of which were flavonoids in glycosylated and aglycone forms.
In contrast to cereals (i.e., the Poaceae family) where the majority of phenolic compounds
are bound to cell walls [54], the buckwheat seed phenolic compounds are mostly in free
forms [52].

The characterisation of the methanol extracts showed that the predominant phenolic
compound in the seeds before germination was rutin, with significantly higher levels in
hulled seeds compared to dehulled seeds (98.05, 65.39 μg/g, respectively) (Table 2). The
other important flavonoids in these seeds were vitexin (33.33, 3.35 μg/g, respectively),
catechin (23.15, 10.67 μg/g, respectively) and epicatechin (17.88, 7.48 μg/g, respectively).
Three other major phenolic compounds in the germinated seeds, orientin, isoorientin and
vitexin, were present at low concentrations before germination, and then greatly increased
during germination (Table 2). The higher levels of the phenolic compounds overall in
hulled seeds indicate that the majority of these bioactive compounds are stored in the hull
and the outer parts of the seed, such that dehulling significantly decreases their levels.
Similar data for higher levels of phenolic compounds in buckwheat seed hulls have also
been reported in previous studies [23,55].

In the first 24 h of germination, no significant differences were seen for the majority of
these phenolic compounds analysed. Interestingly, the rutin levels were even decreased
after 24 h, by 13.1% in hulled seeds and 6.7% in dehulled seeds. This decrease can be
explained by the leaching of water-soluble phenolic compounds into the steeping water
during the early seed soaking [45,56]. Despite the loss of some of these seed bioactive
compounds during soaking, with longer germination times there were increased contents
of all of these compounds analysed in these sprouts, which is in agreement with the data
here for TPC and AA (Table 1).

For the dehulled seeds, in the first 24 h of germination they already showed increased
vitexin, catechin and epicatechin levels. These increases would indicate the faster onset
of de novo synthesis of these bioactive compounds in the dehulled seeds. As already
noted, compared to the hulled seeds, this was probably due to their faster water intake,
and consequently more vigorous physiological activity [42,43]. However, the greatest
increases in the majority of the compounds analysed here occurred after 48 h of germination.
Comparing the levels of phenolics going from 48 h to 72 h of germination, over this 24-h
period, rutin levels increased by 1.8-fold and 2.5-fold, vitexin by 6.4-fold and 14-fold, and
orientin by 6.9-fold and 5.2-fold in hulled and dehulled seeds, respectively. As can be
seen, these relative increases in most of the phenolic compounds were lower in hulled
seeds compared to dehulled seeds. During the final 24 h of the germination (i.e., to 96 h),
the levels of these bioactive compounds continued to increase, with the maximum values
for all of the compounds analysed seen after 96 h of germination. With the exception of
hyperin, the levels of all of the compounds analysed were significantly higher in dehulled
sprouts (p < 0.05).

Overall, the 96-h germination increased the contents of the major phenolics in these
seeds as follows: epicatechin, 70-fold; catechin, 44-fold; and rutin, 15-fold. The levels of
orientin, isoorientin and vitexin were low in the seeds before germination, and so during
germination these levels increased by 878-fold, 1095-fold and 558-fold, respectively. These
increases might appear to be particularly large, but it must be noted that these compounds
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were at particularly low concentrations in the seeds before germination, and their levels
were greatly increased by germination. Similar rutin, orientin, isoorientin and vitexin levels
in seeds and germinated sprouts have been reported in previous studies [57,58].

Based on the specific reactivities of the phenolic compounds identified [59,60] and
their levels in these seed extracts, their contributions to the AA measured can be evaluated.
It can be estimated that in the seeds before germination, the contribution of the sum of
the phenolic compounds to total AA was relatively low, at only about 5% to 8% of AA
determined using DPPH. Other redox-active compounds therefore contributed most to the
AA before germination. Upon germination, the levels of the major phenolic compounds
increase significantly, which coincided with the increased AA (Figure 3). The calculated
relative contributions of the major phenolic compounds after 96 h of germination to the total
AA was increased from the few percent beforehand, to approximately 60%. These increases
in AA during the germination of these seeds can therefore be attributed preferentially to
newly synthesised bioactive phenolic compounds. This is also very important from the
nutritional point of view, as the compounds identified here are recognized as having health
benefits [16–19].

Figure 3. Comparison between antioxidant activity (AA) determined by the DPPH method and the sum of the phenolic
compounds (SPC) determined by liquid chromatography-mass spectrometry (LC-MS) for the free fraction of the germinating
buckwheat seed extracts.

Analysis of the bound fractions of these seed extracts showed that p-coumaric acid
and vitexin were the major phenolics. Orientin, isoorientin, rutin and hyperin were also
present in the bound fractions, although at lower levels than in the free fractions (Table 2).
It is of note that the dehulling reduced the bound phenolic content in these seeds, which is
in agreement with data from Li et al. [61], where it was shown that the highest levels of
bound phenolic compounds are in the seed hulls. The accumulation of bound phenolic
compounds during the course of germination was nevertheless similar for hulled and
dehulled seeds. As the hull is an inedible part of the seeds, and as it is always removed
during processing and preparation for human consumption, this initial loss of phenolic
compounds due to the dehulling is not relevant in nutritional terms.

According to the data in the present study, the dehulling of the seeds prior to germi-
nation had significant effects on the levels of these individual phenolic compounds, as well
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as the phenolic profile in the edible part of these seeds. Most importantly, the content of
the major health-promoting compounds, such as orientin, isoorientin, vitexin and rutin,
were enhanced more rapidly in dehulled seeds. These data thus show that the combination
of cold dehulling and seed germination is a promising method for implementation for the
production of new functional food ingredients.

4. Conclusions

In the present study, the germination of buckwheat seeds is demonstrated to be an
excellent way for increasing their content of phenolic compounds as well as their AA.
A new processing approach of the mechanical cold dehulling of buckwheat seeds was
used that maintained the high germination rates through seed dehulling. The goal was to
determine the effects of this dehulling before germination on seed germination, growth,
the TPC, AA and individual phenolic contents. The data obtained show that in comparison
with hulled seeds, this cold dehulling maintained high germination rates and promoted
faster growth of the buckwheat groats, which resulted in greater increases in TPC, AA
and all of the phenolics determined. Some of the important health-promoting compounds
of the germinated seeds, including orientin, isoorientin, rutin and vitexin, were detected
at greater concentrations in the sprouts from the dehulled seeds. As the inedible part of
the seeds was removed (i.e., the hull), such dehulled germinated buckwheat seeds can be
used directly in various technological food preparation processes. These improved TPC
and antioxidant properties thus further demonstrate that germinated dehulled buckwheat
groats provide an excellent raw material for the preparation of functional food products.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-8
158/10/4/740/s1, Table S1. Characteristics of the phenolic compounds in buckwheat extracts as
analysed by LC-MS, Figure S1: Representative mass chromatogram of (A) nongerminated hulled
buckwheat extracts, (B) nongerminated hulled buckwheat extracts spiked with standards and (C) 96
h germinated hulled buckwheat extracts.
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Abstract: Droughts and high temperatures are the main abiotic constraints hampering durum wheat
production. This study investigated the accumulation of phenolic acids (PAs) in the wholemeal flour
of six durum wheat cultivars under drought and heat stress. Phenolic acids were extracted from
wholemeals and analysed through HPLC-DAD analysis. Ferulic acid was the most represented PA,
varying from 390.1 to 785.6 μg/g dry matter across all cultivars and growth conditions, followed by
sinapic acids, p-coumaric, vanillic, syringic, and p-hydroxybenzoic acids. Among the cultivars, Cirno
had the highest PAs content, especially under severe drought conditions. Heat stress enhanced the
accumulation of minor individual PAs, whereas severe drought increased ferulic acid and total PAs.
Broad-sense heritability was low (0.23) for p-coumaric acid but ≥0.69 for all other components. Posi-
tive correlations occurred between PA content and grain morphology and between test weight and
grain yield. Durum wheat genotypes with good yields and high accumulation of PAs across different
growing conditions could be significant for durum wheat resilience and health-promoting value.

Keywords: durum grains; phenolic compounds; genetic variability; heritability; climate constraints;
yield performance

1. Introduction

Durum wheat (Triticum turgidum ssp. durum (Desf.) Husnot) is one of the most
common cereal crops in Mediterranean climates and the tenth most cultivated species in
the world. Despite accounting for only 5% of global wheat production, this wheat species
is a key commodity for many areas worldwide, especially for the countries surrounding
the Mediterranean basin, North America, the desert area of the southwestern United States,
North Mexico, and sub-Saharan Africa [1].

Traditionally, durum-based foods have a large diversification across the producing
countries. While pasta is the most popular product worldwide and a symbol of the Italian
cousin, couscous is the most common durum-based food in North Africa, and durum
wheat breads are traditionally important in Southern Italy, Spain, Turkey, and Mid-East
Mediterranean regions. Locally in the Mid-East, durum wheat is also used to make bulgur
(made from the cracked parboiled grains) and freekeh (a dish made with green, roasted,
and rubbed grains); in Turkey and Cyprus, tarhana is a fermented soup made with durum
grains and yogurt or milk. Overall, the above products provide a significant slice of
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calories and proteins to human diets; additionally, they are an important source of bioactive
components contributing to a healthy diet [2,3].

Durum wheat is mainly grown under rainfed conditions, often encountering drought
and heat stresses that hamper yield potential and influence the qualitative characteristics
of the grains [4,5]. Therefore, it is of great importance to investigate the effects of these
environmental constraints that have become more and more frequent due to climate
change that is also posing a serious challenge for durum wheat growth [6]. Among
the drawbacks of water scarcity in durum cultivation is the reduction of plant height,
grain size, transpiration rate, and hormonal imbalance [7,8]. Durum wheat is also very
sensitive to elevated temperatures, especially when they occur at grain filling and flowering
times [9]. High temperatures can affect its physiological traits and reduce seed germination,
grain filling, grain number, photosynthetic capacity, chlorophyll content, and typically
induce early leaf senescence [10]. An excess of reactive oxygen species (ROS) production
in response to drought and heat stresses can cause damages to proteins, carbohydrates,
lipids, and nucleic acids [11]. To counteract the injuries of oxidative stress, the wheat
plant has developed a complex defense system based on the production of enzymatic and
non-enzymatic antioxidants [12]. Among the latter, phenolic acids are the major subclass
of polyphenols participating in the scavenging of ROS in cereals [13]. The antioxidant
capacity of these compounds depends on both the number and position of the hydroxyl
groups in the benzene ring and on ortho-substitution with the methoxy group [14]. In
addition to contributing to biotic and abiotic resistance in plants, in humans, phenolic
acids contribute to the prevention of a number of non-communicable diseases due to their
anti-inflammatory and anti-carcinogenic properties [3,15].

Typically, phenolic acids are classified as hydroxy derivatives of either cinnamic
or benzoic acid, the former including ferulic acid that alone accounts for about 90% of
total phenolic acids in the wheat grain [16]. In mature durum kernels, the majority of
phenolic acids (up to 75–80%) are insolubly bound to cell wall polymers, while the rest
(20–25%) are esterified to sugars and other low molecular mass compounds, and only
0.5–2% are soluble and free [15]. The content and composition of phenolic acids may vary
in the wheat germplasm as documented by a large body of literature [17]. The extent
of variation for PAs is up to 3.6-fold [18,19], and it is influenced by both the genotype
and environmental factors [18,19]. To unravel the genetic base of the trait, investigations
were carried out to identify and characterize the enzymatic genes and QTLs involved in
phenolic acids pathways [20,21]. To date, only a few reports describe the effect of abiotic
and biotic factors on individual phenolic acids accumulation in mature wheat kernels
and more studies need to be carried out to support the first evidence [11]. Only a few
works have investigated the effects of genotype, environment, and their interaction on the
content and composition of phenolic acids in durum wheat grains under drought and heat
stress [22–24]. Moreover, elite durum wheat cultivars developed from the large gene pool
available at the International Maize and Wheat Improvement Center (CIMMYT) grown
under abiotic stresses were assessed for yield performances and nutritional and qualitative
traits but not for phenolic acids accumulation [25,26]. Some of the above cultivars have
been used largely in several durum producing areas and are of great interest due to their
high yield performances, disease resistance, grain quality, and tolerance to drought and
heat stresses [25].

The objective of this study was to test the impact of drought and heat stresses on
phenolic acids content and composition in the mature grains of a set of durum cultivars
representative of CIMMYT durum germplasm. In addition to the variability for individ-
ual and total phenolic acids, the study was aimed at assessing the effects of genotypes,
growth conditions, and their interactions to assess the possibility of breeding for phenolic
compounds.
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2. Materials and Methods

2.1. Plant Materials/Agronomic Trials

Six elite durum wheat varieties, which are some of the most important in 50 years of
breeding at CIMMYT, were considered in this study: Mexicali (released in 1975), Yavaros
(released in 1979), Altar (released in 1984), Atil (released in 2000), Jupare (released in
2001), and Cirno (released in 2008) (Table S1). The cultivars were sown in 2015–16 and
in 2016–2017 crop seasons in Ciudad Obregon, Sonora, in northwestern Mexico. The
experimental trials were planted with two replicates in a randomized complete block
design under six different growth conditions: (1) drip irrigation in beds; (2) full irrigation
in flat beds; (3) full irrigation in beds; (4) mild drought stress; (5) severe drought stress; and
(6) severe heat stress. All the trials were planted in November, except for severe heat stress
(planted in February). All the plots (6.5 m2) had full irrigation (>500 mm) except medium
drought stress (300 mm) and severe drought stress (180 mm). Weed, diseases, and insects
were all well controlled. In all the trials, N was applied (pre-planting) at a rate of 50 kg
of N/ha, and at tillering, 150 additional units of N were applied in all the plots except in
severe drought stress (50 N units). At maturity, whole plots were harvested, grain yield was
calculated, and 1 kg of grain from each durum line was used for analyzing the quality traits.
The meteorology data of the experimental station in Ciudad Obregon was characterized
by almost no precipitation during the wheat growing season. Average temperatures were
between 12 and 24 ◦C in March and April, the grain filling time for all treatments, except
for plants under heat stress at temperatures between 19 and 28 ◦C during grain filling in
May. Flowering time and physiological maturity in most of the examined cultivars occur at
similar times because these genotypes were bred for the same growing area. According
to the general growing stages of durum wheat in Ciudad Obregon, drought stress was
continuous from stem elongation to grain ripening in moderate and severe drought stress
trials. In severe heat stress trial, higher temperatures than in the normal planting time
started from shoot elongation and remained in the grain filling stage until ripening.

2.2. Grain Traits

The digital image system SeedCount SC5000 (Next Instruments, Australia) was used
to calculate 1000 kernel weight (g) and test weight (kg/hL). With the same device other
grain morphological traits such as grain length, width, and thickness were obtained. Grain
protein content (%) and moisture content were determined by near-infrared spectroscopy
(NIR Systems 6500, Foss Denmark) calibrated based on official AACC methods 39–10 and
46–11A, respectively (AACC, 2010). Protein content was adjusted to a 12.5% moisture basis.

2.3. Phenolic Acids Analysis

Wholegrain samples were milled at particle size ≤1 mm using a 1093 Cyclotec™
Sample mill (FOSS, Hilleroed, Denmark) to produce wholemeal flour. Milled samples were
stored at −20 ◦C until analysis to protect phenolic acids from degradation. Total phenolic
acids (sum of soluble and insoluble fractions) were extracted from wholemeal flour samples
according to details previously described [19]. In brief, samples were delipidated twice
with hexane, hydrolysed with 2 M NaOH, and acidified with HCl 12 M to pH 2 prior to
undergoing ethyl acetate extraction. Extracts were dried under nitrogen flux and dissolved
in 200 μL of 80:20 methanol/water and quali-quantitatively analyzed using an Agilent
1100 Series HPLC-DAD system (Agilent Technologies, Santa Clara, CA, USA) equipped
with a reversed phase C18 (2) Luna column (Phenomenex, Torrance, CA, USA) (5 μm,
250 × 4.6 mm) at a column temperature of 30 ◦C. A mobile phase consisting of acetonitrile
(A) and 10 mL/L water solution of H3PO4 (B) was used for the following elution program:
isocratic elution, 100% B, 0–30 min; linear gradient from 100% B to 85% B, 30–55 min;
linear gradient from 85% B to 50% B, 55–80 min; linear gradient from 50% B to 30% B,
80–82 min; and post time, 10 min before the next injection. The flow rate of the mobile
phase was 1 mL/min, and the injection volume was 20 μL. The column temperature was
kept at 30 ◦C. Peaks were identified by comparing their retention times and UV-Vis spectra
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to those of authentic phenolic standards: p-hydroxybenzoic acid, vanillic acid, syringic
acid, p-coumaric acid, sinapic acid, and ferulic acid (Sigma-Aldrich, Gillingham, U.K.).
All phenolic acids were quantified via a ratio to the internal standard (3,5-dichloro-4-
hydroxybenzoic acid, Sigma-Aldrich, Gillingham, U.K.) added to every sample and using
calibration curves of phenolic acid standards. The wavelengths used for quantification of
phenolic acids were 280, 295, and 320 nm. All samples were extracted and analyzed in
duplicate, and concentrations of individual phenolic acids were expressed in micrograms
per gram of dry matter.

2.4. Statistical Analysis

We obtained the Best Linear Unbiased Estimated (BLUE) of the durum wheat lines
for each of the response traits using a linear mixed model with the fixed effect containing
the growth conditions (established by the field management), year (which reflects the
different environmental conditions in the two years of the trial that are independent of
the field management), durum wheat lines, and their interactions. We also computed the
broad-sense heritability (repeatability) and the genetic correlation matrices for the various
traits through a combined analysis of the evaluated durum wheat lines across growth
conditions and years.

For BLUEs estimation, the following linear mixed model was used:

Yijkl = μ + Ei + Yk + EYik + Rj(EYik) + Gl + EGil + YGkl + EYGikl + εijkl (1)

where μ is the general mean, Ei is the fixed effects of the growth conditions (I = 1, . . . ,
s), Yk represents the fixed effects of the years (k = 1.2, ..., y), EYik is the inetraction between
growth condition and year, Rj(EYik) is the effects of the replicates (j = 1, 2) within growth
condition and year assumed to be identically and independently normally distributed with
mean zero and variance σ2

j(i k), the fixed effects of the durum wheat lines are Gl (l = 1,2,
..., m), EGil is the line by growth condition interaction, the term YGkl is the line by year
interaction, and the triple interaction between the growth conditions, year, and durum
wheat lines is denoted by EYGikl . The term εijkl is a random residual associated to the lth
wheat line in the jth replicate within the ith growth condition and kth year combination
and assumed to be identically and independently normally distributed with mean zero
and variance σ2

ε. The code used for fitting the linear mixed model of Equation (1) was
generated using SAS software, Version 9.

The broad-sense heritability was calculated as:

H2 =
σ2

g

σ2
g + σ2

ge/nloc + σ2
gy/nyear + σ2

gey/nlocyear σ2
ε /(nloc × nyear × nrep)

(2)

where σ2
g , σ2

ge, σ2
gy, σ2

gey, and σ2
ε are the genotype, genotype by growth condition interaction,

genotype by year interaction, genotype by growth condition and by year interaction, and
the error variance components, respectively; nloc, nyear, and nrep are the number of
growth conditions; and rg is the number of years and number of replicates, respectively.

The genetic correlation matrices among sites were calculated using equations from
Cooper and Delacy [27]: ρ

gij=
ρpij
hihi′

where ρpij is the phenotypic correlation among growth

condition–year combination i and i/, and hi and hi′ are the square roots of the growth
condition–year combination i and i/, respectively.

3. Results

3.1. Grain Yield, Grain Traits, and Phenolic Acid Profile of Durum Wheat Cultivars

Six durum cultivars out the foremost durum varieties developed at CIMMYT were
evaluated for grain yield, general grain traits and the content and composition of phenolic
acids in wholemeal flour under six growth conditions across two years. The growth
conditions varied from optimal to critical due to the effect of moderate to severe drought
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and severe heat stresses. A summary of the data of grain yield and other grain traits
recorded is showed in Table S2. In full irrigation environments, the cultivars produced
more than seven tons per hectare, which was reduced to 4 and 3 tons per hectare under
severe drought and heat, respectively. Test weight and 1000 kernel weight showed a similar
pattern compared to grain yield, while grain protein content was higher in the stressed
growth conditions. In overall, the genotype with best performance was Cirno, showing
the highest grain yield and size values and the third highest test weight and grain protein
content values. A first picture of results of the phenolic acids composition is provided in
Table 1 which summarizes the variation of individual phenolic acids of the cultivars grown
across all tested conditions and years. Ferulic acid was the most represented phenolic
acid with a grand mean of 563.07 μg/g dry matter and a variation range from 390.1 to
785.6 μg/g dry matter across all cultivars and growth conditions. Sinapic acid was the
second phenolic acid for abundancy, followed by four minor components (i.e., p-coumaric,
vanillic, syringic and p-hydroxybenzoic acids). Overall, each variety had a typical phenolic
acid profile, differing significantly (p < 0.05) for almost all individual components (Table 1).
Cirno was the cultivar with the highest content of major phenolic acids (i.e., ferulic and
sinapic acids) and, so far it had the highest content of total phenolic acids (TPAs). As a
second insight into phenolic variation of the cultivars, we looked at the average values of
individual phenolic acids as influenced by the six tested growth conditions tested across
two years (Table S3). The outcome data revealed an impact of growth conditions that
was different on individual phenolic acids (Figure 1, Table S4). While severe heat stress
enhanced the accumulation of some minor individual phenolic acids (i.e., p-coumaric,
syringic and vanillic acids), severe drought had a higher impact on the most abundant
phenolic acid, namely ferulic, and consequently on TPAs. By comparing the three main
growing conditions used in Mexico for durum wheat (i.e., drip irrigation in beds, full
irrigation in flat beds, and full irrigation in beds) with the stress conditions, an increase of
individual phenolic acids was found under severe drought (Table S3).

Table 1. Mean values, minimum/maximum values, coefficient of variation (CV), heritability and
least significant difference (LSD) for grain phenolic acids content (μg/g dry matter) in six CIMMYT
durum wheat cultivars evaluated across two years and six growth conditions. TPAs: total sum of
individual phenolic acids. Numbers with the same letter in each column are not significantly different
(p < 0.05).

p-Hydroxy-
benzoic

Acid

Syringic
Acid

Vanillic
Acid

p-
Coumaric

Acid

Ferulic
Acid

Sinapic
Acid

TPAs

Altar 4.87 b 5.37 d 8.15 c 14.24 bc 540.96 c 51.58 c 625.18 cd

Atil 4.80 b 5.16 d 8.14 c 12.94 d 563.69 b 55.04 b 649.75 b

Cirno 5.12 a 5.81 bc 8.16 c 13.85 c 611.00 a 59.13 a 703.09 a

Jupare 3.85 c 6.10 ab 9.30 b 14.84 b 530.09 c 54.62 b 618.80 d

Mexicali 3.30 d 6.14 a 9.83 a 14.09 b 568.34 b 54.74 b 657.29 b

Yavaros 3.99 c 5.73 c 9.06 b 16.38 a 559.15 b 45.21 d 639.52 bc

Grand
Mean 4.34 5.72 8.79 14.52 563.07 53.2 649.87

Range 1.9–6.8 2.4–8.5 5.4–12.8 7.4–38.3 390.1–785.6 29.4–92.3 444.9–902.2
CV 6.9 9.87 7.48 8.3 4.92 5.16 4.86

Heritability 0.95 0.75 0.89 0.23 0.69 0.85 0.65
LSD 0.17 0.33 0.38 0.74 17.1 2.21 19.51

Moreover, the results showed that sinapic acid was not enhanced neither by water
scarcity nor by elevated temperatures, but it increased under the drip irrigation in beds, full
irrigation in flat beds, and full irrigation in beds conditions (p < 0.05). The outcome results
also remarked a rise of the two major phenolic acids (i.e., ferulic and sinapic acids), and of
the least abundant p-hydroxybenzoic acid under the full irrigation in flat beds condition.
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Figure 1. Average values of individual phenolic acids, evaluated in wholemeal flour of six CIMMYT
durum cultivars over two years under six different growth conditions. TPAs: total sum of individual
phenolic acids. Different letters show significant differences (p < 0.05).

3.2. Effects of Genotype, Growth Conditions, Year, and Their Interactions

An ANOVA analysis was carried out to determine the effects of the genotype, growth
conditions, year, and their interactions on the grain phenolic acid contents. The analysis
showed that almost all the factors involved in the experimental trial had a highly significant
effect on phenolic acids (p < 0.0001) (Table 2). The year and growth conditions were the
most impactful sources of variation, followed by genotype and the E × Y, G × E, E × Y
and G × E × Y interactions. The Rep (E × Y) interaction was not significant for all
the traits. The variance ascribed to the year, due to the effect of the different climatic
conditions occurring across the two years of the experimental trials, was particularly high
for almost all individual phenolic acids, with the exception of two minor components
(i.e., p-hydroxybenzoic acid and p-coumaric acid). Conversely, genotype variance was
consistent for p-hydroxybenzoic acid, while the first source of variation for p-coumaric
acid was the growth conditions (Table 2). Broad-sense heritability, based on the variance
component estimates with combined analysis, varied largely among individual phenolic
acids, being low (0.23) for p-coumaric acid, above 0.69 for all other components, and 0.65
for TPAs (Table 1).
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Table 2. Analysis of variance of individual phenolic acids in six CIMMYT durum wheat cultivars evaluated across two
years and six growth conditions. Mean squares values are shown.

Source DF
p-Hydroxy

Benzoic
Acid

Syringic
Acid

Vanillic
Acid

p-Coumaric
Acid

Ferulic
Acid

Sinapic
Acid

TPAs 1

Year (Y) 1 0.61 * 59.82 *** 83.31 *** 0.21 *** 220,684.87 *** 6149.96 *** 320,586.19 ***
Growth

conditions (E) 5 7.08 *** 5.51 *** 5.26 *** 276.34 *** 27,885.92 *** 1650.95 *** 18,322.21 ***

E x Y 5 4.01 *** 5.11 *** 3.10 *** 32.38 *** 19,815.92 *** 540.06 *** 27,821.01 ***
Rep (E x Y) 12 0.08 ns 0.26 ns 0.44 ns 0.45 ns 214.82 ns 9.10 ns 284.14 ns

Genotype (G) 5 12.07 *** 3.73 *** 12.13 *** 32.43 *** 20507.17 *** 545.30 *** 24,087.22 ***
G × Y 5 0.28 *** 0.214 *** 1.380 * 4.117 * 9046.34 *** 109.01 *** 11,060.94 ***
G × E 25 0.41 * 1.28 *** 1.46 *** 45.12 *** 6831.27 *** 82.69 *** 9043.75 ***

G × E × Y 25 0.95 *** 0.74 ** 1.26 *** 9.16 *** 5768.96 *** 95.32 *** 7721.88 ***
Error 60 0.09 0.33 *** 0.43 *** 1.65 *** 876.77 *** 14.71 *** 1141.52 ***

1: sum of individual phenolic acids. *: p < 0.05, **: p < 0.01, ***: p < 0.001, ns = not significant, DF = degree of freedom.

3.3. Relationships between Phenolic Acids, Yield Components, and Protein Content

The phenotypic correlation coefficients were calculated among individual phenolic
acids, TPAs, and other traits, as shown in Table 3. In particular, we considered the correla-
tions between phenolic acids and grain yield, 1000 kernel weight, test weight, grain length,
grain width, and protein content across years and growth conditions. Four of the individual
phenolic acids and TPAs were correlated in a positive manner (p < 0.05) with grain yield.
In addition to this, all individual phenolic acids except vanillic acid showed a positive
or neutral correlation with 1000 kernel weight. In the case of test weight, only syringic
and sinapic acid showed positive associations with it. TPAs were positively correlated
with grain yield and all other kernel morphological traits, except for test weight (Table 3),
although, in this case, the correlation was significant but weak (r = −0.14). Similarly, the
protein content was negatively correlated (p < 0.05) with the minor PAs (syringic, vanillic,
and p-coumaric acids) and positively correlated with the major PAs and TPAs. Moreover,
looking at the correlations among individual PAs, p-hydroxybenzoic acid had negative
correlations with syringic, vanillic, and p-coumaric acids and positive correlations with
sinapic and ferulic acids and TPAs.

Table 3. Correlation coefficients (r) among individual phenolic acids (PAs) contents and other phenotypic traits including
yield components protein content and kernel morphology and across year and growth conditions. TPAs: total sum of
individual phenolic acids.

Grain
Yield

1000 K.
Weight

Test
Weight

Protein
Con-
tent

Grain
Length

Grain
Width

Grain
Thick-
ness

p-
Hydroxy
Benzoic

Acid

Syringic
Acid

Vanillic
Acid

p-
Coumaric

Acid

Ferulic
Acid

Sinapic
Acid

TPAs

Grain yield 1
1000 K.
weight 0.78 1

Test weight −0.16 −0.60 1
Protein
content NS −0.13 0.43 1

Grain length −0.39 −0.62 0.88 0.69 1
Grain width NS −0.32 0.64 −0.38 0.24 1

Grain
thickness −0.60 −0.91 0.64 −0.17 0.48 0.66 1

p-
Hydroxybenzoic 0.55 NS 0.24 0.46 NS NS NS 1

Syringic 0.17 0.39 NS −0.62 −0.25 0.47 NS −0.64 1
Vanillic −0.42 NS −0.18 −0.51 NS 0.12 NS −0.98 0.78 1

p-Coumaric −0.49 −0.36 NS −0.84 −0.23 0.53 0.59 −0.64 0.54 0.65 1
Ferulic 0.32 −0.26 0.87 0.47 0.64 0.59 0.35 0.62 −0.15 −0.52 −0.34 1
Sinapic 0.77 0.65 0.13 0.55 0.13 −0.13 −0.66 0.43 NS −0.33 −0.79 0.46 1
TPAs 0.41 −0.14 0.83 0.49 0.61 0.56 0.24 0.61 NS −0.50 −0.40 0.99 0.56 1

All correlations are significant (p < 0.05) except for NS: not significant.
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4. Discussion

Durum wheat-based foods are major components of the human diet in many areas
worldwide, and the content of grain functional compounds, such as phenolic acids that are
beneficial to human health, has become an important subject of research. While there is a
wide knowledge on the genetic variability of phenolic acids in wheat germplasm collec-
tions [17], in view of durum breeding programs, the assessment of the genetic stability of
phenolic acids under different growth conditions has been reported only in a few investiga-
tions [22–24,28]. A recent report released by the Food and Agriculture Organization [29]
showed that the increasing frequency and intensity of extreme weather constraints, such
as water scarcity and elevated temperatures as a result of climate changes, are having
a devastating effect on food security and livelihoods, also posing a challenge to durum
wheat cultivation. Our study is the first one affording the effect of drought and heat stress
on the phenolic acids profile of a set of durum cultivars developed at CIMMYT over the
last 50 years. The examined cultivars have been introduced in many wheat producing
areas due to their high yield potential, disease resistance, grain quality, and tolerance to
drought and heat stresses, and they have been used by durum breeding programs carried
out by different research institutions in several countries [25]. Based on the overall data,
we identified six main individual phenolic acids (i.e., ferulic acid, vanillic acid, p-coumaric
acid, sinapic acid, syringic acid, and p-hydroxibenzoic acid), in line with results arisen from
durum wheat genetic diversity screen [19] and validating previous findings on the effects
of abiotic stress on the accumulation of phenolic acids [23]. The range of variation across
the cultivars, years, and growth conditions for phenolic acids was comprised between
444.9 and 902.2 μg/g dry matter. So far, a twofold range of variation was found in this
study, which was slightly lower with that observed in the genetic diversity assessment
considering a higher number of genotypes [18,19]. This is probably due to the fact that, in
our study, we only used modern durum varieties developed by the same breeding program
while the cited studies analyzed the variability for phenolic compounds in heterogenous
collections with materials of different wheat species and origins.

Compared to previous works which assessed the effects only of elevated tempera-
tures [23,28] or drought [24], this study considered the effects of both drought and heat
stress on a set of durum wheat genotypes. Another element of novelty of the present work
is that we did not consider the variation for soluble free, soluble bound, and insoluble
bound phenolic acids separately, but we considered the variation for all fractions as a whole,
as previously shown [19]. This choice was supported by evidence that the amount of total
soluble free, soluble bound, and insoluble bound phenolic acids extracted separately is
equal to the amount of the three fractions recovered together [15,19]. Moreover, it was
shown that the relative proportion of the three fractions in wheat grains (0.5–2% soluble
free; 18–22% soluble bound; 77–80% insoluble bound) is common to all wheat genotypes
independently of growing conditions and environments [4,19,30]. All phenolic fractions
have important biological properties to protect human health. While soluble free phenolic
acids are rapidly absorbed by the small intestine and protect against cardiovascular disease
and colon cancer due to their antioxidant properties [31], soluble and insoluble bound
phenolic acids protect against colon inflammation and cancer [3,32,33]. The occurrence of
ester or ether linkages to cell wall polymers or to other low molecular mass components is
not a hindrance for phenolic acids to exert their biological activity as they are metabolized
locally by the colon microflora [34,35].

Previous works investigating on the effect of water stress on eight durum genotypes
found that phenolic acids accumulated differently in the mature grains independently of
whether they were resistant, tolerant, or sensitive to stress [24]. Some genotypes did not
exhibit any significant change in phenolic acids under water scarcity, while some others had
higher concentrations compared to those grown under non-stress conditions [24]. In the
current study, the highest TPAs values were found under severe drought conditions, while
moderate drought and severe heat stress did not lead in all cases to higher concentrations
of PAs compared to the full irrigation growth conditions. This is interesting, particularly in
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the case of heat stress, because in this growth condition the lowest values of 1000 kernel
weight and test weight were registered. One would expect that the smallest and most
shrivelled grain would have the highest PAs content because PAs are concentrated in the
bran layers.

The absence of this effect under heat stress condition indicates the probable negative
effects of heat on the metabolic pathway leading to the production of PAs. A three-way
ANOVA was used to evaluate the portion of genetic variation for the individual phenolic
acids ascribed to each source of variation. Based on the results, the year and growth
conditions had the largest effect on individual and total PAs contents, followed by the
genotype and the G × E, G × Y, E × Y and G × E × Y interactions. The results agree with
some previous reports and disagree with others. Shamloo et al. [23] found a predominant
genotypic effect on the accumulation of total phenolic acids content in mature wheat
grains under elevated temperatures. A general increase of phenolic acids was observed,
though the different wheat cultivars showed different grades of increase [23]. Other works
investigated the impact of terminal heat stress, finding a negative influence on several
secondary metabolites of wheat grains, including phenolic acids [28] (Shahid et al., 2017),
which agree with our results commented above. Nevertheless, these studies also confirmed
a higher effect of the genotype over environmental factors on the observed variation [28].
Conversely, when the effects of several climate parameters were considered, prevalent
effects from the environment and the genotype–environment interactions on the total
soluble phenolic contents of mature grains were detected [22], similar to what we found.
Discrepancies among the different research could be due to the diverse experimental plan
of the studies, considering different genetic materials and the highly different climate and
agronomical conditions. In addition to this, the heritability values were calculated for all
PAs. The heritability estimated for TPAs was 0.65, which confirmed previous reports by
studies carried out on durum wheat [19] and higher compared to those observed in bread
wheat [30,36]. For ferulic acid, the most abundant PA in the durum grain, heritability was
0.69, indicating that the proportion of the total phenotypic variance that is attributable to
the average effects of genes is quite high for these grain compounds, which could make
feasible breeding approaches to increase the PA content. Related to this, it was interesting
to identify in the correlation analysis that when TPAs increase, the grain length, grain
width, and grain thickness also increase and are positively correlated with test weight and
grain yield. Indeed, Cirno was the cultivar showing the highest grain yield and TPAs in our
trial, indicating that productivity is not at odds with high PA concentration. In previous
studies [23,24], it was not clear if PA variation in mature grains caused by heat or drought
was an indirect effect of bran to endosperm ratios or grain filling entity or grain size. Our
data suggests that, in general, when climate constraints affect grain morphological traits, a
concomitant reduction of phenolic accumulation occurs in mature grains.

5. Conclusions

In this study, the effect of water scarcity and elevated temperatures on phenolic
acids profile of the wholemeal flour of a set of CIMMYT elite durum wheat cultivars
was evaluated. The varieties had a typical phenolic acid profile under different growth
conditions, differing significantly for almost all individual PA components. Cirno was the
cultivar showing the highest content of phenolic acids across years and growth conditions,
especially under severe drought conditions. Overall, severe heat stress enhanced the
accumulation of minor phenolic acids (i.e., p-coumaric, syringic and vanillic acids) and
reduced the main ones (i.e., ferulic acid), whereas severe drought had a higher impact on
ferulic acid and the total sum of PAs.

The broad-sense heritability varied largely among the individual phenolic acids, being
low for p-coumaric acid and ≥ 0.69 for all other components, and significant genotype
effects were found for all PAs. In addition, positive correlations were found between
total PAs and grain morphology parameters, test weight, and grain yield, suggesting that
breeding for high-yielding varieties with high PAs concentration is feasible.
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and range of values for different traits in six CIMMYT durum wheat cultivars evaluated across two
years and six environments; Table S3. Individual phenolic acids (μg/g dry matter) in six CIMMYT
durum wheat cultivars evaluated across two years and six growing conditions; Table S4. Means of
individual and total phenolic acids in six CIMMYT durum wheat cultivars evaluated across two
years and six growing conditions. TPAs: total sum of individual phenolic acids. Different letters
between columns indicate significant differences (p < 0.05).
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Abstract: Phenolic compounds in some specialty sorghums have been associated with cancer pre-
vention. However, direct evidence and the underlying mechanisms for this are mostly unknown. In
this study, phenolics were extracted from 13 selected sorghum accessions with black pericarp while
F10000 hybrid with white pericarp was used as a control, and cell growth inhibition was studied
in hepatocarcinoma HepG2 and colorectal adenocarcinoma Caco-2 cells. Total phenolic contents
of the 13 high phenolic grains, as determined by Folin–Ciocalteu, were 30–64 mg GAE/g DW in
the phenolic extracts of various accessions compared with the control F10000 at 2 mg GAE/g DW.
Treatment of HepG2 with the extracted phenolics at 0–200 μM GAE up to 72 h resulted in a dose-
and time-dependent reduction in cell numbers. The values of IC50 varied from 85 to 221 mg DW/mL
while the control of F10000 was 1275 mg DW/mL. The underlying mechanisms were further exam-
ined using the highest phenolic content of PI329694 and the lowest IC50 of PI570481, resulting in a
non-cytotoxic decrease in cell number that was significantly correlated with increased cell cycle arrest
at G2/M and apoptotic cells in both HepG2 and Caco-2 cells. Taken together, these results indicated,
for the first time, that inhibition of either HepG2 or Caco-2 cell growth by phenolic extracts from
13 selected sorghum accessions was due to cytostatic and apoptotic but not cytotoxic mechanisms,
suggesting some specialty sorghums are a valuable, functional food, providing sustainable phenolics
for potential cancer prevention.

Keywords: sorghum; phenolic compounds; cell growth inhibition; cell cycle analysis; apoptosis;
HepG2; Caco-2

1. Introduction

Comparable with other cereals, the nutritional value of sorghum has been thought
to be less than it actually is for many decades. Reference [1] suggests that people still
underestimate the nutritional advantages of sorghum. It is well-known that sorghum is a
gluten-free food and suitable for people with celiac disease. Some specialty sorghums have
recently gained particular interest because of their high level of phenolics and potential
health benefits, especially in cancer prevention [2–5]. Previous investigation has shown
that an average of 35% of overall human cancer mortality is related to diet [6]. Sorghum can
be a part of a plant-based healthy diet as certain accessions of sorghum contain many more
bioactive phenolics than other crops, such as wheat, barley, rice, maize, rye, and oats [7].
Numerous studies have reported the cancer-preventive effects of phenolic compounds in
fruits and vegetables, although few focused on specialty sorghum whole grain [1,8].
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Compelling data from epidemiological and animal studies have suggested that pheno-
lic compounds could potentially contribute to anti-cancer effects through their biological
properties including antioxidant activity, induction of cell cycle arrest and apoptosis, and
promotion of tumor suppressor proteins, etc. [9–13]. There is plenty of literature on the
properties of various phenolic-rich foods such as tea and red wine/grapes in relation
to various types of cancer [8], while studies regarding the association between sorghum
phenolic compounds and cancers are scarce. Epidemiological studies have reported that
sorghum consumption consistently correlates with a low incidence of esophageal cancer in
various parts of the world (including several parts of Africa, Russia, India, China, Iran, etc.),
whereas wheat and corn consumption correlates with an elevated incidence of esophageal
cancer [10–14]. In vivo studies regarding the anti-cancer effects of sorghum phenolics are
reported even less. Lewis et al. [15] reported in 2008 that feeding normolipidemic rats a
diet containing sorghum bran could significantly reduce the number of aberrant crypts
in the rats. More recently, Park et al. [16] found that the metastasis of breast cancer to the
lungs was blocked by sorghum extracts in the immune-deficient mouse metastasis model.
However, the mechanisms by which sorghum reduced the risk of cancer are unclear. A
few in vitro studies published recently, using sorghum extracts to treat several cancer cells,
including leukemia (HL-60) [17], breast (MCF-7, MDA-MB 231) [18,19], colon (HT-29) [19],
and liver (HepG2) [19] cells, found consistent results in the induction of cell apoptosis,
inhibition of cell proliferation, and promotion of the expression of cell cycle regulators.

Given the high potential of the benefits of sorghum phenolics and the lag in research
when compared to other plant foods, black sorghum with high phenolic compounds is a
candidate that deserves systematic investigation. Therefore, the present study investigated
the effects of phenolics extracted from 13 specialty sorghum accessions on cancer cell
growth in both hepatocarcinoma HepG2 and colorectal adenocarcinoma Caco2 cell lines.
The underlying mechanisms regarding cytotoxicity, cell cycle interruption, and apoptosis
induction were further examined.

2. Materials and Methods

2.1. Sorghum Accessions

Thirteen specialty sorghum accessions with black pericarp were selected based upon
their high levels of phenolic content, including PI152653, PI152687, PI193073, PI329694,
PI559733, PI559855, PI568282, PI570366, PI570481, PI570484, PI570819, PI570889 and
PI570993. Another sorghum accession, F10000 with white pericarp, was selected as a
control as it contains low levels of phenolics. All the sorghum accessions were provided by
the Kansas State University-Agricultural Research Center, Hays, KS, USA.

2.2. Reagents

Reagents including acetone, ethanol, Folin–Ciocalteu reagent, gallic acid, sodium
carbonate, HyClone Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum,
phosphate buffered saline (PBS), penicillin/streptomycin, trypsin-EDTA, propidium iodide
(PI), and RNase were purchased from Fisher Scientific Co. L.L.C (Pittsburgh, PA, USA).
CytoSelectTM LDH Cytotoxicity Assay Kit was purchased from the Cell Biolabs, Inc. (San
Diego, CA, USA).

2.3. Phenolic Extraction

Sorghum flour from each accession at 0.2–0.5 g was extracted in 10 mL of 70% aqueous
acetone (v/v) for 2 h while shaking at low speed using a 211DS shaking incubator (Labnet
International Inc., Edison, NJ 08817, USA) at room temperature, followed by storage at
−20 ◦C in the dark overnight allowing the phenolics to be completely diffused from the
cellular matrix into the solvent. The extract was then equilibrated at room temperature
and centrifuged at 2970× g for 10 min. The residue was rinsed with an additional 10 mL
of solvents with 5 min of shaking and centrifuged at 2970× g for another 10 min. Both
supernatants were combined, and two aliquots were used for either total phenolic content
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determination or cell culture treatment. The aliquot for cell culture treatment was dried
under a stream of nitrogen, and then dissolved in dimethyl sulfoxide (DMSO) to make a
stock solution at −20 ◦C. Before its use for cell culture treatment, the stock solution was
diluted with a fresh medium to achieve the desired concentration at 0–200 μM GAE. The
final DMSO concentration in each treatment was kept at 0.1% v/v, which did not alter
cell growth or cell cycle measurements significantly when compared with the DMSO-free
medium. All extractions and treatments were conducted in triplicate.

2.4. Total Phenolic Content

Total phenolic content was determined using a Folin–Ciocalteu assay [20]. A stock
solution of gallic acid at 1 mg/mL in distilled water was prepared and the final concentra-
tions ranging from 12.5 to 200 μg/mL in 70% acetone were diluted for a standard curve.
To each of the 96 wells, 75 μL distilled water was added, followed by 25 μL of either an
aliquot of extracts or gallic acid as a standard at various concentrations. Folin–Ciocalteu
reagent diluted 1:1 with distilled water was added to each well. The reaction was allowed
to stand for 10 min at room temperature, and then 100 μL of Na2CO3 solution at 7.5% (w/v)
was added to each well. The plate was covered and left to stand in the dark for 90 min
before measuring. Absorbance was read using a microplate reader Synergy HT, BioTek
with Gen5TM 2.0 data analysis software (Winnoski, VT, USA). Results were expressed as
mg gallic acid equivalent (GAE) per g dry weight (DW).

2.5. Cell Culture

The human hepatocarcinoma HepG2 (HB-8065) and human colorectal adenocarcinoma
Caco-2 (HTB-37) were purchased from the American Type Culture Collection, Manassas,
VA 20108, USA. Cells were cultured in DMEM supplemented by 10% FBS, 100 μg/mL
streptomycin, and 100 units/mL penicillin at 37 ◦C in a 5% CO2 humidified atmosphere.
Cells in the exponential growth phase were used for all the experiments.

2.6. Cell Growth Inhibition Assay

Two milliliter cell suspensions (1 × 105 cells/mL) were seeded into 6-well plates
and cultured in a humidified incubator to allow adhesion. Cells were then treated with
extracted sorghum phenolics at 0–200 μM GAE for up to 72 h. After incubation with each
treatment, cells at 24, 48 and 72 h were, respectively, detached by 0.05% trypsin-EDTA
solution at 37 ◦C and then suspended in PBS. The number of suspended cells was counted
with a hemocytometer as described in our previous publication [21,22].

2.7. Cytotoxicity Assay

Cytotoxicity was assessed by lactate dehydrogenase (LDH) leakage into the culture
medium. The activity of LDH in the medium was determined using a commercially
available kit CytoSelectTM LDH Cytotoxicity Assay Kit from Cell Biolabs, Inc. (San Diego,
CA 92126, USA). Cell suspension containing 0.1–1.0 × 106 cells/mL was seeded into a
96-well plate and cultured at 37 ◦C and 5% CO2 with sorghum extracts at 0–200 μM GAE.
Negative control was applied using sterile water and positive control was applied by Triton
X-100. Aliquots of media and reagents were mixed in a 96-well plate and incubated at
37 ◦C for 0.5 h. Absorbance was recorded using a microplate reader SynergyHT, BioTek
(Winnoski, VT, USA), and analyzed with Gen5TM 2.0 data analysis software. The % of
relative cytotoxicity was calculated using the following equation

OD(experiment sample)− OD(negative control)
OD(positive control)− OD(negative control)

× 100 = % Relative Cytotoxicity

2.8. Cell Cycle Analysis

Cell cycle analysis was conducted according to our previous publication [21]. After
treatment, cells were detached and fixed in 70% ethanol at 4 ◦C. Cells were then re-
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suspended in 20 μg/mL of propidium iodide (PI) staining solution with 5 U/mL RNase at
37 ◦C for 15 min before analysis by a flow cytometry (LSRFortessa X-20 and FACSCalibur,
BD, Franklin Lakes, NJ, USA) with excitation at 488 nm and emission at 617 nm.

2.9. Apoptosis Analysis

Apoptosis analysis was conducted according to our previous publication [22]. Briefly,
treated cells were collected and fixed by 1% paraformaldehyde and 70% ice cold ethanol at
a concentration of 1–2 × 106 cells/mL. The cells were stored at −20 ◦C for several days.
Fixed cells were analyzed for apoptosis by FITC annexin V staining protocol according to
commercial instructions (BioLegend Inc., San Diego, CA, USA).

2.10. Statistics

Data were analyzed by the SAS statistical system (version 9.2). The significance of the
trend for cell growth inhibition at various concentrations for three exposure times was ana-
lyzed with linear regression. The effect of extracted phenolic at various concentrations for
72 h on cell cycle and apoptosis was analyzed by one-way ANOVA with Tukey adjustment.
Pearson correlation coefficients (r) were used to analyze the relationships between total
phenolic contents and IC50 values for all sorghum accessions, as well as cell numbers and
percentages of cell arrest at G2/M or apoptosis.

3. Results

3.1. Total Phenolic Content

As shown in Table 1, total phenolic contents of the 13 specialty sorghum accessions
ranged from 31 to 63.7 mg GAE/g DW, with the highest being PI329694 and the lowest
being the control F10000.

Table 1. Phenolic Contents in Various Specialty Sorghum Accessions (mean ± SD, n = 3).

Sorghum Accession No.
Phenolic Contents
(mg GAE/g DW)

F10000 (control) 2.3 ± 0.2
PI 559855 31.0 ± 0.2
PI 152687 44.6 ± 2.9
PI 570819 48.2 ± 4.4
PI 570993 51.0 ± 1.9
PI 559733 51.5 ± 1.4
PI 570366 54.3 ± 1.7
PI 152653 54.6 ± 1.2
PI 570484 54.8 ± 0.8
PI 193073 55.1 ± 4.5
PI 570889 58.0 ± 2.0
PI 568282 58.3 ± 2.5
PI 570481 58.5 ± 2.5
PI 329694 63.7 ± 2.5

3.2. Cell Growth Inhibition

As shown in Figure 1, treatment of HepG2 with the extracted phenolics at 0–200 μM
GAE up to 72 h resulted in a dose- and time-dependent reduction in cell number. The values
of IC50 varied from 85 to 221 mg DW/mL, while the control of F10000 was 1275 mg DW/mL
(Table 2). The lowest IC50 value was observed in the phenolic extract from PI570481,
suggesting PI570481 to be the most potent in suppressing HepG2 cell growth.
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Figure 1. The effect of various sorghum phenolic extracts at 0–200 μM GAE for up to 72 h on cell
growth in HepG2 cells. HepG2 cells were cultured with phenolic extracts at various concentrations
(0–200 μM GAE) for up to 72 h in 6-well plates, then detached by trypsin-EDTA solution, and the
cell number was counted by a hemacytometer. Values are expressed as Mean ± SD (n = 3). The
significance of the trend for cell growth inhibition at various concentrations was analyzed with linear
regression, p < 0.05.
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Table 2. IC50 Values of specialty sorghum phenolic extracts in HepG2 and Caco-2 cells.

Sorghum Accession No.

IC50
a

(mg DW/mL)

HepG2 Caco-2

F10000 (control) 1275.6 1131.3
PI 559855 221.8
PI 152687 138.9
PI 570819 192.1
PI 570993 146.2
PI 559733 90.8
PI 570366 120.9
PI 152653 127.9
PI 570484 158.0
PI 193073 177.3
PI 570889 120.9
PI 568282 113.3
PI 570481 85.8 115.6
PI 329694 126.8 102.4

a Means ± SD, n = 3.

As PI329694 and PI570481 had the highest phenolic content and the lowest IC50
value, respectively, extracts of these were selected for both HepG2 and Caco-2 treatments,
resulting in a similar dose- and time-dependent reduction in cell number (Figure 2). Both
IC50 values were much lower than that of the control F10000 (Table 2).

Figure 2. The effect of representative sorghum phenolic extracts at 0–200 μM GAE for up to 72 h
on cell number in both HepG2 and Caco-2 cells. Cells were treated with sorghum phenolics ex-
tracted from the representative sorghum accessions PI329694 and PI570481 at various concentrations
(0–200 μM GAE) for up to 72 h in 6-well plates, then detached by trypsin-EDTA solution, and the
cell number was counted by hemacytometer at each timepoint. Values are expressed as a percentage
of the untreated control at 24 h by Mean ± SD (n = 3). The significance of the trend for cell growth
inhibition at various concentrations at each timepoint was analyzed with linear regression, p < 0.05.

3.3. Cytotoxicity Assay

Cell viability, as assessed by lactate dehydrogenase leakage, was generally greater
than 85% in the adherent cells, and the treated cells did not differ significantly from the
vehicle-treated control (data not shown).
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3.4. Cell Cycle Arrest

The treatment of either HepG2 or Caco-2 cells with the high phenolic concentrations
extracted from either PI329694 or PI570481 significantly induced cell cycle arrest at G2/M
phase (Figure 3). The percentage of cells at G1 phase decreased correspondingly, while
the proportion of cells at S phase was not significantly altered. When compared with the
control F10000, which showed a similar induction, this was actually much less potent due
to there being over 20-times less phenolic content.

Figure 3. Cytostatic effect of representative sorghum phenolic extracts in HepG2 and Caco-2 cell lines.
Cells were treated with sorghum phenolics extracted from the representative sorghum accessions
PI329694 and PI570481 at 0–200 μM GAE for up to 72 h, and then cell cycle was monitored by a DNA
flow cytometric analysis. Values are expressed as Mean ± SD (n = 3), * p < 0.05, ** p < 0.01 versus the
vehicle control.

3.5. Apoptosis

As shown in Figure 4, the treatment of either HepG2 or Caco-2 cells with the phenolic
extracts at high concentrations from PI329694 or positive control F10000 resulted in a
significant increase in the percentage of apoptotic cells. A significant induction by the
extract of PI329694 was also observed when compared with the control F10000.

Figure 4. Apoptosis induced by representative sorghum phenolic extracts in HepG2 and Caco-2
cell lines. Cells were treated with sorghum phenolics extracted from the representative sorghum
accessions PI329694 and F10000 at 0–200 μM GAE for up to 72 h, and then apoptosis was analyzed by
FITC annexin V staining protocol. Values are expressed as Mean ± SD (n = 3), Means with different
alphabetical letters differ significantly, p ≤ 0.05.
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3.6. Correlation Coefficient

As shown in Table 3, a significant inverse correlation was observed between total
phenolic contents and IC50 values in the extracts of all accessions (r = −0.6806, p < 0.05),
indicating that the cell growth inhibition by the sorghum phenolic extracts was significantly
associated with the phenolic content. Meanwhile, significant inverse correlations were
observed between the decrease in cell number and the increase in G2/M and apoptotic cells,
suggesting that the decrease in cell number by sorghum phenolic extracts was associated
with cell cycle arrest and apoptosis induction.

Table 3. Correlation coefficient (r) between phenolic contents and IC50 values from the phenolic
extracts of 13 sorghum accessions in HepG2 cells, or between cell number and cell cycle arrest or
apoptosis from control, PI329694 and PI570481 in both cell lines.

IC50

Total phenolics −0.6806 *
Cell Arrest at G2/M Apoptosis Cells

HepG2
F10000 control −0.8608 * −0.9377 **

PI329694 Cell number −0.8281 * −0.9764 **
PI570481 −0.9469 **
Caco-2

F10000 control −0.7599 * −0.9719 **
PI329694 Cell number −0.7655 * −0.8199 *
PI570481 −0.6840 *

* p < 0.05, ** p < 0.01.

4. Discussion

Thirteen specialty sorghum accessions were selected based on their high levels of
phenolics when compared with the control accession F10000, which contained the fewest
phenolics. Two cell lines derived from liver and colorectal cancer were used as the liver is
the major site for the metabolism of dietary compounds including phenolic compounds and
the intestine is the major site for the absorption of phenolic compounds. To our knowledge,
this is the first study to compare the cellular impact of thirteen different sorghum phenolic
extracts on both liver and intestine cancer cells, which may provide a better understanding
of the anti-cancer activities of sorghum phenolics with a long-term goal of promoting
sorghum products as phenolic-sustainable functional foods for health benefits.

In the present study, total phenolic contents, determined by Folin–Ciocalteu assay,
were 30–64 mg GAE/g DW in the selected 13 sorghum accessions (Table 1) while the control
contained only 2.3 ± 0.2 mg GAE/g DW. This result is inconsistent with our previous
study [13,23].

Treatment of sorghum phenolics at various concentrations for up to 72 h resulted
in a dose- and time-dependent inhibition of cell growth in both HepG2 and Caco-2 cells
(Figures 1 and 2). The values of IC50 varied from 85.8 to 221.8 mg DW/mL, with sorghum
accession PI570481 being the lowest when compared with the control that showed the
highest value (Table 2). Similar results were also found in Caco-2 cells when treated with
various concentrations of phenolic extracts from PI329694 or PI570481 (Table 2 and Figure 2).
These results indicate that, the more sorghum accessions are rich in phenolic compounds,
the more they effectively suppress cancer cell growth. This result is in agreement with our
previous study conducted in sorghum phenolics in HepG2 and Canc-2 cells [13,23].

To investigate the underlying mechanisms of cancer cell growth inhibition by sorghum
phenolics, cytotoxicity was assessed for each concentration of phenolic extracts from
various sorghum accessions in both cell lines, resulting in a difference in cytotoxicity of less
than 15% between the treated and non-treated cells. It should be noted that the cytotoxicity
detected did not differ significantly from the vehicle-treated control, suggesting sorghum
phenolic extracts are non-toxic to the cells. In addition, the treatment of both cell lines by
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the phenolics extracted from PI329694 or PI570481 showed an induction of cell cycle arrest
at G2/M phase (Figure 3) and apoptotic cells (Figure 4). These results indicate that the
inhibition of cell growth by sorghum phenolic compounds appears to be cytostatic but
not cytotoxic. The cell cycle arrest induced by sorghum phenolics may trigger the DNA
repair machine, leading to apoptosis, as confirmed by our apoptosis analysis, suggesting
that treatment of both cell lines with sorghum phenolic extracts significantly induced the
apoptotic cells compared with the vehicle control.

Coefficient correlations were further calculated between total phenolic content and
IC50 values, cell number and cell cycle arrest at G2/M phase, and cell number and propor-
tion of apoptotic cells. Significant inverse correlations observed between total phenolic
contents and IC50 values in thirteen sorghum accessions (Table 3) suggest that the cell
growth inhibition by sorghum extracts is directly associated with their phenolic content.
As strong significant inverse correlations were also observed between cell number and the
accumulation of cell cycle arrest at G2/M phase and apoptosis in both cell lines (Table 3),
the inhibitory effect of sorghum phenolic compounds on cell growth appears to be through
a cytostatic mechanism.

5. Conclusions

In conclusion, the present study showed that phenolic extracts in various sorghum
accessions effectively inhibited HepG2 or Caco-2 cancer cell growth in a dose- and time-
dependent manner. The cell growth inhibition by the sorghum phenolic extracts was
significantly associated with their phenolic content. Furthermore, the inhibition appeared
to be mediated by cytostatic and apoptotic mechanisms rather than cytotoxicity. Taken
together, this study is the first to investigate and compare the anti-cancer effect of sorghum
phenolic compounds in both HepG2 and Caco-2 cell lines. The results suggest that sorghum
is a valuable food and crop with health benefits to provide sustainable phenolics for
potential cancer prevention.
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Abstract: Durum wheat grains (Triticum turgidum L. ssp. durum) are the main source for the produc-
tion of pasta, bread and a variety of products consumed worldwide. The quality of pasta is mainly
defined by the rheological properties of gluten, an elastic network in wheat endosperms formed
of gliadins and glutenins. In this study, the allelic variation at five glutenin loci was analysed in
196 durum wheat genotypes. Two loci (Glu-A1 and Glu-B1), encoding for high-molecular-weight
glutenin subunits (HMW-GS), and three loci (Glu-B2, Glu-A3 and Glu-B3), encoding for low molecular
weight glutenin subunits (LMW-GS), were assessed by SDS-PAGE. The SDS-sedimentation test was
used and the grain protein content was evaluated. A total of 32 glutenin subunits and 41 glutenin
haplotypes were identified. Four novel alleles were detected. Fifteen haplotypes represented 85.7%
of glutenin loci variability. Some haplotypes carrying the 7 + 15 and 7 + 22 banding patterns at
Glu-B1 showed a high gluten strength similar to those that carried the 7 + 8 or 6 + 8 alleles. A
decreasing trend in grain protein content was observed over the last 85 years. Allelic frequencies at
the three main loci (Glu-B1, Glu-A3 and Glu-B3) changed over the 1915–2020 period. Gluten strength
increased from 1970 to 2020 coinciding with the allelic changes observed. These results offer valuable
information for glutenin haplotype-based selection for use in breeding programs.

Keywords: durum wheat; glutenins; gluten strength; grain protein content; haplotypes; SNPs

1. Introduction

Durum wheat grains (Triticum turgidum L. ssp. durum Desf. Husn) are widely con-
sumed all around the world as an important part of the diet in several countries. His-
torically, it was used worldwide to make pasta and is also the main source for making
different products consumed in the Mediterranean basin, in particular flat and leavened
bread, couscous and bulgur, as well as freekeh in the WANA (West Asia and North Africa)
region [1]. Pasta is also an important part of the food produced and consumed in Latin
America. In particular, in Argentina, the consumption of pasta is 8.54 kg per capita per
year, the seventh-highest in the world [2], with a durum wheat growing area of 129,255 ha
during the crop season 2020/21, which is comparatively smaller than the area occupied
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by other cereals and oil crops, although it represents the greatest planted area in Latin
America. Until the 1970s, Argentina exported high-quality durum wheat mainly to Italy [3].
However, grain quality decreased during the green revolution with the introduction of
semi-dwarf wheat from CIMMYT, mainly due to an increase in Fusarium susceptibility,
which caused a reduction in both the production area and exports.

The level and composition of protein in gluten is the reason why durum wheat is
preferred for making pasta [4–6], since the gluten quality strongly affects the firmness of
pasta after cooking [7,8]. Moreover, consumers prefer pasta products with a strong yellow
colour and firmness, resulting in tasty and nutritionally superior food [9]. Gliadins and
glutenins are the major storage proteins in wheat endosperm; they form an elastic network
called gluten and can be distinguished based on their solubility or insolubility in aqueous
alcohols, respectively [10]. The level [11] and composition [12,13] of protein are directly
associated with the quality of wheat-derived products. Gliadins are responsible for gluten
viscosity and extensibility and are encoded by two loci (Gli-1 and Gli-2) located on the
short arms of group 1 (-γ and -ω types) and 6 (-α and -β types) chromosomes [14,15].
Glutenins are associated with the viscoelastic properties of gluten [16]. Two groups of
single monomeric glutenins were separated according to their mobility in SDS-PAGE, and
were classified as high- (HMW-GS) and low-molecular-weight glutenin subunits (LMW-
GS) controlled by orthologous genes located on the long and short arms of the group 1
chromosomes, respectively [17,18]. LMW-GS are encoded by Glu-2 and Glu-3 genes [18,19],
whereas HMW-GS are encoded by Glu-1 genes [20]. It was suggested that Glu-A1 and
Glu-B1 in tetraploid wheat contained sequences encoding x- and y-type subunits as a
result of an ancestral duplication [21]. In cultivated durum wheat the Glu-A1 y subunit is
always inactive.

The association between the γ-gliadin 45 and gluten strength was reported in durum
wheat [22]. Later, it was demonstrated that linked gene/s coding for low-molecular-weight
(LMW) glutenin subunits were mostly responsible for the changes in quality [23]. The
LMW subunits are classified according to two models (1 and 2), associated with low and
high quality, respectively [24]. The variability and role of high-molecular-weight (HMW)
glutenin subunits were examined in wild emmer [25,26], durum [27] and hexaploid wheat
subspecies [28,29].

In Argentina, the genetic variability in durum wheat storage proteins was previously
evaluated [30,31] but only using a limited number of genotypes. However, a wider screen-
ing of modern and historical Argentinian genotypes, as well as worldwide accessions,
could help to identify favourable alleles or allele combinations with greater effect on
quality. For this purpose, we used a collection composed of South American and Mediter-
ranean germplasms, also including CIMMYT/ICARDA genotypes or derivatives [32]. This
collection was previously evaluated for genetic diversity, population structure and link-
age disequilibrium patterns, exhibiting high genetic differences between subpopulations,
making it possible to trace the origin of the South American germplasm.

The characterisation and availability of glutenin allelic composition could be beneficial
to implement its use in marker-assisted selection (MAS) in breeding programs. In the
present study, we assessed (i) the allelic variations in five glutenin genes using a worldwide
durum wheat collection composed mainly of Argentinian genotypes [32], (ii) the effect
of Glu haplotypes or individual allelic variants on gluten strength and protein content,
(iii) the association of predictive traits and rheological parameters for different glutenin
haplotypes using historical datasets, (iv) the changes in gluten composition due to breeding
activities between periods or origins. In addition, a detailed description of LMW subunits,
not previously available for Argentinian durum wheat, was undertaken.

2. Materials and Methods

2.1. Plant Material

The total evaluated plant material consisted of 196 durum wheat accessions (Triticum
turgidum L. ssp. durum), mostly representative of the Argentinian breeding programs (85),
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but also including accessions from Italy (33), Chile (26), France (21), West Africa and North
Asia (WANA) (17), CIMMYT (10) and the USA (4) (Supplementary Table S1).

2.2. Glutenin Characterisation and Haplotype Analysis

The genetic variability of high- (HMW) and low-molecular-weight (LMW) glutenin
loci was evaluated in 196 durum wheat accessions using the sodium dodecyl sulphate (one
dimensional SDS-PAGE) methodology, according to the protocol proposed by Peña et al. [33].
For this purpose, 20 mg of whole meal flour was incubated with 0.75 mL of 50% propanol
(v/v) for 30 min in a Thermomixer (Eppendorf, Germany) at 1400 rpm and 65 ◦C to extract
the gliadins, as described in Maryami et al. [34]. Specifically, tubes were centrifuged for
2 min at 10,000 rpm and the supernatant, including the gliadins fraction, was discarded.
This step was repeated to remove any remaining gliadins. Subsequently, 100 uL of a
solution with DTT at 1.5% (w/v) with 50 uL of propanol at 50% (v/v) and 50 uL of Tris-HCl
0.08 M pH 8.0 was added to the pellet. Tubes were mixed with vortex and incubated for
30 min in a Thermomixer at 1400 rpm and 65 ◦C. After that, the tubes were centrifuged
for 2 min at 10,000 rpm with 100 uL of a solution of vinylpyridine at 1.4% (v/v), prepared
with 50 uL of propanol at 50% (v/v), and 50 uL Tris-HCl 0.08 M pH 8.0, was added. Tubes
were mixed again with vortex and incubated in a Thermomixer at 1400 rpm and 65 ◦C for
15 min. Then, the tubes were centrifuged for 2 min at 13,000 rpm. The supernatant was
transferred to a new tube and 180 uL of a solution of Tris-HCl M pH 6.8, 2% SDS (w/v),
40% glycerol (w/v), and 0.02% (w/v) bromophenol blue was added. Tubes were mixed
with vortex and incubated for 5 min in a Thermomixer at 1400 rpm at 90 ◦C, and then were
centrifuged for 2 min at 13,000 rpm. From the supernatant, 6 uL was taken and used to
run the gels. Separating gels with a concentration of 15% of acrylamide were prepared
using 1 M Tris buffer at pH of 8.0 instead of the conventional 8.8. Gels were run at 12.5 mA
per gel for 20 h and then stained using Coomasie blue. Five different loci, two encoding
HMW glutenins (Glu-A1, Glu-B1), and three encoding LMW glutenins (Glu-A3, Glu-B3 and
Glu-B2) were characterised. Allele designations were made following previously proposed
rules [35,36]. LMW-GS model classified the allelic combinations as 1 or 2 at Glu-3 and Glu-2
loci associated with low and intermediate/high gluten quality, respectively. Glutenin loci
haplotypes were constructed considering all possible allele combinations for these five loci
and named as Hap_[number].

2.3. KASP Markers

Additionally, two KASP markers for the Gpc-B1 (6BS) locus affecting grain protein
content (SNP marker: wMAS000017) and the glutenin locus Glu-A1 (1AL) (SNP marker:
Glu-Ax1/x2*_SNP) were assessed in the entire collection [37]. Allele-specific primers were
designed using FAM and VIC tails and are shown in Supplementary Table S2. Three-week-
old seedlings obtained from purified seeds were used for DNA extraction following a CTAB
protocol [38]. For PCR, a touchdown protocol was used started with a 15 min hot enzyme
activation at 94 ◦C followed by 11 cycles of 94◦ for 30 s, 65–55 ◦C for 60 s (−0.8 ◦C/cycle),
72 ◦C for 30 s. This was continued with 26 cycles of 94 ◦C for 30 s, 57 ◦C for 60 s, 72 ◦C for
30 s, and a final step at 10 ◦C. PCR was carried out using 5 μL of volume per well arrayed
in a 384 PCR plate. DNA samples were briefly centrifuged and oven-dried at 60 ◦C for 1 h.
SNP-specific KASP reagents, such as the assay mix and the 2X KASP Master mix, including
the fluorescent dyes FAM and VIC, were added to dried DNA samples (150 ng/well).
PCR-amplified products were subjected to an end-point fluorescence reading using the
PHERAstar Plus plate reader from BMG LABTECH. Alleles were assigned based on the
differential fluorescence reading using Excel software.

2.4. Field Experiments

Seven field trials were conducted during three growing seasons (three in 2011/12,
three in 2014/15 and one in 2017/18) at three locations (Cabildo [39◦36′ S, 61◦64′ W],
Barrow [38◦20′ S, 60◦13′ W] and Pieres [37◦46′ S, 58◦18′ W]) under rainfed conditions.
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From the total genotyped accessions (196), 132 and 170 were phenotyped in successive
years according to the population size availability in 2011 (132), 2014 (170) and 2017 (170).
Plots were arranged using an alpha-lattice design [39] with two repetitions (incomplete
blocks, 17 × 8 in 2011 and 10 × 17 in 2014 and 2017). Seed density was adjusted to achieve
300 viable plants per m2. Plot size and growing conditions for each experiment are detailed
in Supplementary Table S3. Trials were kept free of weeds and diseases and managed
according to local practices.

Additional experiments from the National Durum Wheat Experimental Network
(NDWEN) or from the Instituto Nacional de Tecnología Agropecuaria (INTA) breeding
program, listed in Supplementary Table S4, were used. From these trials, Argentinian
genotypes with contrasting glutenin haplotypes were selected. Unbalanced, historical
quality datasets were used to assess the glutenin haplotype effect.

2.5. Phenotypic Evaluations

Whole-meal flour from each plot was obtained by milling 20 g samples of clean grains
in a Cyclotec® 1093 mill (Foss Denmark). The grain protein content (GPC, %, adjusted
to 13.5% H◦) was determined by near-infrared spectroscopy (NIR Systems DS2500, Foss
Denmark). Gluten strength was assessed using the sodium dodecyl sulfate (SDSS) micro-
sedimentation test (mm) (adapted from AACC Method 56–70, 1984; for Argentinian strong
gluten wheat). The GPC was obtained from each plot in all the trials, while SDSS was only
assessed in the 2011 and 2014 field trials.

In the NDWEN or the INTA trials additional quality parameters, which were not
evaluated in the collection, were considered. The percentage of gluten, wet and dry gluten,
and the gluten index (GI) were obtained according to the IRAM 15864 (Part 2) method and
the ICC standard 155 (International Association for Cereal Science and Technology, 1986)
method using the Glutomatic system (Perten Instruments, Sweden). Farinograph param-
eters (Development time and Energy level) were assessed according to Irvine et al. [40]
with modifications. A 50 g dough mixer, with constant water hydration (45%) and a fixed
mixing time (8 min) were used. Development time (%) = peak height (min)-end height
(min)/peak height (min) × 100. Energy level = (peak height (FU)/20) + Area (cm2) [41].

2.6. Statistical Analyses

Genotype-adjusted means (LSMEANs) were obtained using a mixed linear model
(PROC MIXED) with SAS 9.0® software [42], within a maximum restricted probability
model (REML). The analysis was performed annually and by location for each trait. For
ANOVA and LSMEAN, performed annually, the locations and incomplete blocks within
repetitions were considered as random factors and the genotype and repetitions within
environment as fixed factors. Analysis of variance (ANOVA) was performed for each
trait considering the period, glutenin markers or haplotypes as fixed factors using the
INFOSTAT software [43]. The Tukey–Kramer [44] test was implemented to evaluate allele
ranking at each locus, while the BSS test [45,46] was applied to analyse the haplotype
rank. This test proposed a recursive algorithm based on the combination of a clustering
technique and a hierarchical analysis of variance. The combination of the analysis by year
and by location was referred to as the environment. For the breeding period effect, the
Duncan test (p < 0.05) was used.

3. Results

One hundred and ninety-six durum wheat genotypes from different origins and
periods, including a large set of Argentinian genotypes, three landraces and historical
genotypes, were characterised for their glutenin subunit banding patterns by using SDS-
PAGE. A total of 32 glutenin subunits from five evaluated loci were identified in the
collection (Table 1). The combination of these allelic variants formed a total of 41 glutenin
haplotypes (Table 2).

Table 1. Allele frequency at five glutenin loci (HMW-GS and LMW-GS) detected in a worldwide collection of 196 du-
rum wheat.

Argentina
(85)

Chile (26)
CIMMYT

(10)
France (21) Italy (33) USA (4)

WANA
(17)

Locus/Banding
Pattern

Allele N % N % N % N % N % N % N % N %
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3.1. High-Molecular-Weight Glutenin Subunits (HMW-GS)

The highest variation between genes encoding for HMW-GS was exhibited by Glu-B1,
contributing ten alleles to the collection, whereas, for Glu-A1, only two alleles were detected
(2* (b) and null (c)). The 2* allele at Glu-A1 was only found in one Argentinian breeding
line (CBW 0105), also confirmed by using the KASP marker designed for the Glu-A1 locus
(Supplementary Table S2). At Glu-B1, the 7 + 8 (b), 6 + 8 (d) and 20x + 20y (e) alleles covered
most of the variation (89.8%) with percentages of 38.3, 26.0 and 25.5, respectively. The
frequency of the remaining seven alleles was lower than 4%, as the 7 + 15 (z) subunits
detected in seven modern cultivars or breeding lines. The 13 + 16 (f) subunits were only
observed in one old Argentinian (Bonaerense 202), one French (Neodur) and three Italians
genotypes (Supplementary Table S1). Some specific allelic variants at Glu-B1 were only
detected in Argentinian (subunit 6), Italian (14 + 22* and 6 + 20y) and WANA (6* + 15*)
germplasms (Figure 1). The combinations of glutenin subunits 14 + 22*, 6* + 15*, and 6+20y
were not previously described and should be considered as novel alleles. We propose to
name these alleles Glu-B1cr, Glu-B1cs, and Glu-B1ct, respectively, following the order of the
Wheat Gene Catalogue and the latest publications on this topic [34].

Table 2. Frequency and allele composition of haplotypes for HMW-GS and LMW-GS detected in a worldwide collection of
durum wheat.

Loci

Haplotype Glu-A1 Glu-B3 Glu-B2 Glu-B1 Glu-A3 N Frequency (%) Quality Traits Assessed 1

Hap_1 Ax2 * 2 + 4 + 15 + 19 12 6 + 8 6 1 0.5 yes
Hap_2 null 1 + 3 + 14 + 18 12 * 14 + 22 * null 1 0.5 yes
Hap_3 null 2 + 4 + 15 + 16 12 20x + 20y 6 + 10 1 0.5 yes
Hap_4 null 2 + 4 + 15 + 16 12 6 * + 15 * 6 1 0.5 yes
Hap_5 null 2 + 4 + 15 + 16 12 20x + 20y 6 1 0.5 yes
Hap_6 null 2 + 4 + 15 + 16 null 6 + 8 6 1 0.5 no
Hap_7 null 2 + 4 + 15 + 18 12 20x + 20y 11 1 0.5 yes
Hap_8 null 2 + 4 + 15 + 18 12 7 + 15 null 1 0.5 yes
Hap_9 null 2 + 4 + 15 + 19 12 13 + 16 6 2 1.0 yes

Hap_10 null 2 + 4 + 15 + 19 12 13 + 16 6 + 10 1 0.5 yes
Hap_11 null 2 + 4 + 15 + 19 12 20x + 20y 6 25 12.8 yes
Hap_12 null 2 + 4 + 15 + 19 12 20x + 20y 6.1 + 10 3 1.5 yes
Hap_13 null 2 + 4 + 15 + 19 12 20x + 20y 6 + 10 11 5.6 yes
Hap_14 null 2 + 4 + 15 + 19 12 20x + 20y null 3 1.5 yes
Hap_15 null 2 + 4 + 15 + 19 12 6 + 20y 6 1 0.5 no
Hap_16 null 2 + 4 + 15 + 19 12 6 + 8 6 25 12.8 yes
Hap_17 null 2 + 4 + 15 + 19 12 6 + 8 6 + 10 20 10.2 yes
Hap_18 null 2 + 4 + 15 + 19 12 7 + 15 11 1 0.5 yes
Hap_19 null 2 + 4 + 15 + 19 12 7 + 15 6 5 2.6 yes
Hap_20 null 2 + 4 + 15 + 19 12 7 + 22 6 2 1.0 yes
Hap_21 null 2 + 4 + 15 + 19 12 7 + 22 null 2 1.0 yes
Hap_22 null 2 + 4 + 15 + 19 12 7 + 8 6 44 22.4 yes
Hap_23 null 2 + 4 + 15 + 19 12 7 + 8 6 + 10 18 9.2 yes
Hap_24 null 2 + 4 + 15 + 19 12 7 + 8 6 + 11 4 2.0 yes
Hap_25 null 2 + 4 + 15 + 19 12 7 + 8 null 2 1.0 no
Hap_26 null 2 + 4 + 15 + 19 null 13 + 16 11 1 0.5 yes
Hap_27 null 2 + 4 + 15 + 19 null 20x + 20y 6 1 0.5 yes
Hap_28 null 2 + 4 + 15 + 19 null 20x + 20y 6 + 10 1 0.5 yes
Hap_29 null 2 + 4 + 15 + 19 null 20x + 20y null 1 0.5 yes
Hap_30 null 2 + 4 + 15 + 19 null 6 + 8 6 1 0.5 no
Hap_31 null 2 + 4 + 15 + 19 null 7 + 8 10 + 11 1 0.5 yes
Hap_32 null 2 + 4 + 16 12 13 + 16 6 1 0.5 no

Hap_33 null 2 + 4 + 8 + 9 +
15 + 19 12 6 6 1 0.5 no

Hap_34 null 2 + 4 + 8 + 9 +
15 + 19 12 6 + 8 null 2 1.0 no

Hap_35 null 8 + 9 + 13 + 16 12 20x + 20y 5 1 0.5 yes
Hap_36 null 8 + 9 + 13 + 16 12 7 + 8 5 3 1.5 yes
Hap_37 null 8 + 9 + 13 + 16 12 * 7 + 8 5 1 0.5 yes
Hap_38 null 8 + 9 + 13 + 16 null 20x + 20y 5 1 0.5 yes
Hap_39 null 8 + 9 + 13 + 16 null 6 + 8 5 1 0.5 yes
Hap_40 null 8 + 9 + 13 + 16 null 6 + 8 5 + 10 1 0.5 yes
Hap_41 null null null 7 + 8 6 1 0.5 yes

Total (N or %) 2 8 3 10 9 196 100.0

1 Haplotypes reported without quality trait evaluations because they were not among the genotypes assessed in the 2011, 2014 and
2017 field trials. * corresponds with bands showing a slightly mobility difference in SDS-PAGE respect to the original band with the
same number.
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3.2. Low-Molecular-Weight Glutenin Subunits (LMW-GS)

The highest variation between LMW-GS coding genes was observed at the Glu-A3
locus with nine alleles, followed by Glu-B3 and Glu-B2, which presented eight and three
alleles, respectively (Table 1). The most frequent glutenin subunits encoded by Glu-A3
were 6 (a) and 6 + 10 (c), with frequencies of 57.7 and 26.5 percent, respectively, followed
by null (h) and 5 (b) subunits (Table 1). The Glu-A3ax (6.1 subunit) allele was detected
privatively in genotypes from Argentina (Buck Cristal and two breeding lines, VF0154 and
VF042), but our study conformed a new banding pattern (6.1 + 10). In addition, 10 + 11
and 5 + 10 banding patterns were only detected in the Biensur and Langdon (Dic-3A)-10
cultivars, respectively (Supplementary Table S1). At the Glu-B3 locus, the Glu-B3a (2 + 4
+ 15 + 19) allele was present in approximately 90% of the genotypes, followed by 8 + 9 +
13 + 16 and 2 + 4 + 15 + 16 subunit combinations. A new banding pattern (2 + 4 + 8 + 9
+ 15 + 19) was detected in three Argentinian breeding lines (Figure 1) and a rare variant
(2 + 4 + 16) was obtained in the old cultivar Bonaerense 202 (Supplementary Table S1). The
analysis at Glu-B2 resulted in the detection of three alleles (a, b and c), subunit 12 (a) being
present in 93.4% of the genotypes. The 12* allele (c) was the least frequent, only detected in
two genotypes from Italy and the WANA region, while the null (b) allele was carried by
11 genotypes and it was more widely distributed among the origins than Glu-B2c (Table 1).

Figure 1. Representative variability of HMW-GS (A) and LMW-GS (B) found in the evaluated durum wheat collection.
Genotypes are as follows: (A), 1, Candeal Durumbuck; 2, CRZ-1.12; 3, GAB 125; 4, Gerardo 574; 5, Maristella; 6, Polesine;
7, Buck#33 (33.1123.16-3-4-3); 8, Langdon; 9, Coccorit; 10, Gan; 11, Cham 1 = Waha; 12, Korifla = Cham 3; 13, Focha; 14, Bha;
15, Buck No6; 16, Haurani; 17, Langdon; 18, Cappelli; 19, Capeiti8; 20, Chagual INIA; 21, ACA 5284.06; 22, ACA 3571.13;
23, ACA 3576.13. (B), 1, Quc 3462-2009; 2, Quc 3763-2008; 3, Langdon (Dic-3A)-10; 4, CBW 05024; 7, Dupri; 8, Durobonus;
9, Joyau; 10, Biensur; 13, Ardente; 14, Appullo; 15, Ixos; 16, Buck Granate; 20, CBW 0416; 21, CBW 09161; 22, CBW 09270;
23, CBW 09280.

3.3. Effect of HMW-GS and LMW-GS on Gluten Strength and Protein Content

The relevance of glutenin alleles for improving gluten strength (measured by the SDSS
test) and grain protein content (GPC) was assessed in samples from a total of seven field
trials (Tables 3 and 4). ANOVA was conducted, taking into account the characterised alleles,
in 132 (2011) and 170 (2014–2017) genotypes phenotypically evaluated for quality traits.
Data for the genotypes numbered from 171 to 196 are not available since they were added
to the collection after the field trials were conducted. For HMW-GS, only the alleles at the
Glu-B1 locus were associated with highly significant differences (p < 0.001) in the SDSS test
and significant differences in GPC (in four out of seven trials). This locus explained the
36–41% and 18–21% of the variation in the SDSS test during 2011 and 2014, respectively
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(Supplementary Table S5). The Glu-A1 locus was practically fixed with only one genotype
carrying a differential allele, and it became difficult to test for differences.

Considering LMW-GS, all three loci (Glu-A3, Glu-B3 and Glu-B2) showed significant
differences between alleles in the SDSS test values in all the evaluated experiments. Ac-
cording to the ANOVA test, the SDSS variance was explained in the following order Glu-B3
> Glu-A3 > Glu-B2 in both years. In addition, the Glu-A3 locus also significantly affected
the grain protein content in BW 2011, PS 2014 and BW 2017, whereas the Glu-B3 showed a
significant effect on the GPC in BW 2011, CA 2014, PS 2014 and BW 2017.

For all loci, the SDSS variance was explained significantly in the following order:
Glu-B1 > Glu-B3 > Glu-A3 > Glu-B2, in 2011, and Glu-B3 > Glu-A3 > Glu-B1 > Glu-B2, in
2014 (Supplementary Table S5). After ANOVA, the rank of alleles was established using
the Tukey–Kramer test (p < 0.01). Banding patterns 7 + 8, 6 + 8, 7 + 15, 7 + 22 and 6* +
15* at the Glu-B1 locus were associated with the highest mean values of the SDSS test
(Tables 3 and 4). Additionally, the 13 + 16 allele, carried mainly by European genotypes,
reached high SDSS test values in several environments, whereas the 20x + 20y banding
pattern showed intermediate values in both evaluated years. In addition, the 14 + 22*
banding pattern was associated with a detrimental effect on the SDSS test value, but a high
GPC value. On the other hand, the 6, 11, 6 + 11 and 6 + 10 banding patterns at the Glu-A3
locus were associated with high SDSS test values, their effects being significantly different
to other alleles in most of the environments. The worst performance was exhibited by
genotypes carrying the subunit 5, followed by the 5 + 10 and 6.1 + 10 banding patterns.

At Glu-B3, the 2 + 4 + 15 + 19 (allele a) banding pattern was responsible for significantly
increased SDSS test values. On the contrary, genotypes carrying the 8 + 9 + 13 + 16 and
1 + 3 + 14 + 18 banding patterns showed the lowest SDSS test values. A null allele (j) at
the Glu-B3 locus, not previously described in durum wheat, was identified in the Chilean
breeding line Quc 3506-2009. This allele was associated with a high SDSS test value.
Regarding the effect of the Glu-B2 alleles on the SDSS test, it was 12 (a) > null (b) > 12* (c),
although significant differences were only detected between 12* and null, or 12* and
12 subunits.

Table 3. The effect of glutenin alleles on grain protein content and the SDSS test in 132 durum wheat genotypes grown in
Argentina (2011).

2011 GPC 1 SDSS Test

Locus/Banding
Pattern

Allele N %
CA

2011
BW 2011 PS 2011 LSmean CA 2011 BW 2011 PS 2011 LSmean

HMW glutenin subunits
Glu-A1 (2)

2 * b 1 0.8 13.92 a 12.29 a 11.5 a 12.58 a 84.50 a 86.66 a 68.51 a 80.17 a
null c 131 99.2 14.62 a 13.39 a 11.95 a 13.32 a 62.11 a 66.51 a 54.16 a 60.92 a

Glu-B1 (10)
7 + 8 b 42 31.8 14.49 a 13.28 a 11.93 a 13.23 a 67.6 b 71.18 b 61.94 b 66.34 b
6 + 8 d 33 25.0 14.81 a 13.32 ab 11.85 a 13.32 a 71.97 b 77.19 b 62.58 b 70.63 b

20x + 20y e 43 32.6 14.59 a 13.43 ab 11.96 a 13.33 a 48.69 ab 52.66 ab 38.87 ab 46.71 ab
13 + 16 f 4 3.0 14.48 a 13.45 ab 11.78 a 13.23 a 61.0 b 74.37 b 54.24 ab 63.34 b
7 + 15 z 4 3.0 14.57 a 13.49 ab 12.15 a 13.41 a 73.13 b 77.85 b 69.14 b 73.38 b

6 an na na na na na na na na na na
7 + 22 ch 4 3.0 14.54 a 13.84 ab 12.35 a 13.59 a 69.0 b 71.62 b 60.43 b 66.92 b

14 + 22 * new (cr) 1 0.8 14.99 a 14.78 b 13.18 a 14.3 a 24.5 a 19.61 a 20.6 a 21.83 a
6 * + 15 * new (cs) 1 0.8 14.99 a 14.17 ab 12.47 a 13.9 a 80.5 b 88.57 b 70.82 b 79.83 b
6 + 20y new (ct) na na na na na na na na na na

LMW glutenin subunits
Glu-A3 (9)

6 a 74 56.1 14.65 a 13.41 ab 11.99 a 13.35 a 64.72 b 68.53 b 56.55 ab 63.28 b
5 b 6 4.5 14.84 a 13.85 ab 12.35 a 13.67 a 22.0 a 22.36 a 18.25 a 20.94 a

6 + 10 c 37 28.0 14.46 a 13.21 ab 11.8 a 13.15 a 64.31 b 70.92 b 56.27 ab 63.83 b
6 + 11 d 1 0.8 15.09 a 13.25 ab 11.94 a 13.4 a 56.5 ab 75.98 b 52.84 ab 61.67 b

11 e 3 2.3 14.6 a 13.23 ab 11.88 a 13.24 a 69.8 b 71.37 b 52.37 ab 64.61 b
null h 7 5.3 14.94 a 14.14 b 12.4 a 13.84 a 57.0 ab 60.11 ab 48.49 ab 55.0 ab

6.1 + 10 ax 3 2.3 14.09 a 12.64 a 11.0 a 12.57 a 59.2 ab 57.3 ab 54.02 ab 56.83 ab
5 + 10 na na na na na na na na na na
10 + 11 1 0.8 14.34 a 13.01 ab 11.9 a 13.12 a 78.0 b 86.87 b 75.79 b 80.17 b

Glu-B3 (8)
2 + 4 + 15 + 19 a 120 90.9 14.59 a 13.34 a 11.9 a 13.28 a 64.9 c 69.6 b 56.79 a 63.78 b
8 + 9 + 13 + 16 b 6 4.5 14.84 a 13.85 ab 12.35 a 13.67 a 22.0 a 22.36 a 18.25 a 20.94 a
2 + 4 + 15 + 16 g 3 2.3 14.41 a 13.69 ab 12.47 a 13.53 a 51.8 abc 52.75 ab 45.42 a 49.78 ab
1 + 3 + 14 + 18 h 1 0.8 14.99 a 14.78 b 13.18 a 14.3 a 24.5 ab 15.5 a 20.6 a 21.83 a
2 + 4 + 15 + 18 ax 2 1.5 15.34 a 13.54 a 12.35 a 13.75 a 58.3 bc 67.07 b 41.03 a 55.25 ab

2 + 4 + 16 ag na na na na na na na na na na
2 + 4 + 8 + 9 + 15 + 19 new (aw) na na na na na na na na na na

Null j na na na na na na na na na na
Glu-B2 (3)

12 a 125 94.7 14.60 a 13.37 a 11.92 a 13.3 a 63.76 b 68.35 b 55.48 b 62.52 b
null b 5 3.8 14.86 a 13.51 a 12.23 a 13.55 a 42.8 ab 44.22 ab 39.5 ab 42.23 ab
12 * c 2 1 5 14 47 a 14 08 a 12 84 a 13 78 a 18 75 a 16 93 a 15 59 a 17 17 b
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Table 4. The effect of glutenin alleles on grain protein content and the SDSS test in 170 genotypes grown in Argentina (2014
and 2017).

2014/17 GPC 1 SDSS Test

Locus/Banding
Pattern

Allele N % CA 2014 BW 2014 PS 2014 BW 2017 LSmean CA 2014 BW 2014 PS 2014 LSmean

HMW glutenin subunits
Glu-A1 (2)

2 * b 1 0.6 13.2 a 10.61 a 11.54 a 10.51 a 11.64 a 72.08 a 68.99 a 59.08 a 66.84 a
null c 161 94.7 12.98 a 12.2 a 12.37 a 11.14 a 12.16 a 58.81 a 66.38 a 66.28 a 63.83 a

Glu-B1 (10)
7 + 8 b 65 38.2 12.49 ab 12.31 a 12.31 a 10.93 a 12.0 a 61.99 b 73.03 b 71.16 b 68.69 b
6 + 8 d 44 25.9 13.68 ab 11.94 a 12.34 a 11.23 ab 12.29 a 64.82 b 66.39 ab 67.48 b 66.31 b

20x + 20y e 47 27.6 13.08 ab 12.26 a 12.41 a 11.3 ab 12.27 a 48.12 ab 55.19 ab 56.46 ab 53.27 ab
13 + 16 f 4 2.4 11.73 ab 11.6 a 11.98 a 11.23 ab 11.59 a 59.34 ab 77.87 b 78.02 b 71.61 b
7 + 15 z 4 2.4 12.32 ab 11.81 a 12.42 a 10.94 a 11.9 a 61.59 b 69.14 b 78.82 b 69.63 b

6 an na na
7 + 22 ch 4 2.4 14.04 ab 12.58 a 12.33 a 11.26 ab 12.48 ab 74.9 b 80.61 b 72.01 b 76.15 b

14 + 22 * new (cr) 1 0.6 15.38 b 12.5 a 14.82 b 12.7 b 14.02 b 18.41 a 21.97 a 21.28 a 20.31 a
6 * + 15 * new (cs) 1 0.6 11.43 a 13.31 a 13.67 b 11.82 ab 12.35 a 68.67 b 87.02 b 72.0 b 75.48 b
6 + 20y new (ct) na na

LMW glutenin subunits
Glu-A3 (9)

6 a 98 57.6 12.98 a 12.23 a 12.39 ab 11.11 ab 12.07 a 61.92 abc 69.18 bc 70.11 b 67.10 c
5 b 6 3.5 13.06 a 13.12 a 13.05 ab 11.69 ab 12.77 a 18.72 a 19.9 a 23.6 a 20.66 a

6 + 10 c 48 28.2 12.89 a 12.08 a 12.23 ab 11.08 ab 12.07 a 58.11 abc 68.68 bc 64.69 ab 63.81 bc
6 + 11 d 2 1.2 13.80 a 11.97 a 12.44 ab 10.73 ab 12.24 a 67.58 bc 73.09 c 60.76 ab 67.15 c

11 e 3 1.8 11.92 a 11.77 a 12.03 ab 11.42 ab 11.78 a 61.25 abc 67.0 abc 72.51 b 66.55 c
null h 8 4.7 13.35 a 12.15 a 12.65 ab 11.44 ab 12.43 a 57.36 abc 64.48 abc 64.27 ab 62.03 bc

6.1 + 10 ax 3 1.8 13.86 a 11.29 a 11.15 a 10.8 ab 11.72 a 51.01 abc 42.33 abc 58.57 ab 50.7 abc
5 + 10 1 0.6 14.24 a 11.99 a 11.96 ab 12.3 ab 12.64 a 31.45 ab 21.96 ab 23.78 a 25.97 ab
10 + 11 1 0.6 11.79 a 12.33 a 13.29 b 10.42 a 11.69 a 78.4 c 80.56 c 90.74 b 83.22 c

Glu-B3 (8)
2 + 4 + 15 + 19 a 156 117.3 12.99 a 12.15 a 12.32 a 11.10 ab 12.13 a 61.17 ab 68.92 bc 68.42 b 66.18 b
8 + 9 + 13 + 16 b 7 5.3 13.23 a 12.96 a 12.98 ab 11.78 ab 12.75 ab 20.54 a 20.20 a 23.63 a 21.42 a
2 + 4 + 15 + 16 g 3 2.3 11.96 a 12.32 a 12.26 a 11.32 ab 11.95 a 49 ab 67.52 abc 58.82 ab 58.59 ab
1 + 3 + 14 + 18 h 1 0.8 15.38 b 12.5 a 14.82 b 12.70 b 14.02 b 18.41 a 21.97 ab 21.88 a 20.31 a
2 + 4 + 15 + 18 ax 2 1.5 10.92 a 12.54 a 12.81 ab 10.88 ab 11.96 a 45.83 ab 44.0 abc 70.91 b 53.48 ab

2 + 4 + 16 ag na na
2 + 4 + 8 + 9 + 15 +

19
new
(aw) na na

Null j 1 0.8 14.61 ab 10.97 a 12.11 a 10.60 a 12.06 a 66.5 b 82.04 c 81.69 b 76.94 b
Glu-B2 (3)

12 a 159 93.5 12.96 a 12.19 a 12.33 a 11.11 a 12.14 a 60.06 b 68.02 b 67.54 b 65.22 b
null b 9 5.3 13.16 a 11.96 a 12.44 a 11.36 a 12.25 a 48.00 b 48.89 b 54.30 b 50.31 b
12 * c 2 1.2 14.08 a 12.88 a 14.48 b 12.07 a 13.43 b 14.65 a 16.43 a 16.66 a 15.52 a

LMW-GS Model
1 7 4.1 13.23 a 12.96 b 12.98 a 11.78 a 12.74 a 20.54 a 20.20 a 23.63 a 21.42 a
2 162 95.3 12.96 a 12.16 ab 12.34 a 11.11 a 12.14 a 60.5 b 68.3 b 67.98 b 65.6 b

none 1 0.588 14.61 a 10.88 a 12.11 a 10.60 a 12.06 a 66.5 b 82.04 b 81.68 b 76.94 b

1 LSMEAN estimated using 132 genotypes in each environment and over the environments. GPC: grain protein content; SDSS: sodium
dodecyl sulfate micro-sedimentation. The environmental references are CA: Cabildo; BW: Barrow; PS: Pieres, followed by the year of
sowing. Values in the same column for each locus followed by a different letter are significantly different using the Tukey–Kramer test
(p < 0.01). * corresponds with bands showing a slightly mobility difference in SDS-PAGE respect to the original band with the same number.

3.4. HMW-GS and LMW-GS Distribution along Different Periods and Origins

Six breeding periods were considered for the analysis of the allele distribution at the
three main loci that showed high variability (Glu-B1, Glu-A3 and Glu-B3). The results
are summarised in Figure 2. The effect of breeding on gluten strength showed a positive
selection of alleles associated with high values of the sedimentation test (SDSS). At the
Glu-B1 locus, the allele 20x + 20y (e) was associated with low–intermediate gluten quality
decreased its frequency over time, whereas the alleles 6 + 8 (d) and 7 + 8 (b) were favoured
by selection and their proportion increased, mostly in the 7 + 8 allele. At the Glu-A3 locus,
the proportion of genotypes carrying the allele 6 (a) did not change over time, whereas the
genotypes with 6 + 10 (c) and 6 + 11 (d) increased from the old to the modern germplasm.
In addition, the null allele (h) and the subunit 5 (b) were progressively discarded from the
1915–1979 to the 2000–2020 periods. On the other hand, for Glu-B3 the greatest variability
was observed from 1915 to 1979 with a predominance of the 2 + 4 + 15 + 19 (a) allele, which
progressively increased to reach 100% in modern genotypes. The allelic distribution by
origin is shown in Supplementary Figure S1. At Glu-B1, the 6 + 8 (d) was the main allele
detected in the Argentinian genotypes, while the 7 + 8 (b) subunits were more frequent in
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Chilean and CIMMYT germplasm. The 20x + 20y (e) banding pattern was mostly detected
in genotypes from France, WANA and Italy. At Glu-A3, the subunit 6 was mostly detected
in the Argentinian, Italian and Chilean genotypes, whereas 6 + 10 (c) was the main allele in
germplasm from WANA and France.

Figure 2. Allelic distribution of the three main glutenin loci (Glu-B1, Glu-A3 and Glu-B3) in a worldwide collection of durum
wheat over six breeding periods.

3.5. Quality Traits Variation over Different Breeding Periods

The variation in GPC and the SDSS test over the six breeding periods previously
mentioned was assessed by ANOVA and Duncan tests (p < 0.05) for each environment
and year. A decreasing trend in GPC was observed from the 1915–1969 to the 2000–2009
periods in six out of seven experiments, with a slight recovery also observed during the
2010–2020 period in some environments (Supplementary Figure S2). This decrease in GPC
represented an average of 5.32% (in relative value) from 1934 to 2020 (−0.07% year−1 in
GPC). On the other hand, the SDSS test values also decreased from 1915–1969 to 1970–1979,
but this was later followed by a growth trend in the subsequent periods (Supplementary
Figure S2). The overall estimated genetic gain for the gluten strength (SDSS test) was 10.8%
from 1934–1969 to 2010–2020 (0.14% year−1 in SDSS). However, when the first breeding
interval was removed, the overall genetic gain from 1970–1979 to 2010–2020 was 37.8%,
representing an increase of 0.48% year−1 caused by breeding in our collection.

3.6. Glutenin Haplotype Frequency, Distribution and Effect

A total of 41 haplotypes could be conformed based on the alleles detected at the
five glutenin loci (Table 2). Most of the haplotypes (30 of total) were poorly represented,
showing frequencies of up to 1%. The most frequent haplotype, carried by 22.4% of the
genotypes, was Hap_22, followed by Hap_11 and Hap_16 with 12.8% each, Hap 17 (10.2%)
and Hap_23 (9.2%). The distribution of haplotypes by origin is shown in Supplementary
Table S6. The most frequently observed haplotypes among the genotypes that ranked
in the top 20% for the best SDSS test values were Hap_22 (for ex. BonINTA Cumenay),
Hap_23 (CBW 09034), Hap_17 (CBW 0111) and Hap_16 (Buck#33). Additionally, some of
the less frequent haplotypes obtained high SDSS values in both years (Hap_9, Hap_19,
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Hap_31, Hap_1, Hap_4 and Hap_18). Significant differences between haplotypes in the
SDSS test were observed using the Bautista multiple comparison test p < 0.05) (BSS, [45]). A
significant haplotype effect on GPC was only observed in three environments (BW 2011, PS
2014 and BW 2017) and the LSMEAN in the 2014/2017 trials (Figure 3). The ANOVA test
considering the haplotype effect explained 70–77% of the variance in the SDSS test during
2011, and 48–53% during 2014, whereas, for GPC, it explained 33% of the phenotypic
variation (Supplementary Table S5a,b).

Figure 3. Multiple comparison test (BSS) between haplotypes considering the LSMEANs of grain protein content (GPC)
and sodium dodecyl sulfate micro-sedimentation (SDSS) test by year (2011 (A,C) and 2014 (D) or grouping 2014/2017 (B)).
Bars with a symbol (*) represent haplotypes detected in at least two genotypes. Bars with different letters at the top and
colours indicate significant differences according to the BSS test. Hap_: Haplotype_(number).

3.7. Haplotype Effect on Additional Quality Parameters in Argentinian Genotypes

The contrasting haplotype effects in additional quality parameters, such as % gluten,
wet gluten, dry gluten, gluten index and farinograph measurements (Development time
and Energy level) as well as protein content, were analysed using historical datasets of
Argentinian genotypes. For these analyses, 13 genotypes grown in up to 11 environments
(11–175) from 1995/96 to 2017/18, representing a total of eight haplotypes (detailed in
Supplementary Table S4), were used. These haplotypes varied at the Glu-B1, Glu-B2 and
Glu-A3 loci. The ANOVA test showed a significant effect of the haplotypes on the Gluten
Index, Grain protein, Energy level and Development time (Supplementary Figure S3). The
haplotypes Hap_23 and Hap_22 exhibited the highest gluten index and Energy level, but
obtained the lowest Development time from the farinograph. Additionally, the Hap_29
carrying 20x + 20y subunits at Glu-B1 but a triple null at Glu-A1, Glu-B2 and Glu-A3 and
Glu-B3a also showed a high gluten index and Energy level.

4. Discussion

The importance of durum wheat prolamins (glutenins and gliadins) and their effect
on gluten strength for pasta and breadmaking was mainly studied in different genetic
backgrounds [4,7,47–51]. Our study focused on the characterisation of HMW-GS and
LMW-GS variation in a worldwide durum wheat collection. The effect of these variants on
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quality traits was analysed gene-by-gene or as haplotypes, highlighting the importance of
common and rare allelic variants to improve gluten quality. A description was also made
of the glutenin profile of landraces, as well as old and modern germplasms, mainly from
Argentina and other countries.

4.1. Glutenin Allelic and Haplotype Variation and Its Effect on GPC and the SDSS Test

In this study, a high number of alleles were detected at the glutenin loci, the Glu-B1,
Glu-A3 and Glu-B3 genes being the main sources of variation in modern durum wheat
germplasms exploited for gluten strength improvement. Most of the SDSS variance was
explained alternatively by Glu-B1 or Glu-B3 in the two years evaluated, indicating that
the expression of these genes was affected environmentally. However, these genes exerted
a small effect on GPC in one year (2014), suggesting a weak association with this trait.
Previous studies yielded controversial results regarding the relative importance of Glu-B1
and Glu-B3 and their association with gluten quality. According to Martínez et al. [52], the
alleles at Glu-B3 strongly affect the gluten quality measured by the SDSS, mixograph and
alveograph tests. On the contrary, Glu-B1 was also reported to play a major role in the
end-use quality of durum wheat, affecting W and P/L ratio values [53]. However, other
authors did not find any effect of Glu-B1 on gluten quality [54].

A better association between the glutenin loci and quality traits was obtained based
on haplotypes, which could explain most of the variation in SDSS, most likely because the
haplotype analysis also considers the possible effect of the interactions between loci.

Considering individual loci, Glu-A1 (HMW-GS) and Glu-B2 (LMW-GS) showed the
lowest variation in our collection. The low variation at Glu-A1 in modern germplasms
was also mentioned by several authors [27,50]. The null allele was practically fixed in our
collection as well as in modern germplasms worldwide [51,53,55]. In our analysis, the 2*
(b) allele was the unique differential subunit at Glu-A1 and was also detected at a very
low frequency in durum wheat cultivars by other authors [27]. However, frequencies of
18.4% [56], 23.3% [57] and 41.1% [34] were observed in Iranian and Spanish durum wheats
and Iranian bread wheat landraces, respectively. We found the 2* subunit to be associated
with high gluten strength (higher SDSS), as was previously reported [56,58]. Nonetheless,
the contribution of the non-null Glu-A1 alleles to improve durum wheat quality is still not
well defined [55].

In our study, the highest variation was observed at the Glu-B1 locus with ten alleles,
which coincided with previous reports on landraces and modern cultivars of durum
wheat [50]. Glu-B1b (7 + 8) followed by Glu-B1d (6 + 8) and Glu-B1e (20x + 20y) were the
most frequent alleles. Similar results were obtained in durum wheat, but with different
frequencies, with 20x + 20y being > 6 + 8 > 7 + 8 [27]. In this study, the Glu-B1d (6 + 8)
or Glu-B1b (7 + 8) alleles were among the four alleles with higher SDSS values. However,
this effect was environmentally impacted, showing Glu-B1d with higher SDSS values in
2011 and Glu-B1b in 2014. The lower precipitation and mean temperature values obtained
at all locations in 2011, suggested that an environmental effect could affect the allelic
performance. Glu-B1b was widely associated with strong gluten and a good pasta-making
quality [53]. Conversely, subunits 6 + 8 were associated with higher SDSS values than
7 + 8 and 20x + 20y [52]. According to Ammar et al. [59] Glu-B1d exhibited a better overall
breadmaking quality compared to the 7 + 8 or 20 banding patterns. Based on our results,
we cannot establish a clear order of importance at Glu-B1 between the 7 + 8 and 6 + 8
banding patterns or the haplotypes carrying these alleles, but a small difference of Glu-B1b
(7 + 8) increasing SDSS was observed.

Previously, the 20x + 20y banding pattern was associated with inferior quality [48,59].
In our study, the Glu-B1e (20x + 20y) allele was associated with intermediate values of SDSS.
This result was coincident with previous studies [31]. However, genotypes with Hap_14
and Hap_29, where Glu-B1e was combined with the Glu-A3h (null) allele, resulted in similar
mean SDSS values to the genotypes with the 6 + 8 banding pattern. The breeding line CBW
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05024 (Hap_29) carried Glu-B1e/Glu-A3h, but also a null allele at Glu-A1 and Glu-B2, which
could be an interesting alternative haplotype, showing a high gluten strength.

Two additional Glu-B1 banding patterns involving the Bx7 subunit (7 + 15 and 7 + 22)
were identified among old, intermediate and modern genotypes from Argentina, France,
Italy and CIMMYT. Glu-B1z (7 + 15) was reported in CIMMYT-derived germplasms and
in one Iranian landrace [56,60]. In addition, the Glu-B1ch (7 + 22) allele was reported
in one Mediterranean landrace [50] and three Iranian landraces [56]. The latter authors
also associated Glu-B1ch with low gluten quality. Conversely, in the present study the
haplotypes (Hap_19, Hap_20 and Hap_21) carrying 7 + 15 or 7 + 22 banding patterns
ranked among the best glutenin profiles increasing the SDSS values, suggesting that they
should be more carefully evaluated for use in durum wheat breeding programs. The
Glu-B1f (13 + 16) allele was detected at a low frequency, which was also reported in other
cultivars and durum wheat landraces [53,61,62]. However, the frequency of Glu-B1f was
high (21.38%) in an Algerian durum wheat collection [63] and it was suggested that this
allele was associated with low gluten quality [62]. However, our results showed that this
allele in Hap_9 was associated with high gluten quality. Hap_9, ranked among the best
haplotypes in both years.

A unique banding pattern was carried by the Italian cultivar, Polesine (14 + 22*), associ-
ated with low gluten quality (as SDSS), but showing a high GPC value. Two other different
banding patterns (13 + 16 and 23 + 18) were previously reported for this genotype [27].
Although the genetics and morphology observed in Polesine, such as plant height and a
light green colour (typically only observed in old Italian germplasms) the differences in
banding pattern could suggest a misclassification of this material in our seed stock. As far
as we know, this is the first report of the 14 + 22* subunit combination in durum wheat.
Subunit 22* was previously mentioned as a rare variant [56]. Another unique banding
pattern (6* + 15*) was obtained in the landrace, Haurani. A previous study described the
6 + 16 banding pattern in this landrace [60]. Subunit 6* has a higher mobility than subunit
6 in SDS-PAGE. In our study, Haurani showed high SDSS values in both years evaluated,
suggesting that the 6* + 15* subunits could be a useful resource for breeding. Additionally,
the 6 + 20y banding pattern resulted in a new combination of subunits at the Glu-B1 locus,
only observed in the Italian cultivar, Capeiti8. Nevertheless, different patterns for this
cultivar were reported in previous studies as 20x + 20y and 7 + 8 [60,64]. The 6 + 20y
banding pattern was not evaluated phenotypically. According to the Catalogue of Gene
Symbols for Wheat [65] and the 2020 Supplement (https://wheat.pw.usda.gov/GG3/wgc,
accessed date on 2 September 2021), the 14 + 22*, 6 + 20y and 6* + 15* banding patterns
were not annotated, and we tentatively propose the nomenclature of Glu-B1cq, Glu-B1cr
and Glu-B1cs for these subunit combinations.

Significant interactions between Glu-B1 and Glu-B3 or Glu-A3 were indicated as
playing an important effect on quality parameters [52]. Supporting this, the presence of the
Glu-B3b (8 + 9 + 13 + 16) or Glu-B3h (1 + 3 + 14 + 18) allele causes a detrimental effect on SDSS,
regardless of which allele is present at Glu-B1. Since Glu-B3a (2 + 4 + 15 + 19) represented
about 90% of the total variation and was gradually fixed in modern germplasms, most of
the differences in quality traits were due to the allelic effect from Glu-B1 and Glu-A3 and
eventually at Glu-B2. A low level of variation was observed at Glu-B3 in comparison with
other studies conducted on landraces [50,55,56] or durum wheat germplasm from North
Africa [60] and Spain [66]. Contrary to our study, the 2 + 4 + 15 + 18 banding pattern was
recorded with a relatively high frequency in Mediterranean landraces [67] and was also
reported by other authors [35,56,66].

The rare allelic variant Glu-B3ag (2 + 4 + 16) [56] was only detected in the old Argen-
tinian cultivar Bonaerense 202 (1966). In addition, the 2 + 4 + 8 + 9 + 15 + 19 banding pattern
was not previously reported, and we tentatively suggest that this new allele be known as
Glu-B3aw, following the order of the Catalogue of Gene Symbols for wheat [65] and its
2020 Supplement (https://wheat.pw.usda.gov/GG3/wgc, accessed date on 2 September
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2021). Additionally, the subunit combination 2 + 4 + 15 + 18 was not previously named
and we propose the name of Glu-B3ax for this allele.

Another rare variant at Glu-B3j (null) was previously mentioned as a result of the
wheat–rye translocation 1BL/1RS [68,69] that caused the loss of Glu-B3 LMW-GS and
possibly the linked gliadins (Gli-B1 locus), and incorporated the secalins (Sec-1 locus) into
the wheat, causing dough stickiness and a reduced gluten quality [70–72]. However, the
unique genotype which carried Glu-B3j (Quc 3506-2009) showed high gluten strength. This
Chilean breeding line (Hap_41) is a triple null genotype (Glu-A1, Glu-B3 and Glu-B2), also
carrying the Glu-B1b and Glu-A3a alleles, which showed bread wheat ancestry as being the
possible origin of the rye translocation. To our knowledge this allele was not previously
reported in durum wheat.

Among LMW-GS the Glu-A3 locus exhibited a slightly higher variability but explained
less of the SDSS test variance than Glu-B3. The level of polymorphism at Glu-A3 observed
in our study was comparable to previous reports [55,57] in Moroccan and Spanish durum
wheat germplasms. The most common variants at Glu-A3, 6 and 6 + 10, associated with
high gluten strength, are also widely distributed worldwide [36,50,55–57,62,66]. However,
we could not find a clear significant difference favouring these two alleles over the others.
Among the Glu-A3 alleles, the unique banding patterns 5 + 10 (Langdon (Dic-3A)-10)
and 10 + 11 (Biensur) were only previously described in Mediterranean durum wheat
germplasms [50]. Only the presence of the subunit 5 (Glu-A3b), or combined as 5 + 10, was
clearly associated with low SDSS values (Hap_35 to Hap_40). The absence of subunit 5 at
Glu-A3 in old, but also modern, Argentinian genotypes could be one of the reasons for this,
since Argentinian durum wheat was considered to be of high quality in the past.

In our study, the 6.1 + 10 banding pattern was only detected in three Argentinian
genotypes. The Glu-A3ax (6.1) allele was described previously and named in the Argen-
tinian cultivar Buck Cristal [31]. However, we observed the 6.1 + 10 banding pattern in
Buck Cristal. This could be attributed to different resolution levels in the methodology. The
6.1 subunit [66] is equivalent to the previously designated 7* subunit [73]. Glu-A3e (11) was
described in durum wheat by several authors [36,55,62] but only detected in the French
and Italian germplasm in our collection.

As previously mentioned, the interaction between HMW-GS and LMW-GS, in particular
for the Glu-1 and Glu-3 loci, has an important influence on technological properties [74–76].
According to He et al., interactions such as Glu-B1 × Glu-B3 and Glu-D1 × Glu-A3, strongly
affect the SDS sedimentation value, farinograph stability and loaf volume [77]. Similarly,
both additive and epistatic effects between glutenin loci significantly affect the dough
characteristics [78]. To address this problem, we analysed the effects of these genes on
quality traits using haplotypes as in previous reports [33,62,66]. The analysis of allelic
combinations instead of individual loci better explained the SDSS and partially explained
the GPC variations. Some haplotypes were only detected in the Argentinian (10), Ital-
ian (8), French (5), WANA (4), USA (2) and Chilean (1) genotypes, showing the benefits of
germplasm exchange. Some rare haplotypes in genotypes from the USA, Italy and Chile
were likely a consequence of the allele’s introgression through wide crosses during the
breeding process.

4.2. Variability in Quality Traits between Breeding Periods and Its Relationship with Allelic
Variation at Glutenin Loci

Our results showed a decreasing trend in GPC over six breeding periods in most
of the environments evaluated. The negative relationship between GPC and grain yield
under most environmental conditions is well known [79,80]. This result agrees well with
the increase in grain yield over time, reported by our group [81] using a subset of our
collection, as well as from other authors [51,53,82,83]. The estimated reduction in GPC
based on our data over time (−0.07% year−1) was about half of the value reported in
previous studies [53,62,84].

Moreover, the SDSS test showed an initial decrease from the first period (1915–1969)
to the second (1970–1979), followed by a consistent improvement in gluten quality until
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the 2010–2020 period. The positive growth rate period was similar to results obtained
for Italian and Spanish cultivars [53,62]. In the same way, an increased glutenin content
without any changes in the albumin/globulin rate from 1891 to 2010 was reported in
bread wheat [85]. Nevertheless, the improvement in gluten strength over the last 50 years
partially recovered the loss observed during the first and second breeding periods. This
finding supports the idea that a reduction in grain quality occurred after the introduction
of semi-dwarfism during the 1970s. This agrees well with the fact that all genotypes from
the 1934–1969 period were tall and carried the Rht-B1a allele [86]. The SDSS genetic gain
from 1970–1979 to 2010–2020 (37.8%) was slightly higher than that reported for Spanish
and Italian germplasms [62].

Our study shows that the increases in gluten strength over time are strongly associated
with changes in allele composition in the HMW and LMW glutenin subunits and were
associated with a progressive replacement of the 20x + 20y banding pattern by the 7 + 8
and 6 + 8 subunits at Glu-B1 as also reported previously [62]. Negative effect alleles, such
as Glu-A3h and Glu-A3b, were also progressively replaced by more advantageous ones
(6 + 10 and 6 + 11). The Glu-A1, Glu-B3 and Glu-B2 loci were progressively fixed (null(c),
2 + 4 + 15 + 19 (a), 12 (a), respectively) from old to modern accessions, indicating that most
of the variation observed today is due to allelic variations at the Glu-B1 and Glu-A3 loci.
The most frequent haplotypes (22, 23, 17 and 16) carried this conserved allelic combination.
The Glu-B3a/Glu-B2a combination was also present in 75% of all the intermediate and in
100% of the modern Italian cultivars [51].

4.3. Haplotype Effect on Additional Quality Parameters

The gluten strength in durum wheat is mainly responsible for pasta quality, and several
methodologies were proposed as predictors or as direct tests for rheological properties
(micromixograph, viscoelastograph, farinograph, alveograph, gluten index and SDSS) [87].
The SDSS test is widely used as a predictor of gluten strength [24,48,88,89]. Although
the SDSS test and Gluten Index are highly correlated, it is noted that the SDSS is clearly
influenced by protein content [90]. We evaluated the effect of the five most frequent
haplotypes and some contrasting haplotypes in selected Argentinian genotypes by using
historical datasets for quality traits, including the gluten index. Our results confirmed
that Hap_23 and Hap_22, both carrying 7 + 8 subunits at Glu-B1, showed a superior
performance based both on the gluten index or farinograph parameters. This analysis
provides additional evidence for the high gluten strength associated with Hap_29 by the
SDSS test. These results confirm the suitability of SDSS as a gluten strength predictor and
its association with allelic variants at glutenin loci and haplotypes.

5. Conclusions

In the present study, the allelic variations at five durum wheat glutenin loci were
characterised and four new alleles were detected. Additionally, the contribution of indi-
vidual alleles to improve gluten quality, and their influence on grain protein content, was
highlighted, and the haplotype analysis offered valuable information for use in durum
wheat breeding programs. Our results showed a decreasing trend in grain protein content
over the last 85 years, which could be attributed to a dilution effect due to grain yield
improvements. The changes in gluten strength measured by the SDSS test over the same
breeding period were associated with the variation in the allele frequency at glutenin loci.
Furthermore, some haplotypes poorly represented in modern germplasms were shown to
be associated with a high SDSS and quality performance and should be considered for use
in breeding programs.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-815
8/10/11/2845/s1, Figure S1: Allelic distribution of the three main glutenin loci (Glu-B1, Glu-A3 and
Glu-B3) considering the origin of accession in the whole collection. Figure S2: Multiple comparison
tests (Duncan test, p < 0.05) performed on the GPC and SDSS means considering six breeding periods
in each environment and by year. The environmental references are CA: Cabildo; BW: Barrow; PS:
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Pieres, followed by the year of sowing. Bars in the same environment with a different letter on the
top are significantly different. Figure S3: Bar plot showing additional quality traits mean values
according to the corresponding haplotype. Means with a different letter on the top indicate significant
differences according to the Tukey–Kramer test (p < 0.05). Table S1: Allelic characterisation of HMW-
GS and LMW-GS glutenin loci in a worldwide durum wheat collection of 196 genotypes. Table S2: List
of KASP markers for Glu-A1 and Gpc-B1 used in this study. Table S3: Precipitation, mean temperature
and adopted management in the seven field trials. Table S4: Summary of genotypes/haplotypes and
trials considered with additional quality parameters. Table S5: Percentage of variance explained by
each locus, model and haplotypes for GPC and SDS sedimentation test. Table S6: Frequency and
distribution of haplotypes according to the origin of accessions.
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Abstract: Malnutrition, as a result of deficiency in essential nutrients in cereal food products and
consumption of a poorly balanced diet, is a major challenge facing millions of people in developing
countries. However, developing maize inbred lines that are high yielding with enhanced nutritional
traits for hybrid development remains a challenge. This study evaluated 40 inbred lines: 26 quality
protein maize (QPM) lines, nine non-QPM lines, and five checks (three QPM lines and two non-QPM
lines) in four optimum environments in Zimbabwe and South Africa. The objective of the study was
to identify good-quality QPM inbred lines for future hybrid breeding efforts in order to increase the
nutritional value of maize. The QPM lines had a lower protein content (7% lower) than that of the
non-QPM lines but had 1.9 times more tryptophan and double the quality index. The lysine- and
tryptophan-poor α-zein protein fraction was 41% lower in QPM than in non-QPM, with a subsequent
increase in γ-zein. There was significant variation within the QPM inbred lines for all measured
quality characteristics, indicating that the best lines can be selected from this material without a yield
penalty. QPM lines that had both high protein and tryptophan levels, which can be used as parents
for highly nutritious hybrids, were identified.

Keywords: maize inbred lines; nutritional value; protein quality

1. Introduction

Malnutrition, due to lack of a balanced diet, has become a chronic disease in under-
developed and developing countries, affecting about two billion people [1] and leading
to about 45% child mortality among infants under the age of five years [2]. Consequently,
malnutrition has become an international problem and has caused an 11% loss of annual
gross domestic product (GDP) in Africa and in other developing countries [1]. Maize is the
third most important staple cereal food crop in the world after wheat and rice; it contributes
about 30% of food-calorie intake and is a source of protein for more than four billion people
in 94 developing countries [3].

Maize kernels consist of 61 to 78% starch, 6 to 12% protein, and 3 to 6% fat [4,5].
Maize protein exists largely in the form of zein proteins, subdivided into β-, γ-, and α-
zein fractions based on amino acid sequences [5,6], with α-zein being the most abundant
fraction. The zein storage proteins are deficient in lysine and tryptophan, which are
essential amino acids for human and other monogastric animals, thus negatively affecting
the crop’s nutritional value [7,8]. This led to the development of quality protein maize
(QPM) in the 1960s, by conventional breeding through the introgression of the opaque2 gene,
and later modifier genes to harden the endosperm, to improve the nutritional content of
traditional maize varieties to combat malnutrition. QPM has double the amount of lysine
and tryptophan of normal maize and can supply 70 to 80% of human protein requirements,
while non-QPM genotypes can only supply a maximum of 46% [9,10]. Several studies
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have been conducted on QPM to determine the lysine and tryptophan content of maize
grains [11,12]. It is difficult to combine high grain yield with high-quality protein content
in elite maize varieties because these two characteristics are often negatively correlated [13],
either because the grain yield is directly involved in the process of seed modification
or because the modifier gene(s) could be tightly linked to those responsible for protein
synthesis [14].

Maize parental lines are the fundamental genetic materials essential for understanding
the mechanism and principles of breeding [15,16]. In recent years, a large number of QPM
inbred lines have been developed and successfully used as parents for generating hybrids
and synthetic varieties [17,18]. Parental materials form the basis on which the development
of stable and high yielding maize hybrids revolve [19]. As such, inbred lines should be
extensively evaluated at different locations for consistency in the performance of traits
of interest. Examining genotypes by environment interaction (GEI) is very important in
crop development because several factors contribute to the performance of a genotype,
since the production environment is variable [16]. The aim of this study is to assess
the seed composition, the nutritional value and zein protein composition, and the yield
performance of the new QPM inbred lines developed by the International Maize and Wheat
Improvement Centre (CIMMYT) in order to identify the best lines to use as parents in
developing high yielding and nutritious hybrids.

2. Materials and Methods

2.1. Genetic Material and Field Evaluation

The genetic material used consisted of 26 QPM inbred lines and nine non-QPM lines,
as well as five commercial checks (three QPM and two non-QPM) (Table 1), developed
by CIMMYT, Zimbabwe. The experiment was carried out under optimum conditions at
Cedara (latitude −29.54◦, longitude 30.26◦, with an elevation of 1066 m above sea level,
with reddish brown clay soils) and Potchefstroom (latitude −26.73◦, longitude 27.08◦, with
an elevation of 1349 m above sea level, with brown sandy loam soils) in South Africa. All
the trial locations are in summer rainfall regions, with December, January, and February
receiving the highest rainfall. Average annual rainfall is 824 mm (Cedara) and 600 mm
(Potchefstroom). The maximum temperatures during the maize growing season (October to
April) vary between 22–25 ◦C (Cedara) and 24–29 ◦C (Potchefstroom). Trials in Zimbabwe
were grown at CIMMYT, Harare (latitude 17◦46′, longitude 31◦02′, with an elevation of
1406 m above sea level), and Gwebi Agricultural College (latitude 17◦13′, longitude 31◦ E,
with an altitude of 1406 m above sea level). Gwebi is 27 km from Harare and has a
similar climate. The annual rainfall of Harare is 845 mm with maximum temperatures of
25–31 ◦C in the growing season. All trials were conducted under natural rainfall without
supplementary irrigation.

The experimental design used was a 5 × 8 randomised complete block design with
two replications at each location. The experimental unit consisted of one-row plots, each
4 m long with inter-row spacing of 0.75 m and spacing within rows of 0.25 m. Two seeds
were planted per hill, and seedlings were thinned to one plant per hill at four weeks after
emergence to give a final plant population density of about 53,333 plants ha−1.

At Potchefstroom, the fertiliser regime consisted of compound fertiliser 3:2:1 (25) + Zn,
applied as a basal application at planting, at a rate of 200 kg NPK (nitrogen, phosphorus,
potassium) ha−1. LAN (Limestone Ammonium Nitrate) with 28% N was used for top-
dressing in two equal splits at 28 and 56 days after emergence and at a rate of 100 kg ha−1

each. At Cedara, MAP (Monoammonium Phosphate) at 250 kg ha−1 was applied at
planting, and LAN was given at 150 kg ha−1 in two equal splits of 75 kg ha−1 at 28
and 56 days after emergence. For the Zimbabwe trials, fertilisers were applied at the
recommended rates of 250 kg ha−1 N, 83 kg ha−1 P, and 111 kg ha−1 K. Basal fertiliser
application was conducted in the form of NPK, and an additional N application was
conducted four weeks after seed emergence.
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Table 1. Description of the QPM and non-QPM inbred lines and checks used in the study.

Code Name Donor

L1 CZL1330 QPM progeny
L2 CZL15041 QPM progeny
L3 CZL15055 QPM progeny
L4 CZL15073 QPM progeny
L5 CZL1471 QPM progeny
L6 TL135470 QPM progeny
L7 VL06378 QPM progeny
L8 TL155805 QPM progeny
L9 TL147078 QPM progeny
L10 TL147070 QPM progeny
L11 TL13609 QPM progeny
L12 TL145743 QPM progeny
L13 TL156614 QPM progeny
L14 CZL1477 QPM progeny
L15 CZL15074 QPM donor
L16 CZL0616 QPM progeny
L17 CZL083 QPM progeny
L18 CML572 Non-QPM parent
L19 EBL167787 Non-QPM check
L20 CZL0520 Non-QPM parent
L21 CZL99005 Non-QPM parent
L22 CML502 QPM donor
L23 CZL0920 QPM donor
L24 CML144 QPM donor
L25 CML159 QPM donor
L26 CML181 QPM donor
L27 CML197 Non-QPM parent
L28 CML312SR Non-QPM parent
L29 CML488 Non-QPM parent
L30 CML491 QPM donor
L31 LH51 Non-QPM parent
L32 CZL00025 Non-QPM parent
L33 CZL15049 QPM tester
L34 CZL059 QPM tester
L35 CML444 Non-QPM tester
L36 CML395 Non-QPM tester
L37 CZL01005 QPM check
L38 CML511 QPM check
L39 CML312 Non-QPM check
L40 CZL1470 QPM check

Yield was measured on a plot basis, but as the difference between the average QPM
and non-QPM inbred lines was not significant, it was decided to focus only on quality
characteristics in this study.

2.2. Seed Samples

The seed samples were obtained by self-pollinating two cobs from each entry in the
two replications from all sites in order to prevent cross-pollination with unknown pollen,
which could affect the quality characteristics. All the self-pollinated cobs were harvested
and shelled manually and then bulked for each plot. The seed was placed in cold storage
(5 ◦C) until laboratory analyses, which was carried out within a few weeks of harvesting.

2.3. Sample Preparation

One hundred kernels of uniform size were randomly selected from the bulked seed
samples of each entry and replication; milled into flour using an IKA, A10 Yellowline
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grinder (Merck Chemicals Pty Ltd., Darmstadt, Germany); and then sieved with a 1 mm
screen mesh.

2.4. Zein

Zein analysis was conducted using reverse-phase high-performance liquid chromatog-
raphy (RP-HPLC). Zein extraction was adapted from the extraction method described
previously [20]. Maize flour (0.20 g) was placed in 2 mL reaction tubes. An aqueous
solution, containing 70% ethanol (Merck; 96% v/v), 24.5% filtered double distilled water,
5% beta-mercaptoethanol (Sigma; ≥99% v/v), and 0.5% sodium acetate (Saarchem AR;
w/v), was prepared as a stock solution [21,22]. One millilitre of this solution was added
to each tube. The mixture was agitated continuously on a vortex for ±16 h at ambient
temperature, and the suspension was centrifuged for 15 min at 6000 revolutions per minute.
The obtained supernatant was filtered through a 0.45 μm membrane filter using a sy-
ringe into glass vials, and it was then kept in a refrigerator at 4 ◦C until injection into the
HPLC system.

RP-HPLC was performed on a Shimadzu Prominence LC System using a Jupiter
C18 column (Phenomenex®) of 250 × 4.6 mm, with a 5 μm particle size and 300 Å pore
size. Samples of 50 μL were injected and eluted with the solvent at 1 mL per minute flow
rate with a column temperature of 55 ◦C. The two solvents used were labelled A and B.
Solvent A was made up of LiChrosolv Acetonitrile (Merck) containing 0.1% (v/v) HiPersolv
trifluoroacetic acid (TFA) (VWR chemicals), and Solvent B was filtered with deionised
water comprising 0.1% (v/v) TFA and was set to run for 75 min per sample. Zein fractions
were determined in a chromatograph using Shimadzu Class-VP 6.14 SP1 software. Based
on the distinct peak retention time, β-, γ-, and α-zeins were determined as a percentage of
the total zein content.

2.5. Amylose Content

Maize flour was used to determine the amylose content [23]. Absolute ethanol (Merck;
v/v) was diluted with distilled water to 95% concentration. A 40 g sodium hydroxide
(NaOH, Merck; w/v) was dissolved in double distilled water to prepare a 1 L solution.
Other solutions were acetic acid, prepared by adding 57.2 mL of glacial acetic acid (Merck,
Mr = 60.05; density = 1.05 g per mL) to 1 L distilled water, and iodine solution, prepared by
dissolving 0.2 g iodine and 2.0 g potassium iodide in 100 mL distilled water.

A solution containing 1 ml of 95% ethanol (v/v) and 9 mL 1 M NaOH was added to
each flour sample (0.1 g) in a 100 mL volumetric flask and vortexed. The samples were
incubated and placed in boiling water to gelatinise the starch for 30 min before being
allowed to cool for 1 h at room temperature, and they were then centrifuged for 5 min at
3000 rpm. A 100 μL sample was transferred into each 15 mL test tube, and 20 μL 1 M acetic
acid and the prepared 200 μL iodine solutions were added. The final volume was made up
to 10 mL using double distilled water, thoroughly mixed, and left to stand for 20 min for
colour development to take place, before reading the absorbance at 620 nm on a UV–Vis
spectrophotometer (Jenway Spectrophotometer Model 7315, UK, ST15 OSA).

The amylose percentage was calculated as follows:

Amylose (%) =
Total amylose in sample (mg)

Sample mass (mg)
× 100

2.6. Tryptophan and Starch Content

Lysine and tryptophan levels are generally highly positively correlated in maize
kernels [7,24], and, for this reason, only tryptophan was measured in this study. Flour
samples (2 g) were defatted and analysed for tryptophan content, using a colorimetric
method based on a glyoxylic acid reaction with the tryptophan present in the flour, in
the presence of ferric chloride and sulphuric acid (H2SO4), according to the protocol
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of Nurit [24]. The optical density of tryptophan was read at 560 nm using a Jenway
Spectrophotometer, Model 7315. The tryptophan percentage was then calculated [24]:

Tryptophan (%) =
OD60mm

slope
× hydrolysis volume

sample weight
× 100

The total starch was determined using a polarimetric method [25]. Flour samples of
2.5 g were weighed into 100 mL Erlenmeyer flasks. Then, 50 ml of a 32% (v/v) GR HCL
(Merck) solution was added, and the flask was placed in boiling water for 15 min, with
the samples stirred every 5 min. The samples were taken out and allowed to cool to
approximately 20 ◦C in a cool water bath. The mixture was then quantitatively transferred
to a 100 mL volumetric flask. Then, 10 ml of a 4% (w/v) GR tungstophosphoric acid
(Merck) was added to the solution, made up to 100 mL using double distilled water, and
inverted several times. Double filtration with Whatman no. 4 filter paper followed until
approximately 70 mL filtrate was collected. The filtrate was then read on an automatic
polarimeter (ATAGO® AP-300) at 589 nm.

The percentage of starch in the sample was computed as follows:

Starch (%) =
10, 000 × P

L × [a]20◦
D × S

where P = the measured angle of the optical rotation in degrees; L = length (dm) of the
sample tube, [a]20◦

D = specific rotation of the pure starch, and S = exact mass of the sample.

2.7. Protein and Oil Content, and Quality Index

A 500 g sample of the self-pollinated seeds was used to determine the protein and oil
contents (percentage weight basis, %wt) for each sample, using a near-infrared transmission
spectroscopy (NIR) Perten Grain Analyzer (Model DA 7250, Perten, Instruments AB,
Stockholm, Sweden), with three subsamples for each sample. The NIR calibration was
confirmed with results from the wet chemistry of 50 samples before use. The quality index
was calculated as the proportion of tryptophan to protein content.

2.8. Data Analysis

Analysis of variance was performed on the measured characteristics with Genstat
(21st edition) [26] for the separate locations and across locations.

3. Results

Analysis of Variance for Individual and Combined Locations

The effect of the inbreds was significant for all measured characteristics at all four
locations and across locations, with the exceptions of protein content and β-zein content
at Cedara and Gwebi (Table 2). Across all locations, the effect of the environment was
highly significant (p > 0.01) for all characteristics. Genotype-by-environment interaction
was highly significant (p > 0.01) for all characteristics except for β-zein, indicating that
the inbreds did not rank the same across the different environments for the measured
characteristics (Table 2).

Table 2. Analysis of variance of quality traits analysed for 40 inbred lines at four environments in
Zimbabwe and South Africa during the 2017/2018 cropping season.

Source Protein % Oil % Starch % Tryptophan % Amylose % β-Zein γ-Zein α-Zein QI

Cedara
Rep 0.61 0.03 23.62 * 0.000003 15.77 54.90 14.30 110.80 0.03

Entry 0.86 1.44 * 9.59 * 0.000700 ** 224.68 ** 29.47 814.77 ** 596.97 * 0.11 **
Error 0.59 0.47 4.81 0.000026 3.99 43.81 185.02 277.94 0.01
Potch
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Table 2. Cont.

Source Protein % Oil % Starch % Tryptophan % Amylose % β-Zein γ-Zein α-Zein QI

Rep 0.01 0.82 5.61 0.00012 * 3.43 2.89 506.42 184.40 0.01
Entry 1.77 ** 1.77 ** 11.59 ** 0.00007 ** 127.90 ** 2.56 * 626.25 ** 749.91 ** 0.11 **
Error 0.41 0.44 3.38 0.00001 5.62 1.09 173.98 102.07 0.01

Harare
Rep 0.01 0.01 0.44 0.00005 25.97 51.47 265.39 1124.40 * 0.05

Entry 2.12 * 1.05 * 3.16 ** 0.00048 ** 2459.23 159.55 ** 455.05 491.71 ** 0.16 **
Error 0.45 0.08 0.13 0.00004 1861.53 31.43 279.22 132.02 0.01

Gwebi
Rep 0.23 0.30 0.04 0.00005 23.99 34.95 8228.20 * 52.26 0.01

Entry 2.33 0.97 * 4.70 0.00050 ** 166.79 11.12 390.22 591.20 0.11 **
Error 1.00 0.13 1.41 0.00002 7.54 23.68 454.75 806.43 0.01

Combined
analysis

Entry (G) 7.42 ** 4.41 ** 0.003 ** 7.42 ** 249.07 ** 9.80 ** 1490.51
**

1577.48
** 0.99 **

Environment (E) 592.77 ** 4.14 ** 0.008 ** 592.77 ** 823.45 ** 67.80 ** 976.73 ** 606.62 ** 20.71 **
GxE 1.03 ** 0.88 ** 0.000 ** 1.03 ** 232.70 ** 2.21 213.41 ** 209.52 ** 0.21 **
Error 0.32 0.25 0.000 0.32 10.01 1.67 96.01 98.11 0.04

* p < 0.05, ** p < 0.01; QI = quality index.

On average, across the locations (Table 3), the protein content was significantly higher
for non-QPM than for QPM, and the values ranged from 6.38% (QPM L6) to 9.78% (non-
QPM L27). The oil content was similar for QPM and non-QPM, with the values ranging
between 3.18% (QPM L30) and 5.65% (QPM L33). The starch content of QPM and non-QPM
was similar, ranging from 60.20% (QPM L14) to 67.49% (non-QPM L28). As expected,
the tryptophan content of QPM was much higher than that of non-QPM (1.9 times), with
values ranging between 0.034% (non-QPM L36) and 0.091% (QPM L5 and L16). The
quality index of QPM was double that of non-QPM, varying from 0.42 (non-QPM L39) to
1.73 (QPM L33). Amylose content was similar for QPM and non-QPM but varied extensively
from 31.88% (non-QPM L39) to 53.18% (QPM L25). β-zein content was similar for QPM
and non-QPM and varied from 2.35% (non-QPM L31) to 6.75% (QPM L31). There was a
very large difference (41%) between QPM and non-QPM for γ-zein content, with the QPM
values being the highest. The differences between the highest and lowest values were also
very high (22.71% for non-QPM L20 and 70.62% for QPM L215). Likewise, the difference
between QPM and non-QPM for α-zein content was 37% with non-QPM having the highest
value and the values overall ranging from 26.68% (QPM L5) to 68.4% (non-QPM L20).

Table 3. Means of quality traits for 40 inbred lines analysed across four environments in Zimbabwe
and South Africa during the 2017/2018 cropping season.

Line Line Status Protein % Oil % Starch % Tryptophan % QI
Amylose

%
β-Zein

%
γ-Zein

%
α-Zein

%

L1 QPM 7.21 4.27 65.69 0.079 1.21 41.23 4.98 62.70 33.06
L2 QPM 8.44 3.94 66.35 0.086 1.11 44.24 4.33 46.49 49.26
L3 QPM 7.11 4.94 65.17 0.076 1.19 42.04 5.15 56.96 37.88
L4 QPM 7.54 3.78 66.84 0.068 1.01 45.92 6.00 35.27 58.66
L5 QPM 7.80 5.50 63.11 0.091 1.28 38.94 5.21 68.03 26.68
L6 QPM 6.38 3.83 66.72 0.079 1.68 46.56 4.79 44.18 38.19
L7 QPM 8.54 3.54 61.51 0.089 1.01 38.50 5.41 65.21 29.30
L8 QPM 9.43 5.09 63.25 0.076 0.88 46.10 5.92 40.08 54.05
L9 QPM 8.21 4.97 64.36 0.089 1.18 50.65 5.11 57.19 37.79

L10 QPM 9.64 6.31 61.14 0.076 0.83 37.30 5.81 37.52 56.67
L11 QPM 7.22 5.27 65.83 0.078 1.30 35.38 4.44 43.70 51.93
L12 QPM 7.13 3.62 66.91 0.078 1.12 36.07 6.75 62.61 30.56
L13 QPM 6.75 4.26 66.56 0.081 1.21 34.67 5.36 56.16 38.51
L14 QPM 8.63 4.15 60.20 0.083 1.01 33.75 5.48 63.42 31.02
L15 QPM 6.96 4.33 66.32 0.083 1.29 44.08 6.35 64.34 29.39
L16 QPM 8.98 5.06 63.61 0.091 1.07 44.12 4.71 49.60 45.69
L17 QPM 6.69 5.30 65.11 0.085 1.40 48.00 4.81 60.26 34.93
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Table 3. Cont.

Line Line Status Protein % Oil % Starch % Tryptophan % QI
Amylose

%
β-Zein

%
γ-Zein

%
α-Zein

%

L18 non-QPM 7.81 3.47 66.20 0.035 0.51 39.82 6.18 44.82 48.92
L19 non-QPM 8.46 3.65 67.01 0.039 0.70 48.10 6.46 30.40 62.84
L20 non-QPM 8.17 4.50 65.06 0.044 0.71 49.42 4.55 22.71 72.83
L21 QPM 8.57 3.75 65.03 0.046 0.67 44.46 2.59 40.02 57.32
L22 QPM 8.00 4.57 63.45 0.081 1.56 37.23 5.38 51.73 42.90
L23 QPM 8.63 3.92 65.10 0.075 0.96 39.01 4.95 43.68 51.29
L24 QPM 8.24 4.12 65.50 0.085 1.15 43.61 5.71 64.69 29.60
L25 QPM 6.38 4.96 65.30 0.083 1.48 53.18 6.58 70.62 22.89
L26 QPM 8.53 3.86 65.64 0.075 1.06 39.37 3.06 43.13 53.81
L27 non-QPM 9.78 5.75 61.46 0.045 0.45 32.22 3.72 34.26 62.15
L28 non-QPM 7.09 4.07 67.49 0.038 0.65 36.04 5.64 32.26 62.10
L29 non-QPM 7.79 5.34 66.32 0.046 0.69 39.48 3.75 34.95 61.22
L30 QPM 7.95 3.18 66.14 0.043 0.58 44.74 6.62 57.88 35.43
L31 non-QPM 8.06 3.90 65.71 0.045 0.72 39.40 2.35 29.17 68.40
L32 non-QPM 9.30 4.09 63.85 0.040 0.46 31.32 3.69 30.40 65.99
L33 QPM 6.63 5.65 65.38 0.086 1.73 50.20 4.27 57.41 38.32
L34 QPM 6.53 5.64 65.01 0.075 1.30 45.43 4.58 64.01 31.49
L35 non-QPM 8.17 4.70 64.68 0.045 0.56 46.37 3.43 31.41 65.17
L36 non-QPM 7.16 4.77 66.42 0.034 0.59 31.88 6.85 29.98 63.16
L37 QPM 6.60 4.06 67.10 0.066 1.29 37.68 4.20 68.67 27.04
L38 QPM 7.53 5.04 66.19 0.079 1.38 39.50 5.41 47.62 44.80
L39 non-QPM 9.49 4.97 61.85 0.041 0.42 45.60 5.40 33.52 61.20
L40 QPM 6.77 4.86 66.10 0.076 1.36 44.49 4.93 55.98 39.08

QPM mean 7.69 4.54 64.99 0.078 1.18 42.29 5.13 54.45 39.92
Non-QPM mean 8.30 4.47 65.10 0.041 0.59 40.00 4.73 32.17 63.09

Total mean 7.86 4.52 65.02 0.068 1.02 41.68 5.02 48.33 46.29
LSD (0.05) 0.47 0.42 1.08 0.0051 0.16 2.62 1.07 8.11 8.20

QPM = quality protein maize; non-QPM = non quality protein maize; QI = quality index.

The values of significant correlations were low (Table 4), except for those for α- and
γ-zeins, which were directly negatively correlated (r = −0.94). For the rest, only correlations
of higher than 0.3 and p < 0.01 are mentioned. α-Zein content was negatively correlated
with tryptophan content, while β-zein content was significantly negatively correlated with
protein content. γ-Zein content was positively correlated with tryptophan content.

Table 4. Correlations between measured characteristics across all locations.

Characteristic 1 Characteristic 2 Correlation

α-Zein γ-Zein −0.94 **
Tryptophan −0.47 **

Amylose Starch 0.18 *
β-Zein Protein −0.31 **

Starch 0.15 *
Oil Protein 0.22 **

Tryptophan 0.19 *
γ-Zein Tryptophan 0.41 **
Tryptophan Starch 0.20 *

* p < 0.01, ** p < 0.001.

4. Discussion

With the development of QPM, it was reported that the protein content of QPM and
that of non-QPM were similar [27], but in the inbred lines in this study, the protein content
of the non-QPM was significantly higher (by 7%) than that of the QPM. Oil, starch, amylose,
and β-zein were similar for the two groups of material, but there was a wide range of values
for these characteristics, indicating that there are QPM lines with high protein content.

QPM contains the mutant gene opaque 2 (o2), which is responsible for the reduction
in α-zeins, which contain no lysine or tryptophan, with an increase in non-zein proteins.
Originally, this gene caused soft endosperm, which was overcome by using o2 modifiers
that ensured hard endosperm without the loss of the high lysine trait [28,29]. In this study,
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the tryptophan content of the QPM lines was 1.9 times that of non-QPM; this was also
reflected in the QI, which was double in QPM compared to non-QPM. For a maize grain to
be classified as a QPM, it must have a QI equal to or above 0.8 [30,31]. In o2 maize, the zein
fraction was found to be reduced by 50% [14], but it had higher contents of non-zein protein
(albumin, globulin, and glutelin fractions), which are rich in lysine and tryptophan [32].
Therefore, the presence of the o2 gene in the QPM lines would explain the large decrease in
α-zeins in the QPM lines compared to non-QPM and the simultaneous increase in γ-zein
in the QPM, where γ-zein was highly significantly correlated with tryptophan content.
The highly significant negative correlation between α- and γ-zeins supports this finding.
γ-Zeins are subdivided into three classes, namely, 16 kDa, 27 kDa, and 50 kDa. QPM
lines were reported to have 2–3-fold higher levels of the 27 kDa γ-zein than non-QPM
lines [32]. This may have caused the increase in the γ-zein fraction in the QPM lines. It
was reported [33] that maize kernels with hard endosperm produced more α-zein (22 kDa
and 19 kDa), while the intensity of these bands declined in QPM genotypes [19,33]. In the
current study, the α-zein concentration was also much lower in QPM lines.

The significant genotype-by-environment interaction, observed for all the quality char-
acteristics analysed except for β-zein, indicates that the environment plays an important
role in the expression of these characteristics and protein fractions, changing the ranking
of lines in different environments. Differences in amino acid contents, as a result of varia-
tions in soil nitrogen contents in different soybean varieties and different planting dates of
buckwheat, were reported [34,35], demonstrating the environmental influences on protein
composition, which was also the case in this study. This indicates that not only the line but
also the environment influence the nutritional value of the grain.

Generally, the range of starch content values in the present study for the inbred lines
is comparable to the values reported previously [36,37], with ample variation in all lines.
Similarly, amylose, which is a major constituent of starch, varied significantly for the lines
evaluated.

Some QPM lines, such as L16, L7, and L2, had a tryptophan content higher than 0.086
and could still maintain a protein content of 8.98, 8.54 and 8.44%, respectively. These lines
can be used as parents in hybrid crosses in order to enhance the protein and tryptophan
content in the seed.

5. Conclusions

The yield potential of the QPM and non-QPM inbred lines was similar (data not shown)
but the QPM lines had much higher tryptophan and QI, and a much lower amount of the
lysine- and tryptophan-poor α-zein fraction. Within the QPM lines, there was significant
variation in protein content and α- and γ-zeins, as well as in starch and amylose content.
The QPM lines had much better protein quality than that of the non-QPM lines, although
the protein content was 7% lower on average. Some QPM lines were identified to have
acceptable yield and to have both high protein quantity and quality; these can be used
for future hybridisation to produce highly nutritious hybrids, which can be distributed to
farmers in the region to address malnutrition caused by a maize-based diet.
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Abstract: In the last 10,000 years, wheat has become one of the most important cereals in the human
diet and today, it is widely consumed in many processed food products. Mostly considered a
source of energy, wheat also contains other essential nutrients, including fiber, proteins, and minor
components, such as phytochemicals, vitamins, lipids, and minerals, that together promote a healthy
diet. Apart from its nutritional properties, wheat has a set of proteins, the gluten, which confer key
technical properties, but also trigger severe immune-mediated diseases, such as celiac disease. We
are currently witnessing a rise in the number of people adhering to gluten-free diets unwarranted
by any medical need. In this dynamic context, this review aims to critically discuss the nutritional
components of wheat, highlighting both the health benefits and wheat/gluten-related disorders, in
order to address common misconceptions associated with wheat consumption.

Keywords: wheat; nutrients; celiac disease; wheat allergy; non-celiac wheat/gluten sensitivity

1. Introduction

The domestication of wheat revolutionized the human diet as this cereal provided a
significant source of energy. Globally, wheat accounts for the largest harvested area of any
crop [1] and provides more protein and calories than any other cereal crop [2]. Wheat is
nutritious, simple to transport and store, and can be transformed into several types of food.
The most valuable modern wheat species are hexaploid bread wheat (Triticum aestivum L.)
and tetraploid durum wheat (T. turgidum L. var. durum), which have distinct genomes,
grain composition, and end-use quality attributes. Wheat adapts to all climatic conditions
common in agricultural fields (except for the hot tropics), so globally, it is harvested all
year round [3].

Wheat is a valuable source of essential nutrients, providing carbohydrate-based energy
and fiber, protein, B vitamins, calcium, magnesium, phosphorus, potassium, zinc, and
iron [4]. In low and medium-income countries, grain-based foods still make up the central
part of the diet. The wheat seed can be ground into flour or semolina, for example, which
form the essential ingredients of bread, pasta, noodles, and other food products, essentially
the primary source of nutrients for most of the world population [5]. Conversely, the lack of
grains too often signifies hunger and malnutrition. The characteristic that has given wheat
an advantage over other temperate crops is the unique viscoelastic properties of dough
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formed from wheat flours, which allow it to be processed into such an array of forms [6].
Dough viscoelasticity depends on the structures and interactions that occur between grain
storage proteins that form the gluten protein complex [7].

Gluten, which is now an almost ubiquitous ingredient in the food industry, is impli-
cated in several immune-mediated disorders, such as celiac disease (CD). Both CD and
other intolerances are of increasing concern [8,9], and the prevalence of CD is predicted
to rise [10]. These disorders demand a gluten-free diet (GFD), but a GFD can itself be
associated with digestive problems due to insufficient intake of dietary fiber and other
nutrients [11].

This review focuses on wheat from a human health perspective. We will present
the positive impacts of wheat, referring to the benefits of the different components of
the wheat grain on human health, and juxtapose this with the negative impacts on the
health of sensitive and genetically susceptible individuals caused by wheat components.
At the same time, we draw attention to common gluten-related misconceptions and try to
demystify them.

2. The Health Benefits of Wheat

Wheat grain is composed of the germ (2–3%), the bran (13–17%), and the endosperm
(80–85%) [5] (Figure 1). Wheat germ is the embryo of the wheat kernel and is relatively rich
in protein, lipids, and several of the B-vitamins [5,12]. Whole-wheat flour includes the bran,
which contains a limited amount of protein, larger quantities of the B-complex vitamins,
trace minerals, and indigestible cellulose material called dietary fiber [5,12]. White flour
originates from the endosperm. The endosperm contains most of the protein in the whole
kernel, iron, carbohydrates, and many B-complex vitamins, such as riboflavin, thiamine,
and niacin [5,12].

 

Figure 1. Wheat grain constitution.

The consumption of wheat brings many health benefits. In the European Prospective
Investigation into Cancer and Nutrition (EPIC) study populations, 27% of total carbohy-
drate intake was from bread [13]. Epidemiological studies show that cereal dietary fiber
and wholegrain consumption protects against the fast increasing chronic diseases related
to a sedentary lifestyle, such as type 2 diabetes and cardiovascular disease [14–17].

2.1. Proteins

Protein is an essential nutrient for humans and animals [5]. Protein content is used to
classify wheat. Breeders target this feature by regularly selecting for protein content traits
in breeding programs; wheat with a low protein content is suitable for animal feed other
uses, while wheat with a high protein content is necessary for breadmaking [4,7]. Protein
content differs depending on the growing conditions, type or class of wheat, and fertilizer
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inputs, especially nitrogen [4,18]. Thus, there is no such thing as typical protein content, but
on average, it can vary between 9–18% of the grain weight [4,5,19–22]. Protein is unequally
distributed in the grain. A percentage of 5.1% of protein was reported in the pericarp, 5.7%
in the testa, 22.8% in the aleurone, and 34.1% in the germ [21]. T.B. Osborne demonstrated
that wheat proteins could be classified according to their extractability and solubility in
distinct solvents [23]. Globulins are insoluble in pure water, and high NaCl concentrations
but soluble in dilute NaCl solutions; albumins are soluble in water; glutenins are soluble in
dilute acid or sodium hydroxide solutions, and gliadins are soluble in 70% ethyl alcohol [5].

Of the 20 amino acids commonly present in proteins, lysine, leucine, isoleucine,
phenylalanine, threonine, tyrosine, tryptophan, histidine, valine, and methionine (and
potentially cysteine since it can only be synthesized from methionine) are considered
essential because they must be provided in the diet as animals cannot synthesize them [7].
Average contents of essential amino acids reported for whole wheat, wholemeal, and white
flour are compared with the physiological requirements for older children, adolescents, and
adults in Table 1. All cereals have a low content of lysine. In wheat, barley, rye, corn, and
oats, methionine content is also low. Both amino acids are substantially lower in flour than
in meat, milk, or egg proteins [24]. The data in Table 1 support the notion that lysine is the
most limiting amino acid in wheat grains, with other essential amino acids being present
in adequate amounts for older children, adolescents, and adults, making this cereal an
excellent food for nutrition for any age group. Wheat breeders have attempted to improve
the grain’s essential amino acid content. The approach has been effective in producing
high-lysine barley and numerous maize cultivars [25]. Additional efforts were made using
genetic engineering approaches to increase the synthesis and reduce the catabolism of these
essential amino acids and express enriched recombinant proteins [26].

Table 1. Essential amino acid levels recommended for older children, adolescents, and adults compared with those in whole
wheat, wholemeal wheat, and white flour (expressed as g/g protein).

Amino Acids

FAO Recommended Intake Levels Amino Acids Content

Older Children
(Age 11–14)

Adolescents
(Age 15–18)

Adults
(Age > 18)

Whole
Wheat

Wholemeal
Wheat

White
Flour

Histidine 0.016 0.016 0.015 0.022 0.0266 0.0269
Isoleucine 0.030 0.030 0.030 0.038 0.0314 0.0309
Leucine 0.061 0.060 0.059 0.067 0.0594 0.0565
Lysine 0.048 0.047 0.045 0.027 0.0288 0.0222

Methionine + cysteine
(sulfur amino acids) 0.023 0.023 0.022 0.039 0.0363 0.033

Phenylalanine + tyrosine
(aromatic amino acids) 0.041 0.040 0.038 0.077 0.0544 0.0514

Threonine 0.025 0.024 0.023 0.029 0.0254 0.0224
Tryptophan 0.0066 0.0063 0.006 0.012 - 0.0085

Valine 0.040 0.040 0.039 0.047 0.0388 0.0354

Authors (Reference) Food and Agriculture Organization of the
United Nations [27]

Khan
et al. [4] Shewry et al. [21]

2.2. Carbohydrates

The wheat grain consists of 85% carbohydrate at maturity, 80% of which is the starchy
endosperm. The non-starch carbohydrate is constituted of approximately 7% mono-, di-,
and oligosaccharides and fructans, along with about 12% of cell wall polysaccharides [28,29].
In addition to being an essential energy source in the human nutrition and animal feed [30],
wheat starch is the substrate for the production of alcoholic beverages and fuel ethanol by
fermentation [31] and is the raw material for several other industries [32]. Polysaccharides
are the main structural elements of the protoplasts walls present in all cells of the grain
tissues. The cell wall polysaccharides are essential in human diet as sources of dietary fiber
and have an impact on end-use quality and grain consumption [32].
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Carbohydrates are recognized by WHO/FAO [33] as the macronutrient humans need
to consume the most. Many countries have nutritional guidelines that emphasize the
importance of cereals and cereal carbohydrates as the foundation of a healthy diet [34],
mainly because the primary benefit of carbohydrates is as a source fuel, glucose. All
body tissues, including brain tissue, require glucose. While the brain consist of only 2%
of body mass, it uses 20% of the fuel [35]. Dietary carbohydrate is also vital in ensuring
gastrointestinal integrity and function and glycemic homeostasis. Unlike protein and fat,
high levels of complex carbohydrate are not associated with adverse health consequences
to the extent that diets high in complex carbohydrates are less likely to lead to obesity and
its morbid consequences than diets high in fat [36]. In an ideal diet, at least 55% of total
energy should come from carbohydrates obtained from various food sources [37].

2.3. Lipids

Lipids are a minor constituent of wheat, mostly in the germ, making up 3–4% of the
whole grain weight and 1–2.5% of directly milled flour [29]. Lipids have a critical role in
baking processes, dough mixing, and the acceptance of the finished products by consumers.
Their ability to associate with gluten proteins and form complexes contributes to stabilizing
the gas-cell structure, significantly influencing the final texture of baked products and loaf
volume [38].

Wheat grain lipids can be classified into polar and non-polar lipids. In all membranes
we can find polar lipids such as phospholipids and glycolipids. Half of the total non-
polar lipids in wheat are triglycerides that are deposited in spherosomes surrounded
by monolayer membranes. The remaining non-polar lipids are mono- and diglycerides,
sterol esters, and fatty acids. Wheat lipids can also be divided into saponifiable and non-
saponifiable lipids. Glycolipids, acylglycerols, fatty acids, sterols, and phospholipids are
saponifiable lipids. Tocopherols and carotenoids are non-saponifiable lipids [24,29].

Palatability, including aroma, texture or juiciness, and taste are improved by lipids,
since they carry fat-soluble flavor molecules. The satiety value of foods is increased by the
slow movement of lipids in the gastrointestinal tract [29,39]. Lipids play an essential role in
our diet through vital biochemical and physiological processes. They are a source of high
energy and form the structure of cell membranes. Fats, oils, specific fat-soluble vitamins,
hormones, and most non-protein membrane components are lipids.

2.4. Minerals

Over two billion people suffer from micronutrient deficiency according to the World
Health Organisation (WHO). The most predominant micronutrient deficiencies are iron,
zinc, iodine, and vitamin A [40]. Proximally a third of the world’s population is affected by
iron and zinc deficiencies [41]. The determining factor in mineral malnutrition is insufficient
dietary intake, so nutrition is the most potent environmental factor that can be targeted to
reduce the problem over the course of an individual’s lifetime [42,43].

Iron is concentrated in the aleurone and zinc in the embryo [44]. Deficiencies in
iron and zinc micronutrients are common in populations that consume wheat as a staple
because wheat products are usually low in bioavailable forms of these micronutrients. In
wheat, two features contribute largely to the low content in bioavailable iron and zinc: the
most consumed form is white flour, which contains low concentrations of these minerals,
and the existence of phytates in mineral-rich bran fractions that retain minerals in a form
that is not bioavailable.

Interest in improving the mineral and vitamin contents of cereal crops has been
growing in the last 20 years [45]. Genetic modification and conventional breeding are
the two main biofortification strategies. Conventional breeding in conjunction with foliar
application of ZnSO4 was used to develop high-zinc types of wheat [46]. This approach
has not worked for iron. Transgenic approaches have increased iron and zinc contents in
white flour by transforming the starchy endosperm tissue into a “sink” for minerals [47].
The overexpression of metal transporter genes increased single mineral content in starchy
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endosperm cells according to the respective highly specific metal transporters targeted. For
example, expression of a wheat vacuolar iron transporter (TaVIT2) under the control of
an endosperm-specific promoter more than doubled the iron content of the white flour
fraction [48], while expression of the barley metal tolerance protein 1 (HvMTP1) using
an identical promoter considerably increased the zinc content in the endosperm of barley
grains [49].

Moreover, selenium (Se) is an essential micronutrient for regular cell metabolism
in animals and humans, being present as selenocysteine in several enzymes [50], but no
function is known in plants. For over a century, Se was known only as a toxin [51], but in
the late 1950s, it was first recognized as an essential micronutrient for animals [52]. Many
people worldwide have a low dietary intake of Se. This is due to the low bioavailability
of Se in some soils and, therefore, low Se concentrations in plant tissues. In livestock, Se
deficiency is common, causing diseases such as white-muscle disease in cattle and sheep.
In humans, severe Se deficiency has been associated with two conditions: Keshan disease, a
cardiomyopathy occurring in people living in a geographic area stretching from north-east
to south-west China [53–55], and Kaschin-Beck disease, an osteoarthropathy occurring in
China and less widely in south-east Siberia [53,56].

In most diets, meats, fish, and cereals are the primary sources of Se [54]. Wheat grain
Se concentration can vary from about 3 μg/kg in places like the Keshan disease area in
China where the Se concentrations in staple crops and Se availability in soils are very low,
to over 2000 μg/kg in North and South Dakota in the USA [54]. The minimum nutritional
level for humans and animals is about 50–100 μg Se/kg in dry food, and intake below this
range may cause Se deficiency [57].

Biofortification strategies to improve wheat Se content have been employed to dimin-
ished Se deficiency and those public-related health issues. Using a meta-analysis approach,
Ros et al. [58] showed that fertilizers based on selenate could increase Se uptake by crops
and consequently Se intake in humans and animals. In Finland, Se biofortification ap-
proaches have been practiced commercially in regions deficient in Se by adding to soils
Se-amended inorganic fertilizers [59,60]. A solution containing Se is dosed onto the crops
leaf surface, enriching the Se content in agricultural products [61]. Ros et al. [58] estimated
that the most efficient fertilizer method to increase crop Se uptake in most arable crops is
the selenate fertilization of the foliar. Genetically-modified plants have also been developed
to improve the uptake of Se from the soil. Possible genetic targets for strengthening the
Se content of wheat are in the acquisition and distribution processes, usually catalyzed
by transporters. Overexpressing genes encoding transporters for selenite, selenate, or
seleno-amino acids in the plasma membrane of particular cells can improve Se uptake and
transport capacity inside the plant [62].

2.5. B Vitamins

The B vitamin complex, which at first was thought to be a single compound, com-
prises eight water-soluble components, which often co-occur in the same foods. They
are unequally spread in the wheat kernel and are primarily found in wheat bran and
the germ; hence they are present in reduced quantities in refined flours [29]. Cereals are
dietary sources of several B vitamins, particularly riboflavin (B2), folates (B9), thiamine (B1),
pyridoxine (B6), and niacin (B3) [21]. These molecules play an essential role in metabolism,
particularly thiamine in the metabolism of carbohydrates, and riboflavin and pyridoxine in
the metabolism of proteins and fats [63]. Consumption of wholemeal products provides
40% of the recommended daily allowance of thiamine, 10% of riboflavin, 22% of niacin,
33% of vitamin B6, and 13% of folate recommended [64]. Niacin is of particular concern as
only a proportion of the total present in cereals is bioavailable in a chemically bound form,
nicotinic acid [65]. Multiple studies have focused on this issue [66], with some reports of
increasing niacin bioavailability by treatment with alkali [67].
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Dietary vitamins are required to prevent deficiency disorders [68]. Many of these
deficiency diseases, such as beriberi (B1 deficiency), and pellagra (B3 deficiency), are the
most common diseases worldwide, and are particularly frequent in developing countries.

2.6. Phytochemicals

Two main groups of phytochemicals, derived from different biosynthetic pathways,
are present in wheat grain: phenolics and terpenoids [21].

The primary group of phytochemicals in wheat grain are phenolic acids, but numerous
other phenolic compounds have been identified, including lignans, alkylresorcinols, and
flavonoids [64]. Phenolic compounds are characterized by at least one aromatic ring
carrying at least one hydroxyl group. Phenolic acids have vigorous antioxidant activity,
and the total phenolic content is correlated with total antioxidant activity [69,70]. The
importance of antioxidant properties for human health is widely discussed; however,
evidence that phenolic compounds, including ferulic acid, the major phenolic acid in
wheat, improve vascular function in humans is increasing [71–73].

Cereals are also significant sources of terpenoids in the form of sterols and tocols.
Sterols in wheat and other plant materials can be classified according to structural and
biosynthetic characteristics into desmethyl sterols, 4α-monomethyl sterols, and 4,4-dimethyl
sterols [74–76]. Sterols have the capacity to low cholesterol in humans, the health benefits of
which are broadly accepted in Europe. Tocols consist of a chromanol ring with a C16 phytol
side chain, which can either be saturated (tocopherols, T) or contain three double bonds at
carbons 3, 7, and 11 (tocotrienols, T-3). Although the name “vitamin E” is frequently ap-
plied to all tocols, they can be distinguished by their biological activity, with α-tocopherol
being the most active form [21]. Vitamin E is the most essential lipid-soluble antioxidant
in the human body, and together with other antioxidants such as vitamin C they provide
an efficient protective network against oxidative stress. α-tocopherol is the most reactive
vitamer and is unstable and the first to be broken down [77]. This may reduce its capacity as
a long-term antioxidant in food systems, and a combination of tocols is regularly preferred
to ensure antioxidant protection. Other studies have shown that tocotrienols might be
similar to or even have more potential than tocopherols as antioxidants [78,79].

2.7. Wholegrain

Since the 1900s, when Dr. Thomas Allinson promoted Allinson’s bread as a healthier
lifestyle, the intake of wholegrain wheat has been promoted for its health benefits [80].
The interest in studying the wholegrain wheat composition has been increasing in order
to identify compounds that promote health and better recognize the full potential of
wheat in disease avoidance and health [81]. Wholegrain wheat products include various
components with recognized or proposed health benefits, including dietary fiber, phenolic
acids, carotenoids, flavonoids, sterols, lignans, selenium, magnesium, alkylresorcinols,
tocopherols, and B-complex vitamins [7,69,81–85], which are mainly presented in the bran.
Consequently, they are either absent or present in lower amounts in white flour, which is
almost exclusively derived from endosperm starch cells [7]. While other whole grains may
contain similar components, wheat eminence in the diet potentially makes this cereal a
more significant contributor to the intake of these compounds [86,87].

Wholegrain-based foods are a valuable source of dietary fiber. About 1 g of dietary
fiber is delivered by a simple side of 40 g of white wheat bread, and a similar serving of
wholemeal bread would provide 3–4.5 g of dietary fiber [19,88]. This means that the choice
of bread alone has a significant effect on dietary fiber intake [19]. However, cereals are
mainly consumed as refined products with lower dietary fiber contents, such that today
the daily dietary fiber intake is less than the recommended (25–35 g recommended per
day) [89].

Wholegrain wheat may protect against the development of diseases related to chronic
diet. Extensive cohort studies have described a noticeably reduced risk of cardiovascular
disease [15,90,91], type 2 diabetes [14,17,92], and certain forms of cancer [93–95] with
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increased consumption of wholegrains, and wheat has been identified as a critical food in
creating these results [96].

3. Wheat/Gluten-Related Disorders

Wheat/gluten-related diseases can be classified into three different disorders: autoim-
mune, allergic, and neither autoimmune nor allergic (Figure 2). Celiac disease is the most
prominent autoimmune gluten-related disorder (CD). It is a condition of the small intestine
caused by gluten and gluten-related proteins and influenced by environmental and genetic
factors [97,98]. An IgE and non-IgE mediated immune response characterize wheat allergy
(WA), resulting in an allergic reaction in some individuals upon contact, inhalation, or
uptake of foods containing wheat but not necessarily other grains as barley or rye. How-
ever, IgE-cross reactivity to other cereals is possible in some people [99–101]. Patients with
non-celiac wheat/gluten sensitivity (NCWGS) experience identical symptoms to CD, but
they do not test positive for CD [102].

 

Figure 2. Wheat/gluten-related disorders, their prevalence and environmental triggers.

3.1. Celiac Disease

The binding of gluten peptides to T cells triggers CD in some individuals expressing
human leukocyte antigen (HLA) DQ2 or DQ8 in cells specialized in presenting antigens.
Specific CD4+ T cells then recognize the presented peptides releasing inflammatory cy-
tokines, leading to changes in the architecture of intestinal mucosa with atrophy and
flattening of villi that can lead to total villous degeneration and enteropathy. Moreover,
gliadin peptides are responsible for the activation of innate immunity of the intestinal
epithelial cells [103,104]. Hence, the gliadin peptides can directly stimulate the immune
response of macrophages and dendritic cells through pattern recognition receptors (PRR),
such as toll-like receptors (TLRs) 4 [105]. It has also been demonstrated that tissue transg-
lutaminase, an enzyme involved in the deamidation of glutamine residues to glutamate,
present in the intestinal epithelium, plays an important role by increasing the binding
affinity of gluten peptides to HLA-DQ2 and DQ8 heterodimeric receptors [7].

The expression of the major histocompatibility complex (MHC) class II molecules is re-
lated to genetic risk factors. HLA-DQ2 and HLA-DQ8 are the most potent genetic risk factor
in CD since they are critical in initiating detrimental immune responses [98]. Nevertheless,
additional genetic variations are reported as risk factors in CD, which means HLA-DQ2
and HLA-DQ8 do not account for all the genetic susceptibility to CD [106]. For example,
two cytokines implicated in CD pathogenesis are encoded by specific gene polymorphisms
of IL-2/IL-21 [107]. In the past, non-HLA genetic risk factors were reported [108]. The
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consumption of gluten and gluten-related proteins is the main environmental risk factor
for CD, which employs a strong immunodominant function in people with a genetic sus-
ceptibility to CD [98]. Studies of the timing of gluten introduction in infants’ diets suggest
that infants who began to receive gluten either before four months or after seven months
of age have more risk of developing CD. This conclusion supports the notion that there
is a time-space between four and seven months of age during which the introduction of
gluten might induce the tolerance to CD [109–111]. However, more recent studies refute
this statement, showing no evidence that avoidance of either early (at four months of
age) or late (at/after six or even twelve months) gluten introduction puts children at risk
of CD [112–115]. Environmental factors can also play a pathogenetic role in the disease.
Studies conducted on twins showed that, in 25% of the cases, one of the two twins did not
develop CD, supporting this environmental hypothesis [116].

It is well known that the gut microbiota, which is the microorganisms colonizing
the human gut, contribute to the development and function of the immune system, be-
ing vital for the development of adequate protective immune responses against harmful
agents and tolerance to harmless antigens [117]. Various studies already associated gut
microbiota imbalances with immune homeostasis disruption and the risk of developing
immune-mediated diseases, such as celiac disease (CD), among others [118]. In addition,
modifications of the intestinal microbiota during pediatric age [119,120], neonatal infec-
tions [121], and recurrent infections involving rotavirus [122,123] were associated with an
increased prevalence of CD. A recent longitudinal prospective cohort study developed by
Leonard et al. have analysed the gut microbiota of infants at risk of CD to track shifts in
the microbiota before CD development. Comparing 10 infants who developed CD and
10 infants who did not, the researchers identified complex patterns of increased abundances
of proinflammatory species and decreased abundances of protective and anti-inflammatory
species at various time points preceding the onset of the disease. They believe these mi-
crobiome shifts, coupled with metabolome findings, may represent potential biomarkers
of CD development [124]. However, further studies are necessary since the number of
patients examined was low.

3.1.1. Diagnosis

The most common symptoms in adults and children with CD are diarrhea, which
may be persistent or intermittent, abdominal pain, fatigue, abdominal distension, vomiting
and nausea, constipation, bloating and gas, and weight loss [125]. Gain of gluten intol-
erance can arise at any time in life due to additional triggers apart from gluten. Trigger
factors such as α-interferon, gastrointestinal infections, medications, and surgery have all
been indicated [126–128]. For CD diagnosis, a combination of clinical, serological tests
and duodenal biopsies is required to check for damage in the intestine caused by the
disease [98,129]. Patients with a clinical demonstration of CD should be submitted to sero-
logical tests [11,130]. The recommended serological test for the detection of CD is IgA-tTG.
As IgA-deficiency affects 2–3% of CD patients and leads to false-negative results, total
IgA levels also need to be measured [131,132]. Other antibodies can be used such as anti-
deamidated gliadin (anti-DGP), anti-tissue transglutaminase (tTG), and anti-endomysial
(EM) antibodies [115,133–135]. In the presence of IgA-deficiency, IgG antibody-based tests
(IgG-tTG and/or IgG-DGP) should be used [132]. Depending on the antibody test a duode-
nal biopsy is performed to establish the definitive diagnosis of CD [136,137]. In agreement
with the Marsh classification villous atrophy, hyperplasia, and increased intraepithelial
lymphocytes on the duodenal biopsy together to positive serological results confirm celiac
disease diagnosis [138]. HLA typing can be used when the results of the serological and
duodenal biopsies are inconclusive and the diagnosis of CD is uncertain [139,140].The
determination of HLA forms is effective along with histological findings [141,142], knowing
that HLA-DQ2 and HLA-DQ8 molecules are correlated with ~95% and 5% CD patients,
respectively [142,143].
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3.1.2. Treatment

The only currently available therapy for CD is adherence to a gluten-free diet (GFD).
A GFD consists of complete avoidance of gluten and gluten-related proteins, which rules
out wheat, rye, barley, and any products containing them [131]. Proper adherence to a
GFD usually improves the clinical symptoms, increases bone density, and improves body
weight distribution or nutritional status [144]. After long-term adherence to GFD, the
intestinal villi can be significantly reconstituted [145]. However, GFD may be associated
with digestive problems such as constipation due to a low fiber intake. In many cases, a
strict GFD is onerous to follow due to gluten residues in certain food products [146,147].

Alternative treatments for CD are being development and the most promising strate-
gies include mechanisms to improve the intestine’s permeability, detoxify gluten, or induce
modifications in the immune response to gluten [3,98].

3.2. Other Autoimmune Wheat/Gluten-Related Diseases
3.2.1. Gluten Ataxia

Gluten ataxia (GA) is a form of cerebellar ataxia, affecting mainly Purkinje cells, and
is caused by antibodies released when digesting gluten that mistakenly attacks part of
the brain in individuals that are sensitive and genetically susceptible [148]. The clinical
symptoms of GA are identical to those of other ataxias. They include gait ataxia (100%),
lower limb ataxia (90%), gaze-evoked nystagmus (84%), upper limb ataxia (75%), ocular
signs like dysarthria (66%), and other movement disorders including chorea, myoclonus,
opsoclonus myoclonus, and palatal tremor [149].

Diagnosis

GA diagnosis is supported when anti-tTG, anti-gliadin, and anti-TG6 (anti-transglu-
taminase 6) antibodies are found in the serum. The best diagnostic approach for patients
with suspected GA remains unclear. Still, one study reported that considering the whole
spectrum of gluten, the IgG anti-gliadin antibody performs better than the gluten ataxia
marker because of its elevated sensitivity [149].

Studies of GA patients have shown that the brain presents anti-tTG antibodies. If
CD serology is positive, it is necessary to look for evidence of CD through an intestinal
biopsy [150]. Magnetic resonance imaging (MRI) can be utilized to diagnose GA. MRI
results from up to 60% of GA patients show evidence of moderate cerebellar atrophy [151].

Treatment

Following a rigorous GFD should be the treatment to GA patients. Moreover, studies
show that immunotherapy with steroid and intravenous immunoglobulins (IVIG) can be
an efficient treatment for such patients [152].

3.2.2. Dermatitis Herpetiformis

Dermatitis herpetiformis (DH), repeatedly associated with CD, is an autoimmune,
chronic, and recurrent cutaneous-intestinal disorder detected in genetically susceptible
individuals [11,153,154]. Anti-tTG antibodies that also recognize epidermal transglutami-
nase (ETG) can be produced after exposure to gluten. ETG is homologous to tTG in terms
of structure and is the primary antigen in DH [153]. IgA antibody deposition in dermal
papillae causes pruritic, vesiculobullous, and localized lesions in DH patients. DH affects
the extensor surfaces such as knees, buttocks, elbows, and scapular areas [153,155,156].

Diagnosis

Patients with clinical symptoms are advised to undergo direct immunofluorescence
(DIF) tests on perilesional skin. If the test result is negative, new material is collected,
and it is determined whether the patient is on a GFD, which could lead to false-negative
results [157]. Other confirmatory tests such as the dosage of anti-tTG can be used in patients
with symptoms suggesting DH but with negative direct immunofluorescence [158].
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Treatment

Like CD patients, DH patients have the same HLA haplotypes (DQ2 and DQ8) and fol-
lowing a GFD improves the symptoms [154]. Drug therapy with dapsone or sulfonamides
is also a possible treatment [153].

3.3. Wheat Allergy

Allergens cause allergic reactions, and wheat is one of the five most frequent foods
causing them in children. After milk and eggs, wheat is the most common allergen in Japan,
Germany, and Finland [159]. In children and adults, wheat allergy (WA) prevalence is
approximately 1% depending on age and region [160,161]. In contrast to CD, distinct wheat
components such as water-insoluble proteins (gliadin and glutenin) and water/saline-
soluble proteins (albumin and globulin) contribute to the development of WA [11,162,163].

3.3.1. IgE-Mediated Wheat Allergy

IgE-mediated WA is triggered by allergen ingestion (food allergy), inhalation (respi-
ratory allergy), or skin contact (dermal allergy). The antigen is introduced by dendritic
cells that trigger CD4+ T cells to differentiate into T helper type 2 (Th2) cells. These
cells produce cytokines such as IL-4, IL-5, and IL-13 that stimulate B cells to produce
IgE [142,164]. When a new exposure to wheat allergens occurs, the IgE antibodies that are
bound to their high-affinity receptor (FcεRI) on basophils or mast cells, recognize specific
epitopes in wheat allergens [165]. The recognition results in IgE-crosslinking that triggers
the release of vasoactive mediators like histamine from mast cells or basophils, leading to
allergic responses, including WA [166,167]. The most common symptoms of WA due to
these mechanisms include gastrointestinal symptoms (nausea, abdominal pain, vomiting,
diarrhea), dermal (itching, eczema, redness), respiratory (rhinitis, asthma), circulatory
(flushing, angioedema), and cerebral (disturbed thinking, headache, dizziness) which
typically manifest minutes to hours after exposure [164,168].

Wheat-dependent exercise-induced anaphylaxis (WDEIA) is a particular type of IgE-
mediated WA. This condition gives rise to severe anaphylactic reactions to wheat when
intense exercise is practiced soon after being consumed [169]. Symptoms of WDEIA include
angioedema, chest pain, diarrhea, dysphagia, dyspnea, flushing, headache, hoarseness,
nausea, pruritus, and syncope [142,170].

Baker’s asthma is also an IgE-mediated WA that develops after allergen inhalation, es-
pecially cereal flour dust present in the work environment, and affects 0.03–0.24% of pastry
factory workers, cereal handlers, confectioners, and bakery workers. It is considered one
of the most frequent occupational, cereal-induced allergic asthmas [171–173]. Consuming
cooked wheat or products containing it does not manifest symptoms in these patients, but
they may react after eating products contaminated with raw wheat flour [174].

IgE-mediated wheat allergens are widely distributed in wheat’s different protein
fractions. Currently, 28 allergens have been identified in wheat, according to WHO/IUIS
Allergen Nomenclature Sub-Committee (Table 2).

The heat-resistant α-amylase/trypsin inhibitor is an allergen that binds to specific IgE
and is involved in anaphylaxis, in some cases of WDEIA [175], and baker’s asthma [176].
Wheat seeds highly express Tri a 37, which is a plant defence protein. It is also resistant to
digestion and heat and can act as a powerful allergen. Individuals who have IgE antibodies
against Tri a 37 have a high risk of severe allergic symptoms upon wheat intake [177,178].
ω-5-gliadin, also known as Tri a 19, is involved in anaphylactic reactions to wheat and
WDEIA in children [179,180].
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Table 2. Wheat proteins implicated in IgE-mediated wheat allergy. Source: www.allergen.org (accessed on 19 July 2021).

Wheat Allergen Biochemical Name
Molecular Weight

(kDa)
Route of Allergen

Exposure

Tri a 12 Profilin 14 Food
Tri a 14 Non-specific lipid transfer protein 1 9 Food
Tri a 15 Monomeric alpha-amylase inhibitor 0.28 Airway
Tri a 17 Beta-amylase 56 56 Food
Tri a 18 Agglutinin isolectin 1 Food
Tri a 19 Omega-5 gliadin, seed storage protein 65 Food
Tri a 20 Gamma gliadin 35 to 38 Food
Tri a 21 Alpha-beta-gliadin Food
Tri a 25 Thioredoxin Food
Tri a 26 High molecular weight glutenin 88 Food
Tri a 27 Thiol reductase homolog 27 Food
Tri a 28 Dimeric alpha-amylase inhibitor 0.19 13 Food
Tri a 29 Tetrameric alpha-amylase inhibitor CM1/CM2 13 Airway
Tri a 30 Tetrameric alpha-amylase inhibitor CM3 16 Airway
Tri a 31 Triosephosphate isomerase Airway
Tri a 32 1-Cys-peroxiredoxin Airway
Tri a 33 Serpin Airway
Tri a 34 Glyceraldehyde-3-phosphate dehydrogenase Airway
Tri a 35 Dehydrin Airway
Tri a 36 Low molecular weight glutenin GluB3-23 40 Food
Tri a 37 Alpha purothionin 12 Food
Tri a 39 Serine protease inhibitor-like protein Airway

Tri a 40 Chloroform/methanol-soluble (CM) 17 protein
[alpha-amylase inhibitor] 15.96 Airway

Tri a 41 Mitochondrial ubiquitin ligase activator of NFKB 1 Food
Tri a 42 Hypothetical protein from cDNA Food
Tri a 43 Hypothetical protein from cDNA Food
Tri a 44 Endosperm transfer cell specific PR60 precursor Food
Tri a 45 Elongation factor 1 (EIF1) Food

Diagnosis

The diagnosis of WA in its various clinical presentations (whether allergy associated
with wheat ingestion, baker’s asthma, or WDEIA) depend on taking a detailed clinical
history, physical examination, and selecting the proper tests.

The first examinations include a skin prick test and measurement of specific IgE
to wheat allergens in wheat extracts and blood serum. In case of wheat allergy due to
ingestion, the results of the tests and the clinical history may prompt an oral food challenge.
The double-blind placebo-controlled wheat challenge continues to be the gold standard.
Oral food challenges are generally considered secure, but experts must perform them
prudently because anaphylactic reactions may happen [181]. For diagnosis of WDEIA, in
addition to establishing an accurate clinical history, tests for specific IgE against wheat and
specific wheat allergens, such as ω-5-gliadin, are performed. These patients may also need
to complete a placebo-controlled wheat/exercise challenge, which involves the controlled
ingestion of wheat followed 30 min later by 15–20 min of exercise on the treadmill [168,170].
The standard gold diagnosis of baker’s asthma is the bronchial challenge test in which
patients test positive. In addition, experts establish the clinical history followed by the
confirmation of specific IgE to wheat in serum and/or by skin prick test [168].

Treatment

Complete elimination of wheat from the diet is the only available therapy to treat
IgE-mediated WA. In allergy associated with wheat ingestion, patients should follow an
adequate wheat elimination diet and be trained in the correct interpretation of product la-
bels [168]. To prevent WDEIA, patients must avoid wheat consumption in any circumstance,
but if not, they can only exercise 6 h after the consumption of wheat or wheat-containing
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products [170]. In the case of baker’s asthma, a total restriction of exposure to wheat flours
is recommended [168].

However, in many cases, strict avoidance of wheat is challenging because wheat is
present in so many distinct food products, and involuntary exposure to small traces can
occur. Currently, new approaches to treat IgE-mediated WA are actively being sought. Im-
munotherapy is a promising treatment based on the administration of increasing amounts
of an allergenic source to regulate the immune system and achieve remission of allergic
symptoms [182]. Three distinct types of immunotherapy are currently being tested: sublin-
gual immunotherapy (SLIT), oral immunotherapy (OIT), and epicutaneous immunotherapy
(EPIT). In SLIT and OIT the amount of food ingested is gradually increased to avoid the
induction of systemic reactions, while EPIT involves delivering the allergen to the patient
using a skin patch [183].

3.3.2. Non-IgE-Mediated Wheat Allergy

Non-IgE-mediated wheat allergy usually occurs 2 h after ingestion of wheat. It is
strongly associated with eosinophilic esophagitis (EoE) or eosinophilic gastritis (EG), which
occur when eosinophils infiltrate the gastrointestinal tract [168]. Typical manifestations
of this type of WA are indigestion, diarrhea, vomiting, arthralgia, and headaches that can
appear numerous hours or days after consumption of allergens [11].

Diagnosis

To diagnose EoE, when suspected, an esophageal biopsy is performed by an esopha-
gogastroduodenoscopy (EGD), and it is necessary to find 15 eosinophils per high-power
field (eos/hpf) at least. However, the identification of which food causes EoE is more
difficult. The gold standard remains: an EGD performance eight weeks after an elimination
diet to assess the significance of a food allergen in EoE pathogenesis [168,184,185]. The
EG diagnosis is made when clinical symptoms suggest it. Then to confirm a positive
diagnosis, a biopsy must show eosinophilic inflammation whit 30 eos/hpf in the stomach
and 50 eos/hpf in the duodenum [168,186].

Treatment

The currently accepted treatment to EoE is similar to other atopic diseases and is based
on corticosteroid use and allergen avoidance. To treat EoE, steroid treatment for an IgE-
mediated food allergy is one convenient approach. Three accepted nutritional strategies
can also be used to treat this disease: (1) an elemental diet in which only essential formulas
are ingested; (2) avoidance of specific antigens according to allergy testing results and/or
diet history; and (3) empiric food elimination of the most common food antigens [187,188].
The adaptation of an EG diet through empiric dietary elimination therapy, consisting of
exclusion of common food triggers established for EoE, and very restrictive therapies, con-
sisting of amino acid-based formula ingestion with a few foods, has been tried by pediatric
and adult patients, and found to be effective in the majority of pediatric patients [189].
Nevertheless, diet alone is infrequently an effective therapy due to the severity of the
symptoms and steroids are necessary to rapidly reduce them. For this reason, the majority
of patients are primarily treated with systemic steroids (0.5–1 mg/kg/day for 5–14 days)
followed by a gradual decrease over 2–4 weeks [168].

3.4. Non-Celiac Wheat/Gluten Sensitivity

Non-celiac wheat/gluten sensitivity (NCWGS) makes people experience symptoms
similar to CD and WA. However, patients with NCWGS do not have specific IgE against
wheat proteins or IgA anti-TG2 autoantibodies. The symptoms develop in a few hours or
days after wheat/gluten consumption and include abdominal distension, abdominal pain,
diarrhea, gas, among others. Patients also experience extraintestinal symptoms, including
headache, fatigue, pain in muscles and joints, and eczema [190]. Recent studies have given
rise to the idea that other wheat components, such as oligosaccharides like fructans [191],
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α-amylase/trypsin inhibitors [192], and wheat-germ agglutinin [193], may contribute to
the development of NCWGS.

The pathogenic mechanisms of NCWGS are far from understood. Preliminary data
indicate that activation of innate immunity triggers NCWGS without the involvement
of adaptive immunity, which would be a crucial factor in CD development [194–196].
The increased expression of toll-like-receptors (TLRs), a protein class that plays a vital
role in innate immunity, in the small intestine is the evidence supporting the hypothe-
sis of the activation of innate immunity in NCWGS. TLR2, TLR1, and TLR4 have been
identified in the intestinal mucosa and some cells of the lamina propria of patients with
NCWGS [194]. There is diverging information on intestinal permeability in NCWGS. A
study conducted in 2011 determined the gut permeability of NCWGS and CD patients
using the urine lactulose/mannitol test. The small intestines of NCWGS patients were
significantly less permeable than those of CD patients and controls. Moreover, duodenal
biopsies of NCWGS patients found higher expression of claudin-4 mRNA, a marker of
reduced permeability [194]. By comparison, another study reported a subgroup of HLA-
DQ2/DQ8+ patients with diarrhea-predominant irritable bowel syndrome following a
gluten challenge that had increased intestinal permeability [197]. Moreover, Hollon et al.
(2015), in an ex vivo study, evaluated alterations in transepithelial electrical resistance
(TEER) of tissue biopsies from NCWGS patients, active CD patients, CD patients in re-
mission and controls subjected to pepsin-trypsin digested gliadin. This study has shown
that exposure to gliadin increases intestinal permeability and decreases TEER in all patient
groups compared to controls [198]. This discrepancy suggests that further studies are
required to define the small intestine’s permeability in NCWGS and improve our overall
knowledge about it.

3.4.1. Diagnosis

Currently, the lack of diagnostic biomarkers for NCWGS means that diagnosis depends
on a clinical symptoms evaluation and elimination of CD and WA. According to the Salerno
Experts’ criteria, first, patients have to adhere to a wheat/gluten exclusion or wheat/gluten-
reduced diet in order to reduce the symptoms. Then, to confirm the diagnosis, a double-
blind, placebo-controlled gluten challenge must be performed to determine if symptoms
were indeed related to wheat/gluten ingestion [199,200]. About half of patients with
NCWGS present the first generation antibody to gliadin (AGA) which is considered the
only serological marker [199,201,202]. Nevertheless, testing for the presence of AGA is not
a specific analysis to diagnose NCWGS. Still, for the moment, its positivity, particularly at
a high titer, in suspected NCWGS patients can support the diagnosis [203].

Not long ago, Kabbani et al. reported a diagnostic algorithm based on the specific
combination of the presence or absence of several histological, serological, and clinical
markers to identify NCWGS and distinguish it from CD. The authors concluded that
patients with negative celiac serologies (no IgA/IgG deaminated gliadin peptide or IgA
tTG antibody) on a regular diet are improbable to have CD. Those with negative serology
who also do not have a clinical indication of malabsorption and CD risk factors are likely
to have NCWGS and may not necessitate additional examination. Those with ambiguous
serology should be subjected to an HLA typing to establish the requirement for biopsy [204].

A recent discovery has given hope to future NCWGS diagnoses. This study developed
by Barbaro et al. verified that NCWGS and CD patients had significantly increased levels of
zonulin compared with asymptomatic controls and diarrhea-predominant irritable bowel
syndrome (IBS-D) patients. They came to the conclusion that zonulin can be considered
a diagnostic biomarker in NCWGS and combined with demographic and clinical data,
differentiates NCWGS from IBS-D with high efficiency. Moreover, wheat withdrawal was
associated with reducing zonulin levels only in NCWGS carrying HLA genotype [205].
However, further studies are necessary since the number of patients examined was low.
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3.4.2. Treatment

The guidelines to treat NCWGS patients are not established yet. The specialists advise
these patients to adjust their dietary preferences and begin a GFD [203]. In some cases,
any progress after GFD is only partial. In these situations, a low FODMAP (fermentable
oligosaccharides, disaccharides, monosaccharides, and polyols) diet together with gluten
removal can enhance the clinical condition considerably [206].

Significant research efforts are being made to manage NCWGS. For example, multiple
studies have concentrated on analyzing the toxicity of different varieties of wheat. Intrigu-
ingly, Triticum monococcum ssp. monococcum, an ancient diploid wheat, does not activate
distinct immune cells involved in gluten-related disorders as much [207]. While clinical
studies have shown that CD patients cannot consume these varieties, it has been indicated
that they would be safe for patients with NCWGS [208]. Innovative hybridized cereals such
as tritordeum have also been shown to be an alternative for NCWGS patients due to their
low gliadin content [209]. CRISPR/Cas9 technology has been used to produce wheat with
less α-gliadin, translating into an 85% reduction in immunoreactivity [210]. Nevertheless,
it should be mentioned that most of this research is designed to tackle gluten proteins,
particularly gliadins, and their post-ingestion downstream effects in CD. In NCWGS, the
environmental culprit is yet to be well defined.

4. Gluten-Related Misconceptions

GFDs are commonly recognized as the treatment for CD and other gluten-related
disorders (GRD), as mentioned above. However, nowadays, the number of people without
any GRD who adopt a GFD is rising [211]. The prevalence of adherence to a GFD in the
overall adult population can reach 7% in a few countries [212,213]. As of 7th December
2020, a Google search for “gluten-free diet” generated over 4.5 million results. The general
population’s principal reason for purchasing gluten-free foods is that they are supposed
to be healthier than their gluten-containing equivalents [214]. Recommendations from
a multitude of books, celebrities, and other media have unquestionably supported the
increased consciousness of the potential health benefits of gluten avoidance, such as weight
loss [215].

There are three significant misconceptions by the general population leading them
to follow a GFD. (1) A gluten-free diet is a healthier option. (2) Eating gluten-free will
help them lose weight. (3) The wheat we consume today contains more gluten than
older varieties.

Considering the first misconception, claims of the potential benefits of following a
GFD include increased energy, better sleep, clearer skin, faster weight loss, and improved
medical conditions such as autism and rheumatoid arthritis [214]. Evidence of the health
benefits of a GFD for GRD patients is incontrovertible. However, no published experimental
evidence supports similar claims for the overall population [216]. On the contrary, an issue
associated with unnecessary gluten avoidance is the reduced consumption of whole grains,
foregoing the likely benefit of lowering cardiovascular risk. The GFD promotion between
people without CD must not be encouraged [217].

Regarding the second misconception, some studies of CD patients report a change
in weight as an effect of following a GFD. In a survey of 369 adult patients with CD
who followed a GFD for an average of 2.8 years, 22 of the 81 (27%) who were at first
overweight increased weight [218]. In another study of 371 adults with CD who adhere to
a GFD for two years, 55 of the 67 (82%) initially overweight patients earned weight [219].
Other researchers have reported that between 149 children with CD adhering to a GFD
for at least 12 months, the percentage of overweight people almost duplicated (11% to
21%) [220]. These studies suggest that body weight may increase for a considerable portion
of overweight celiac patients while on a GFD. However, it has not been established if
people without CD or gluten sensitivity would gain weight if they followed a GFD. In this
respect, it is essential to note that gluten-free does not imply fat-free or calorie-free, and
some gluten-free products contain more calories and sugar than corresponding gluten-
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containing foods [214]. Indeed, a study carried out in 2018 analyzed the most recent surveys
on the nutritional quality of gluten-free products and concluded that the key inadequacies
of currently available GF products are a low protein content and a high fat and salt content
compared with their gluten-containing counterparts. However, they also verified more
acceptable levels of fiber and sugar than in the past [221]. In this way, we can affirm that
gluten-free products are not adequated to people wishing to lose weight.

The third misconception that wheat breeding has led to the production of wheat
varieties containing higher levels of gluten originated from successful books like “Wheat
Belly” by William Davis and “Grain Brain” by David Perlmutter [222]. However, the level
of gluten in wheat has actually remained unchanged over the years. A 2013 study reported
that gluten levels in numerous varieties, on average, have slightly changed since the 1920s,
and although there was actually an increase in CD in the second half of the century, the
breeding of wheat for higher gluten content does not suggest to be the reason for that [223].
In 2010, van den Broeck, when studying old and modern wheat varieties toxicity, suggested
that breeding practices may have influenced the increased CD prevalence. However, some
evidence has shown that modern wheat is not more toxic for celiac patients and that
breeding does not seem to be related to a higher prevalence of CD [224]. On the other
hand, as nitrogen (N) fertilization of cereal crops has increased, another hypothesis has
emerged. Intensified fertilization with N may increase the allergenic proteins content of
wheat, which may be related to the increase in CD pathology. The study that put forward
this hypothesis concluded, after a literature meta-analysis, that wheat grown under higher
N availability in the soil produces not only higher yield but also grains and flour with
higher concentrations of gliadin in all genotypes [225]. However, further experimental
studies need to be done, and if this hypothesis stands, we will have an important lead to
follow to prevent and control the spread of CD.

5. Conclusions

Wheat is the widest cultivated crop on Earth and has been consumed for 10,000 years
by humans from its most primitive form to the current species. Wheat is a nutritious
cereal, rich in dietary fiber. The nutritional recommendations of many countries emphasize
cereals as the basis of a balanced diet. This is particularly true in low and medium-income
countries where grain-based food is the main source of energy, carbohydrates, fibers,
proteins, B vitamins, and minerals essential for human survival. The exclusive properties
of dough made from wheat flour derive from the gluten protein complex and allow it to be
processed into bread, pasta and noodles, and other diverse forms of food feeding most of
the world population.

Considering the predominance of wheat, the challenge of the increasing incidence of
wheat/gluten-related disorders like CD and NCWGS must be addressed now. Patients
with CD should strictly follow GFD since they must avoid foods containing gluten, patients
with a WA should prevent contact with any form of wheat, and NCWGS patients should
follow a wheat/gluten exclusion diet as well. In some cases, adherence to a low FODMAP
diet and gluten removal can drastically improve the clinical outlook. There have been
many research advances in improving CD and WA diagnosis, but the same does not
happen at NCWGS. Thus, first, we have to comprehend the fundamental mechanism
behind the NCWGS pathogenicity to establish more sensitive diagnostic markers and
therapeutics then.

Only a tiny percentage of the worldwide population is affected by these wheat/gluten-
related disorders. Opting or promoting a GFD to improve well-being unwarranted by any
medical suggestion is an unhealthy alternative since the consumption of wheat is more
beneficial than its non-consumption. Thus, to answer the question “How healthy is to eat
wheat?” and the take-home message is that wheat is an excellent food for people without
any associated medical conditions because it is a very nutritious cereal, rich in macro and
micronutrients that only beneficiate our health. The problem is that people are removing
wheat from the diet without any medical indication or health/nutritional condition with a
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proven relationship and consequently are not consuming the necessary nutrients. This is a
mistake that results from a growing number of misconceptions related to this cereal that
should be avoided and clarified as they end up harming these people’s health. Here we
have presented the medical conditions and the nutritional benefits of consuming wheat, so
readers can access unbiased information that clearly shows the best and the worst of this
cereal in terms of nutrition and health.
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Abstract: Wheat is one of the most important cereal crops in the world as it is used in the production
of a diverse range of traditional and modern processed foods. The ancient varieties einkorn, emmer,
and spelt not only played an important role as a source of food but became the ancestors of the modern
varieties currently grown worldwide. Hexaploid wheat (Triticum aestivum L.) and tetraploid wheat
(Triticum durum Desf.) now account for around 95% and 5% of the world production, respectively.
The success of this cereal is inextricably associated with the capacity of its grain proteins, the gluten,
to form a viscoelastic dough that allows the transformation of wheat flour into a wide variety of
staple forms of food in the human diet. This review aims to give a holistic view of the temporal and
proteogenomic evolution of wheat from its domestication to the massively produced high-yield crop
of our day.

Keywords: wheat; Triticum aestivum L.; Triticum durum Desf.; gluten; breadmaking; celiac disease

1. Introduction

Wheat is a high-yielding crop that is easy to store and is very adaptable to different
climates. From the most primitive form of wheat to the species currently grown, these and
other desirable characteristics have been selected and developed by human societies since
ancient times [1,2]. Its domestication is thought to have occurred in the Fertile Crescent
about 10,000 years ago and has spread to all parts of the world through the first farmers,
adapting the domesticated populations to different environments [3]. Wheat is able to
grow in temperate, Mediterranean, and subtropical regions of the two hemispheres, mainly
due to its enormous genetic diversity. For example, there are more than 25,000 varieties
of Triticum aestivum L. adapted to different temperate environments [4]. Wheat can be
classified according to when it is sown. Winter wheat is sown in autumn because the
seedlings need a period during the vegetative phase when temperatures are between 0 and
5 ◦C. About 80% of the world’s wheat is winter wheat. Spring wheat is planted in spring
and harvested in late summer or fall in South Asian countries or North Africa [5].

The most important varieties of modern wheat are tetraploid durum wheat (Triticum
durum) and hexaploid bread wheat (Triticum aestivum L.), which have different attributes
in terms of genomic composition, grain composition, and end use [6]. The progressive
domestication of these wheat species led to the restructuring of the rachis and glumes,
converting the brittle ears of wild species into non-brittle and bare grain ears in cultivated
species [7]. These morphological effects of domestication facilitated the cropping of wheat,
leading to an exponential increase in its economic importance [8].

As well as being a major source of carbohydrate in the form of starch, wheat seeds
also provide a great source of protein in the human diet. Wheat endosperm proteins, the
prolamins, can be divided into gliadins and glutenins according to their polymerization
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properties. They are the main components of gluten in wheat flour. The elasticity and
extensibility of dough are the basic characteristics of breadmaking and are largely deter-
mined by the glutenin and gliadin content of the flour, respectively [9]. Indeed one of
wheat’s main advantages is the unique ability of wheat doughs to be processed into differ-
ent types of bread and other bakery products (including cakes and biscuits), pasta, and
other processed foods [10]. The markets and the processing industry depend on different
varieties of wheat with different quality attributes that meet the needs of specific products.
Wheat is generally traded according to specific characteristics, namely, the grain protein
content and hardness [11]. These market requirements have led to a more comprehensive
and thoughtful approach to wheat breeding so as not to neglect essential protein content
and protein quality [12,13].

The present work aims to describe the history of wheat with a particular focus on
its singular characteristics making it almost ubiquitous in the human diet, the ability
to form the gluten viscoelastic network. Worldwide production, market requirements,
consumption habits, and research trends are also summarized in this work.

2. Origin and Evolution

The history of wheat from about 10,000 B.C. is an important part of the history of
agriculture [2]. Wheat is thought to have first been cultivated in the Fertile Crescent, an area
in the Middle East spreading from Jordan, Palestine, and Lebanon to Syria, Turkey, Iraq, and
Iran [14]. The earliest cultivated species are hulled (glumed) wheats and comprise all three
polyploidy levels known in Triticum spp., diploid, tetraploid, and hexaploid [14]. These
species are einkorn (Triticum monococcum L.), emmer (Triticum Dicoccum), and spelt (Triticum
spelta), and their corresponding wild ancestors are still found in these territories [15,16].
However, the domestication of these three species caused considerable genetic erosion
that has since been reinforced through modern breeding practices with the unwanted
consequence of increased susceptibility or vulnerability to environmental stresses, pests,
and diseases [8].

Wheat belongs to the Poaceae family [17,18], which includes the Triticeae tribe, the divi-
sion with the most economically important cereals. The Triticeae tribe includes 14 genera,
grouped into the subtribes Triticinae and Hordeinae, and the production of amphiploids and
interspecific hybrids suggests there is genetic or cytoplasmic compatibility between the
different genera [19]. The most representative wheat species of this tribe are hexaploid
Triticum aestivum L. (AuAuBBDD; 2n = 6x = 42), tetraploid Triticum turgidum L. (AuAuBB;
2n = 4x = 28), and diploid einkorn Triticum monococcum L. (AmAm; 2n = 2x = 14) [8]. Cur-
rently, the most economically important species are tetraploid durum wheat (Triticum
turgidum subsp. durum (AuAuBB; 2n = 4x = 28) and hexaploidy bread wheat [8,11]. The ori-
gin of the latter two wheat species was the result of two polyploidization events (Figure 1).

The first of these occurred with the association of the genomes of two diploid species:
one related to the wild species Triticum urartu (AuAu; 2n = 2x = 14) provided the A genome
and the other yet unknown species from the Sitopsis provided the B genome. This produced
the allotetraploid wild emmer wheat (Triticum Dicoccum; AuAuBB; 2n = 4x = 28) [20,21].
With the genetic resources of both ancestral diploids, this cultivated allotetraploid wheat
is generally more vigorous, giving higher yields and adapting to a wider range of envi-
ronmental conditions compared to its parents [22]. The second event occurred between
T. turgidum and Aegilops tauschii (DD), a wild diploid species, which produced the allo-
hexaploid early spelt (Triticum aestivum subsp. spelta; AuAuBBDD; 2n = 6x = 42) [8,20].
Initially, T. aestivum L. and T. turgidum produced sterile hybrids; however, a duplication of
chromosomes in gametes or progeny gave rise to fertile species [23].

186



Foods 2021, 10, 2124

Figure 1. Phylogeny of the domesticated species of durum wheat (Triticum durum Desf.) and common wheat (Triticum
aestivum L.).

Initial cytogenetic studies of the origin of wheat proposed the diploid species T. mono-
coccum L. as the donor of the A genome in the tetraploid species of both evolutionary
lines [24]. However, recent studies have shown that variations in the repetitive nucleotide
sequences in the A genome, present in both wheat tetraploid species, were more related
to the T. urartu genome than to the T. monococcum L. genome [25,26]. The origin of the B
genome remains unresolved. In polyploid wheat, the B genome constitutes the majority
of the genomic component and as the genetic variation at the DNA level is high, the true
donor of the B genome since polyploid formation has been very difficult to establish [26].
There are many strands of evidence (morphological, geographical, cytological, genetic,
biochemical, and molecular) that suggest the section Sitopsis of Aegilops, namely Aegilops
speltoides (genome S), as the B genome donor of both soft and hard wheat [26,27]. The
ambiguous nature of the B genome remains a subject of study with several possible theories:
(1) the parent is extinct; (2) the diploid parent still exists but has yet to be discovered; (3) in
the formation of the allotetraploid, the diploid B genome donor has undergone several
changes; and (4) in the condition of allopolyploidy, the B genome evolves rapidly due to
several chromosomal structural changes, namely, due to the introgression of chromosomal
segments of other allopolyploid or diploid species [27]. In contrast, the D genome is derived
from the diploid progenitor Aegilops tauschii [16]. This genome carried genes and alleles
that favored adaptation to the more continental climate of central Asia, thus allowing

187



Foods 2021, 10, 2124

hexaploid wheat to be cultivated more widely than emmer wheat [28]. Khorasan wheat
(Triticum turgidum ssp. turanicum) is also an important ancient species for the appearance
of durum wheat, as it has morphological characteristics similar to those of durum wheat.
There is no concrete data on its origin; however, through DNA analysis, it is likely that the
species originated from a spontaneous cross between durum wheat and wild wheat [29].

In fact, wheat is a useful model organism in which to study the evolutionary theory
of allopolyploid speciation, and consequently, the study of its adaptation to domestica-
tion [26]. The domestication of T. aestivum L. and T. durum Desf. began a selection process
that increased the adaptation of these wheat species as well as their cultivation on a large
scale [30]. This is attributable, in part, to the allopolyploid genome structures [20]. Al-
lopolyploids contain two or more diverged homoeologous genomes, a fusion of different
genomes [31]. Alloploidization accelerated the genome evolution of wheat through changes
like gene loss, gene silencing, gene activation, and duplications [31,32]. Two evolutionary
processes in particular were crucial in domestication [2]. A natural mutation at the Q
locus of chromosome 5A modified the effects of recessive mutations at the Tg (tenacious
glume) locus and thus made the wild emmer wheat and early spelt easier to thresh, later
evolving into the free-threshing ears of durum wheat and common wheat, respectively,
constituting a bridge between primitive wheat and modern wheat [8,14,16]. The fragility
of the glumes of the two modern wheats is a technological advantage that facilitates the
grinding of grain into flour, whereas the grains of more primitive species are covered by
glumes (shells) that even after harvest make grinding difficult [14]. The other evolutionary
process was the loss of ear fragmentation at maturity, resulting from mutations in loci,
such as the brittle rachis (Br) gene, which allows the dispersion of seeds in natural popula-
tions [22,33]. The chromosomal location of Br in emmer wheat is on chromosomes 3A and
3B, but the equivalent in einkorn wheat is still unknown. In this regard, the selection of the
non-breaking characteristic led to modern wheat varieties superseding einkorn, emmer,
and spelt wheats [33].

3. Production

Despite modern wheat varieties (durum wheat and common wheat) having a higher
yield potential, they have disadvantages compared to old varieties, particularly in terms
of reduced tolerance of abiotic and biotic stresses, such as diseases, pests, drought, heat,
cold, salinity, pollution, and shortage of soil nutrients [14]. The varieties we know today
are the outcome of breeding programs that mainly selected and developed grains with
specific characteristics, such as higher yield, superior breadmaking quality, efficient use of
nutrients, and resistance to biotic and abiotic stresses. Selection is done by phenotyping
and/or genotyping, using techniques such as sequencing or molecular markers [34–36].

In the 1960s, the world’s ability to deal with the increasing population and food de-
mand was desperate (especially in developing countries), but this phenomenon stimulated
a dramatic increase in cereal production in many of these countries, and large-scale hunger
and the associated social and economic turmoil were averted [37]. Several genetic traits
were selected to improve the yield, stability, and large-scale adaptability of rice, corn, and
wheat [38]. The introduction of high-yielding wheat varieties was accompanied by massive
application of chemical fertilizers and pesticides. The impact of these advances was so
huge that it was called the Green Revolution [39].

The traditional and older varieties of wheat are tall and leafy, with very brittle stems.
The Green Revolution brought greater productivity to wheat, mainly because of the intro-
duction of cereal dwarfing genes [40]. The insertion of dwarfing genes from the Japanese
variety ‘Norin 10’ made it possible to simultaneously increase the yield potential, harvest
rate, responsiveness to fertilizers, and resistance to biotic and abiotic diseases [38,41]. In
fact, more than 70% of commercial wheat varieties currently grown have the ‘Norin 10’
dwarfing genes in their genomes [39]. ‘Norin 10’ contains two dwarfing genes, Rht1 and
Rht2, which are semi-dominant alleles of homoeologous genes on chromosomes B and D,
respectively [39]. The effect of each gene on plant height is similar and their combined effect
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is additive [42,43]. This comes from the fact that these gene products act as transcription
factors in gibberellin signaling. Gibberellin is an essential endogenous regulator of plant
growth [44] and the alleles that regulate dwarf genes not only reduce plant height, but also
reduce responsiveness to gibberellin levels [45]. The dwarf genes also decrease the length
of the coleoptile, which reduces the seedling survival rate and hence population density, a
disadvantage of their use [46,47].

Nowadays, about 95% of the wheat grown in the world is common wheat, used
mainly as whole flour and refined flour to produce a wide variety of flat and fermented
breads and for the manufacture of a wide variety of other bakery products. The remaining
5% is mostly durum wheat used to produce semolina (coarse flour), the main raw material
for the manufacture of a wide variety of different baking product [6,11]. Figure 2 shows the
production of wheat worldwide. The top five wheat producers are China, India, Russia,
USA, and France [1].

Figure 2. Worldwide wheat production. Data indicate the total wheat production in megaton (MT) in the year 2018 per
country FAOSTAT [1].

The world’s wheat harvested area has remained relatively stable since 1960, but in
the same period, production has risen significantly. Combining these data clearly shows
that wheat production became much more efficient over the years, in part due to the
introduction of hybrid crops that allowed an increase in yield (Figure 3) [1,48].

Sustainable food production requires environmentally friendly agricultural practices.
Limiting the number of species or varieties of a species results in a huge loss of genetic
diversity with associated negative impacts on the vulnerability of ecosystems and species
extinction, and limiting the ability of farmers to respond to future agricultural needs [14].
The disadvantage of today’s high-yield high-protein wheat varieties is that they require
large amounts of agrochemical input, such as fertilizers, pesticides, and herbicides. Ad-
ditionally, climate change and global warming can have adverse effects on both the yield
and quality of wheat. An alternative to overcome these obstacles is to use older varieties
of wheat and landraces, like einkorn, emmer, and spelt, that have never been subjected to
breeding practices [12,13].
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Figure 3. The world wheat production, harvested area, and yield between 1960 and 2018 FAOSTAT [1]. Through the
indexmundi database, we were able to verify that China, India, and Russia had a positive production growth rate between
the years 2018–2020 while, on the contrary, the USA had a decreased production growth rate [49].

4. Wheat Consumption Habits

The consumption of bread, especially bread made with whole wheat flour and multi-
grain flour, is tending to increase in developed countries, especially due to the increased
awareness of the need to reduce the consumption of simple carbohydrates, fats, and choles-
terol and increase the consumption of complex carbohydrates, dietary fiber, and vegetable
protein [50]. Each type of bread has its own characteristics, processing conditions, and
specific requirements for the final product [11].

Durum wheat is widely used in regional foods (pasta, flat bread, couscous, and
hamburgers) in Europe, North Africa, and Western Asia [10,16]. In Italy, durum wheat
is traditionally used in the production of pasta, now consumed worldwide [51]. Durum
wheat flour is used alone or mixed with other flours and is widely used in Mediterranean
countries to make bread [10]. Couscous is one of the major food staples in North African
countries, such as Egypt, Libya, Tunisia, Algeria, and Morocco [52]. Durum wheat has
also been used in North America to make a ready-to-eat puffed breakfast cereal and in
Germany, the noodles in kugel, a sweet pudding eaten as a dessert, are made of durum
wheat [53].

Common wheat is generally milled into flour (refined and whole meal) and is used
in breads (fermented, crushed, and steamed), pasta, cookies, and cakes [11]. Indeed,
fermented breads are popular worldwide. The medium-hard to hard wheats that yield
strong doughs are more suitable for producing rolls for hamburgers and hot dogs, for
the semi-mechanized or manual production of typical French bread, as well as flat bread
types like Arab baladi bread, Indian chapati, and Mexican tortilla [54,55]. The light dough
made from soft wheat is suitable for Asian bread cooked with steam [56]. Waxy wheat
has been developed with low levels of amylose or no amylose starch, which makes it
possible to characterize the impact of starch on the quality and functionality of end-use
food. Waxy wheat is often used as a source of blended flour to improve the shelf-life
stability, processing quality, or palatability of baked and sheeted wheat products [57]. It has
been shown that adding 40% waxy wheat flour to Chinese noodles improved the quality of
dry white Chinese noodles and exhibited the shortest cooking time [58]. Another example
of the use of waxy wheat is in the refrigeration and freezing of food products. This type of
wheat has specific effects on gelatinization and retrogradation. To produce products for
freezing purposes, waxy wheat is the best choice since it has a slow retrogradation rate [59].

The old wheat varieties are still being explored today as healthy alternatives to bread
wheat [4]. Mainly for human consumption as different types of fermented bread, unleav-
ened bread such as chapatti, and pancakes, old wheat varieties are also used as animal
feed [4]. Ancient wheats have a nutritional composition that is different from modern
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varieties, such as resistant starch, carotenoids, phytochemicals, and antioxidants, that offer
numerous health benefits [60]. These days, there is often a mixture of flours from these old
wheats with modern varieties to make up for the lack of some components. For ex-ample,
it has been observed that, compared to modern wheat, there is a reasonably high amount of
protein in the emmer grain and a higher amount of lysine in the einkorn wheat [61]. Thus,
baking bread with flours from these ancestral wheats can be more beneficial to health, as
the high content of lysine and other health-promoting compounds in these wheats can com-
plement those of modern wheat flours to achieve a better dietary balance [61,62]. Another
reason why old wheat is important is that consumption trends are constantly changing, and
there is an increasing demand for sustainable, regional, and artisanal products that have
been manufactured in a way that conserves resources (promote biodiversity and reduce the
ecological footprint) [63]. Old wheat products, such as breads made from Khorasan wheat,
have good sensory properties and bread volumes almost as high as modern varieties. The
old wheat species (einkorn, emmer, and spelt) are also used as whole grains for salads and
used differently for processing, for example spelt used mainly for bakery products and the
einkorn and emmer used mainly for pasta products [64,65]. These choices of using specific
varieties to the manufacturing of specific products try to respond to the growing demand
for a wider variety of products [65,66].

Bread made with emmer wheat flour is used worldwide, but especially in Switzerland.
In Italy, it is used for pane di farro and to produce some pasta, but only in small quantities.
In some rural areas of Italy and Iran, emmer is used as a source of carbohydrates in meals
in the same way as rice [60].

Spelt flour and bread made with spelt have become increasingly popular in many
countries due to the nutritional properties of this grain. Specifically, spelt bread has a
higher protein content, a higher lipid content, a more desirable fatty acid profile, and higher
percentages of several nutrients compared to common wheat [67]. From an agronomic
point of view, compared to other wheats, spelt is more resistant to diseases and various
pathogenic fungi, so it requires less fertilization, pesticides, and herbicides and, as the seeds
are covered by the husk, no chemicals are needed before sowing [68,69]. With the increasing
interest in organic farming, these characteristics have led to a higher global interest in
the production of this species that may have several impacts on human nutrition, health,
and sustainability [67]. On the other hand, general consumption habits are shifting to a
gluten-free diet, as people are removing wheat from their diet without any medical advice
and, consequently, are not consuming the necessary nutrients of wheat [70]. This demand
for gluten-free products can arise from the belief that gluten-free and sugar-free foods
help people overcome problems, such as bloating, indigestion, and others. Thus, bakery
products that claim to be fat-free, sugar-free, gluten-free, whole wheat, and salt-free are
popular with health-conscious consumers. According to the Agriculture and Horticulture
Development Council, an average increase of 10% each year is expected for the next
three years in the free-food market, including bakery products [71]. In the case of people
diagnosed with disorders associated with gluten, such as celiac disease, some work has been
carried out exploring the potentialities of sourdough bread. Basically, wheat is leavened
using a long-time fermentation by sourdough, a cocktail of acidifying and proteolytic
lactic acid bacteria, capable of hydrolyzing Pro-rich peptides, including the 33-mer peptide.
Thus, a wheat product fermented with sourdough reduces its immunogenicity for celiac
patients [72–74].

Considering the worldwide consumption of wheat products and the great impact
of the growing world population, several techniques have been used to address these
demands. One of the alternatives is the production of frozen dough products as they
have a considerably longer shelf life. However, during freezing, there are structural
changes induced in the gluten network [75]. Some studies indicate that these changes
occur mainly in the α-helices, β-turns, and antiparallel-β-sheet structures, while the β-
sheet content is not affected by the duration of frozen storage [76,77]. Other studies
have led to the conclusion that changes in protein structure are essentially due to protein
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aggregation and, consequently, to gluten deterioration [78]. Thus, freezing, the frozen
storage temperature, and temperature fluctuations during storage lead to a loss in dough
and bread quality, resulting from lower yeast viability and bread volume and increased
firmness of the bread crumb and mass weight loss [79]. To overcome this obstacle in
freezing, different compounds are often added to improve the quality of the frozen dough.
For example, the addition of NaI leads to an increase in the β-turns at the expense of intra-
and intermolecular β-sheets. This promotes the increase in water–protein interactions,
reducing protein–protein interactions, and, consequently, improving the quality of frozen
dough [76,80].

5. Nutritional Value and Health Impact

Wheat is a good source of complex carbohydrates, with the starchy endosperm be-
ing the major storage tissue and accounting for about 80% of the wheat grain. Unlike
simple carbohydrates, such as sugars, complex carbohydrates are preferred as they pro-
vide a more sustainable energy source as they gradually release energy according to the
body’s needs [50]. Additionally, diets high in these complex carbohydrates lead to fewer
health problems [81] and wheat starch provides a good source of energy in nutrition
(1550 kJ/100 g) [50,82]. Compared to ancient wheats, the carbohydrate contents in durum
(71%) and common wheat (75%) are slightly higher than, for example, spelt (68%) and
einkorn (67%), which provide lower carbohydrate contents [65]. Fiber is also a very im-
portant dietary factor. The majority of dietary fiber in wheat is found in the white layers,
and after wheat milling, the resulting white flour contains 2.0–2.5% fiber [83]. Thus, 40 g
of white wheat bread can provide about 1 g of dietary fiber, whereas a similar serving
of whole wheat bread can provide 3–4.5 g of dietary fiber. A high-fiber diet is positively
associated with health benefits [84,85]. As well as the carbohydrate content, the ancient
varieties, spelt (12%), einkorn (9.8%), and emmer (9.8%), have a lower fiber content than
common wheat (13.4%) [13,65,86].

Lipids are a relatively minor component (2.5–3.3%) of wheat caryopsis, and 35–45%
of wheat lipids are in the endosperm. Wheat has significant levels of lipids of various
types, such as acylglycerols, fatty acids, and phospholipids, between others [87]. Lipids
play an important role in the human diet as they are a high energy source and form the
structure of cell membranes [88]. Although grain lipidomics is rather complex, there is
experimental evidence that ancient wheats (einkorn, emmer, and spelt) have characteristic
lipidomic profiles that are different from each other [89]. In general, ancient wheats, except
for eikorn, have a higher lipid content than common wheat [90,91], but einkorn has higher
monounsaturated fatty acids, lower polyunsaturated fatty acids, and lower saturated fatty
acids than durum wheat, which has been proven to be good for human health [61].

Wheat, depending on the wheat genetic background and fertilizer inputs, can provide
a protein content. Nevertheless, durum wheats provide more protein than most other
cereals and the distribution of essential amino acids is at least as good or better than other
cereals [50]. The protein content of wheat can, in general, vary between 9% and 18% of the
grain weight [16,92]. For example, common wheat intended for the production of cakes
and/or biscuits will ideally have a protein content of 7–11%, while wheat intended for the
production of high-volume loaf bread typically requires a 12% or higher protein content
(Figure 4) [83]. When compared to ancient wheats, modern wheat has a possibly lower
protein content, as the grain of modern wheat is larger and heavier, which produces a
larger starchy endosperm, which, in turn, lowers its protein content. In fact, in einkorn,
the protein content is 15.5–22.8% and the percentage of amylose is 23.8%, whereas in
common wheat, the protein content and amylose percentages are 12.9–19.9% and 28.4%,
respectively [14].
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Figure 4. Examples of the most appropriated varieties according to the hardness of the grain and protein content for specific
final products.

Furthermore, the amino acid composition of wheat lacks essential amino acids, such as
lysine, threonine, and methionine [48], exhibiting a higher content of glutamine (>30%) and
proline (>10%) residues. For example, glutamine and glutamic acid are involved in several
important biological processes, such as gene expression regulation, intracellular protein
turnover, nutrient metabolism, and oxidative defense [93]. On the other hand, proline
residues confer some resistance to gluten proteins to proteolysis by digestive enzymes
in the gastrointestinal tract [94]. As gluten is rich in proline, it produces a compact and
hard structure that usually presents difficulties in digestion and elimination [95]. Some of
these digestion-resistant peptides are believed to be related to adverse immune processes
in susceptible people [96]. In celiac disease, some of these peptides are responsible for
the onset of the disease, triggering an abnormal immune system response in genetically
predisposed individuals [97,98]. There is evidence that the D genome of bread wheat has
more immunogenic epitopes than the A and B genomes. Thus, it is expected that diploid
and tetraploid wheats (T. monococcum and Triticum durum, for example) tend to contain
less immunogenic epitopes for celiac patients than bread wheat [99]. In general, gliadins
are considered the main cause of problems for celiac patients and the most immunogenic
sequences occur in the N-terminal repetitive domain of α-/β-gliadins, which mainly consist
of glutamine, proline, and aromatic amino acids [72,100]. Currently, several studies have
explored the immunotoxicity for celiac patients of ancient and modern common wheat
varieties and also other wheat species [101]. A study focused on the content of celiac-
related epitopes of ancient and modern T. aestivum and T. durum wheat varieties, and
also spelt showed the following relationship: spelt > wheat landraces > modern wheat
varieties = tetraploid varieties [102]. It was hypothesized that the breeding programs could
have led to the increase of the glutenin content in wheat, therefore decreasing the gliadin to
glutenin ratio [102]. In the same way, Prandi et al., analyzing the gluten peptides released
after in vitro digestion of different old and modern Triticum varieties, found that older
varieties compared to modern varieties had higher amounts of immunogenic peptides, thus
concluding that both ancient and modern varieties are not safe for consumption in the case
of celiac patients [103]. Furthermore, other authors concluded that the total quantitative
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amount of immunogenic peptides is not directly related to the ploidy level or their origin
(ancient/ modern). For example, common wheat (hexaploid) showed the same amount of
immunogenic peptides as emmer and durum wheat (tetraploids) [103,104]. Nevertheless,
all the results point to a natural inter-varietal genetic difference affecting the amount of
celiac-related epitopes, which makes it possible to identify accessions presenting a lower
amount of T cell stimulatory epitope sequences and therefore are more suitable for wheat
breeding programs [101,105].

In addition to the main components of wheat, proteins, carbohydrates, and lipids,
wheat grain is also an important source of phytochemicals, vitamins, antioxidants, and
macro and micronutrients that are important components of human health [83].

6. Functional and Technological Properties

6.1. Grain Hardness

The hardness of the wheat grain refers to its resistance to milling. The harder the wheat,
the greater its resistance and the more difficult it is to grind into flour [83]. Between common
wheat and durum wheat varieties, there are significant differences in the composition of
the grain and in the quality of wheat processing, i.e., a variety may be suitable for the
production of certain foods but unsuitable for the processing of others [11,50]. For example,
as summarized in Figure 4, for a product like leavened bread, medium to hard grains with
11% to 13% of protein are normally used, while for cookies, cakes, and Chinese noodles,
soft to medium grains with 8% to 12% protein are more suitable [11].

The discovery of the starch granule protein, friabilin, which influences the texture
and quality of the wheat grain, provided a biochemical basis for evaluating grain texture.
The friabilin protein complex regulates the degree of adhesion of starch granules to the
protein matrix, a factor of great importance in determining grain hardness [106]. The
variation in grain texture (hardness or softness) is a characteristic inherited and controlled
by a single locus referred to as Hardness (Ha), which comprises three genes: Pina codes for
puroindoline a, Pinb codes for puroindoline b, and Gsp-1 codes for a less abundant protein
called grain softness protein [28].

In wheat grain, the accumulation of friabilin is dependent on the softness/hardness
genes Ha/ha [106]. Soft wheats have a wild-type form (Ha) whereas hard wheats have
a recessive (ha) or mutated form [107]. Additionally, variation in Pin genes significantly
affects the grinding characteristics and quality of the final product, for example, the wild-
type Pina and Pinb genotype results in a soft-textured phenotype, while mutation in one or
both genes results in a more rigid phenotype [108]. Durum wheat represents a generally
tougher class of wheat, but the relationship to Ha/ha is still unclear [106].

The texture of the endosperm is also a crucial factor for wheat producers as this
characteristic influences certain physical properties, such as the particle size and density
of the flour, risk of damaging starch, water absorption, and milling yield [109]. The cell
contents of common wheat endosperm fracture, leaving the starch granules intact, and
resulting in a wide particle size distribution. The main physical difference between hard
and soft wheat endosperm is that the starch granules of soft wheat are surrounded by
a protein matrix. On the other hand, in hard grains, crushing and grinding the grain
is more difficult and produces flour with a coarse texture because more of the starch is
damaged. In turn, endosperms of harder wheats have a greater capacity to absorb water
and, consequently, are more easily hydrolyzed by alpha-amylase [107].

It is difficult to reduce the particle size of durum wheat flour since the grain tends
to fragment along the lines of the cell boundaries, and on average, particles tend to be
relatively uniform and larger than particles from soft wheat flours [110].

6.2. Wheat Proteins
6.2.1. Non-Gluten Proteins

Wheat proteins can be divided into two groups: gluten proteins and non-gluten pro-
teins. The group of non-gluten proteins is divided into albumins (soluble in water) and
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globulins (soluble in neutral saline solutions) and play mainly structural and metabolic func-
tions and a minor role in wheat quality [111]. For example, albumins and globulins include
enzymes and enzyme inhibitors that regulate development at different stages in wheat
growth [112]. These proteins are also involved in IgE-mediated food allergies [113,114].
Albumins are soluble in water and globulins are soluble in neutral saline solutions. Non-
gluten proteins are mostly monomeric; however, albumins and globulins tend to form
polymers through the formation of inter-chain disulphide bonds [115]. Tomic et al. devel-
oped a study in which they focused on finding the relationship between particular albumin
fractions and the enzymatic activity of wheat flour and the rheological properties of the
dough [116]. The study included albumins like α-amylase, α-amylase/protease inhibitors
(13 and 16 kDa), as well as enzymes with different physiological functions (62 kDa). This
study showed that the 15–30 kDa albumin fraction was shown to influence the rheological
properties of the dough, especially water absorption and resistance to extension. With
regard to the 5–15 kDa, 30–50 kDa, and 30–60 kDa albumin fractions and the proteolytic
and α-amylolytic activity, no relationship was found regarding the enzymatic state of the
flour [116].

Recently, other wheat proteins, such as ALP (avenin-like protein), have been associated
with wheat processing properties and bread-making quality [117]. ALP-coding genes were
mapped at the long arm of chromosome 4A and at the short arms of chromosomes 7A
and 7D in bread wheat. The ALP proteins, in addition to improving the dough mixing
properties, also possess antifungal functions, showing an important potential for wheat
breeding [118]. On the other hand, a novel gene involved in breadmaking properties was
reported. The wbm (wheat bread making) gene was demonstrated to have a significant
effect on gluten quality, gluten strength, gluten extensibility, and bakery quality [119].

6.2.2. Gluten

Gluten, one of the first protein components to be chemically analyzed, was first
described by Giacomo Beccari in 1728 [16]. Beccari reported preparing a water-insoluble
fraction of wheat flour that he called “glutinis” [120]. The gluten was later defined as
being composed of prolamins and glutelins by Thomas Burr Osborne between the years
1886 and 1928 based on his study of plant proteins. It was Osborne who classified proteins
into groups based on their solubility [121]. For a long time, based on Osborne’s definition,
gliadins were thought to be the prolamins and distinctly different from glutenins thought
to be glutelins. However, biochemical and molecular studies, corroborated by genetic
studies, have proven that all gluten proteins are structurally and evolutionarily related
and can be collectively defined as prolamins [122]. According to Osborne, the gliadin
and glutenin together represent up to 85% of the total protein content within wheat
endosperm (gliadins ~40%, high- and low-molecular-weight glutenin sub-units ~10% and
~30%, respectively) [123].

Gliadins are mostly monomeric proteins with a molecular weight that ranges from
28 to 55 kDa. They are separated into four groups on the basis of mobility at low pH in gel
electrophoresis: α-, β-, γ-, and ω-gliadins [124]. α-, β-, and γ-gliadins are rich in cysteine
and methionine residues through which intramolecular disulphide bonds form, imposing
a specific conformation on the polypeptide [125]. By contrast, ω-gliadins usually do not
have any cysteine residues. An exception is a group of mutant ω-gliadin forms that have a
single cysteine residue, which allows them to establish intermolecular disulphide bonds
and to be incorporated into the glutenin polymer [126]. Based on analysis of the complete
or partial amino acid sequence, amino acid composition, and molecular weight, gliadins
can be redivided into four different types: ω5-, ω1,2-, α/β-, and γ-gliadins. The α-, β-,
and some γ-gliadins are also encoded by the short arms of chromosome 6 (Gli-2) whereas
the majority of γ- and ω-gliadins are encoded by the Gli-1 genes on the short arms of
chromosome 1 [127]. Specifically, they are located on chromosomes 1A, 1B, and 1D at the
three homeologous Gli-A1, Gli-B1, and Gli-D1 loci and on chromosomes 6A, 6B, and 6D at
the Gli-A2, Gli-B2, and Gli-D2 loci [128].
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Glutenins are polymeric proteins with a molecular weight that can exceed
34,000 kDa [129]. Based on their mobility when separated through polyacrylamide gels,
they were classified into high-molecular-weight glutenins (HMW-GSs; 70–90 kDa) and
low-molecular-weight glutenins (LMW-GSs; 30–45 kDa) [129]. The genes encoding HMW
glutenins are located on the long arm of chromosomes 1A, 1B, and 1D at the Glu-A1, Glu-B1,
and Glu-D1 loci, respectively [130]. The Glu-A1 locus can present more than 21 allelic
variants in T. durum Desf. In T. aestivum L., the Glu-B1 locus has more than 69 alleles and
the Glu-D1 locus more than 29 [131]. In each common wheat variety, three to five different
HMW-GSs can be found. Glu-A1 encodes one subunit, Glu-B1 encodes one or two subunits,
and Glu-D1 encodes two subunits. These subunits can be further classified into x-type
and y-type. In particular, y-type subunits do not have a particularly positive effect on
dough consistency. On the other hand, x-type subunits are responsible for the formation
of high-molecular-weight protein aggregates resulting from their ability to form linear
polymers through cysteine residues [128,132,133].

According to molecular weight and composition, LMW-GSs can be divided into
groups B, C, and D [134]; and LMW-GS B type glutenin divided into three further cat-
egories according to the first amino acid in the peptide chain, LMW-m (methionine),
LMW-s (serine), and LMW-i (isoleucine) [134,135]. The genes that encode them are on
the short arms of chromosomes 1A, 1B, and 1D at the Glu-A3, Glu-B3, and Glu-D3 loci,
respectively [130].

6.3. Effect of Gluten Proteins on Wheat Functionality

Gluten accounts for about 85% of the protein component of wheat endosperm [136]. The
gluten matrix and the functions it performs determine the end-use quality of wheat [137].
The viscosity and extensibility of the dough is mainly related to the properties of hydrated
gliadins, while the strength and elasticity of the dough comes essentially from the cohesive
properties of hydrated glutenins [138]. Furthermore, the gluten protein fractions contain
many individual components with much allelic variation between varieties. For example,
a typical wheat variety can have up to 60 different gluten proteins [139].

In 1981, Payne and colleagues demonstrated that HMW-GS variation influences
the breadmaking quality of wheat flour. They correlated the presence of two HMW-
GS with breadmaking quality. Subunit 1 expressed from the Glu-A1 locus and subunits
5 + 10 expressed from the Glu-D1 locus were related to good quality, when compared to
null and 2 + 12 sub-units, respectively [140]. Years later, in 1987, when analyzing 84 varieties
of British-grown wheat, they developed a scoring system (based on the SDS-sedimentation
test) to assess the individual contribution of each subunit expressed from the Glu-1 locus to
the flour quality. The score for a variety could be obtained by adding the points attributed
to each individual subunit [141]. The relative contribution of each HMW-GS locus to the
characteristics of the flour is Glu-D1 > Glu-B1 > Glu-A1. The protein content is independent
of this contribution ratio, but the contribution of each locus depends on the expressed
subunits and wheat variety in question [135,142].

The effects of gliadins and LMW-GSs on the characteristics of flour are not yet fully
understood as the genetic link is not fully established and it is difficult to distinguish these
proteins in polyacrylamide gels [143]. For example, the genes encoding the monomeric
prolamins are strongly linked to the genes of the LMW glutenins at the Glu-3 locus and
the genes that encode gliadins and LMW glutenins (type C and D) are interspersed within
the Gli-1 loci [143,144]. However, there is evidence that allelic variation between the LMW
glutenin subunits has an influence on the breadmaking quality, with the alleles of the
Glu-D3 locus having a lesser influence on the quality characteristics than the alleles of
Glu-A3 and Glu-B3, even though the Glu-D3 locus is larger than the others [145,146].

The effect of specific LMW-GSs on gluten strength has been determined in durum
wheat. Glutenin subunit LMW-2 and its variants confers stronger gluten characteristics
than LMW-1 subunits. There are still many unknowns about the relationship between
LMW-GS composition in bread wheat and gluten strength. This is partly due to the larger
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number of LMW-GSs in bread wheat than in durum wheat (the D genome is not present in
durum wheat) [11].

In addition to the individual effects of gliadins and glutenins, the gluten network
cannot be formed without the presence of these two proteins, and the ratio between
glutenins and gliadins is an essential quality determinant for its end use [147]. Studies
revealed inter-varietal variation in the Gli/Glu ratio. Nevertheless, whereas common
wheat is typically 1.5–3.1, that of ancient wheats was much higher (spelt: 2.8–4.0; emmer:
3.6–6.7; einkorn: 4.2–12.0) [148]. This ratio is fundamental for the breadmaking quality,
such as the high volume of bread. When the content of gliadins is higher than that of
glutenins, the mixing time is shortened and the stability of the dough reduced, while a
greater amount of glutenins, namely HMW-GS and LMW-GS, is positively correlated with
bread-making quality [13]. Rodríguez-Quijano et al., in one of their studies about common
wheat and spelt, demonstrated that in rheological terms, the Gli/Glu ratio was positively
associated with the viscosity and extensibility of the dough and negatively associated with
the strength properties so important for breadmaking [13]. Another study conducted by
Dhaka et al. demonstrated that the Gli/Glu ratio showed a significant negative relationship
with specific bread volume (r = −0.73), dough development time (r = −0.73), and stability
of mass (r = −0.79) and a positive relationship with LMW-GS quantity (r = 0.72) [9]. Barak
et al. came to identical conclusions, where higher Gli/Glu ratios are negatively associated
with general bread quality parameters.

6.4. Models of Gluten Structure and Function in Dough

The strength of the dough, its extensibility, and resistance to kneading are rheological
properties that are key parameters in baking [149]. Using small-strain dynamic rheology, a
lot of research has been done to define the theoretical basis for gluten structure, relating it
to the rheological behavior of dough or gluten [83].

6.4.1. Pom-Pom Model

Proposed by MacLeish and Larson, the pom-pom model addresses the rheological
behavior of HMW branched polymer melts and gluten [150]. It is thought that these
polymers are a relatively flexible HMW backbone with several branches, the pom-poms,
that protrude from each end of the backbone. Therefore, the interaction between the
branches and the surrounding polymers creates entanglements and the stretching of the
backbone between those entanglements leads to strain hardening. The predictions of
this model have also shown that strain hardening is affected not only by the number of
branches, but also the distance between the entanglements [149].

6.4.2. Loop-Train Model

The loop-train model was proposed by Belton in order to explain the elastic properties
of gluten, emphasizing the role of HMW-GS [151]. According to this model, interchain
hydrogen bonds (trains) in gluten hold some regions of the protein chain while some
unbonded regions form loops. When gluten is stretched, it causes the loops to extend so
that protein chains slide over one another. The reestablishment of the loop-train equilibrium
of the unstretched protein creates the elastic restoring force. One of the major critiques
of this model is the fact that it has yet to be applied to three-dimensional systems, and
that HMW-GS would influence gluten behavior by affecting the properties and size of the
gluten network instead of acting as distinct units [83].

6.4.3. Particle-Gel Model

Hamer and co-workers [152,153] proposed a model of glutenin in dough that is based
on large aggregates of glutenin. These authors believe that the gluten macropolymer
(GMP), the highest molecular weight and consequently least soluble glutenin fraction,
affects dough behavior. The idea is that the GMP forms a gel (or particle network) that
influences the dough’s viscoelastic properties [83].
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6.4.4. Linear Glutenin Hypothesis

This hypothesis is a model based on polymer science and is built around the con-
cept of individual chain unfolding within assemblies of glutenin chains when under
stress [154,155]. It is proposed the linear branches are composed of dimers of chain-
extending LMW-GSs and dimers of chain-extending and chain-terminating LMW-GSs
(predicted to be the final subunits in the structure). These dimers come from the head-to-
tail arrangement of chain-extending LMW-GSs [156]. As a consequence, elastic properties
come from the tendency of those chains to refold to the lowest free energy states. This
hypothesis is consistent with the dominant linear molecular structure of glutenin proven
by Ewart [157].

Although some models have achieved widespread acceptance, the structure of gluten
and the relationship with its rheological properties still need to be further clarified [83,149].

7. Conclusions

Wheat is one of the most important grain crops in the world. The domestication of the
ancient varieties of einkorn, emmer, and spelt was the basis for the appearance of durum
and common wheat. This domestication increased the yield of wheat through genetic
changes that affected characteristics, such as brittle rachis, tenacious glumes, and height.
Modern varieties have proved to be highly productive with superior quality concerning
end-use.

Protein content is the main factor determining the nutritional and technical quality
of wheat, and the quantity and composition of wheat protein are good indicators of the
quality of the final product. The gluten viscoelastic network is a fundamental property to
produce fermented bread and other foods.

Given the importance of wheat, the continued study of this cereal on all fronts is
essential. Plant species like wheat that are essential to human nutrition must evolve and
adapt to the changing world climate. Disease, heat, and drought resistance are being
addressed in current research. On this note, the demand for diversified, nutritious, and
healthy wheat foods has led to a growing interest in nutrition research in ancient wheat,
such as einkorn and spelt. These ancient wheats are a valuable source for improvement
in opposition to modern wheat, which was already the subject of numerous alterations.
Finally, although gluten-free habits have gained some adherence in recent years, often
conditioned by some misconceptions associated with gluten, it should be noted that after
10,000 years, wheat is still one of the most representative foods in the human diet.
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Abstract: Sorghum grain (Sorghum bicolor L. Moench) is a staple food grown across the globe, and is
mainly cultivated in the semi-arid regions of Africa and Asia. Recently, sorghum grain is increasingly
utilized for human consumption, due to the gluten-free nature and potential phenolic-induced health
benefits. Sorghum grain is rich in bioactive phenolic compounds, such as ferulic acid, gallic acid,
vanillic acid, luteolin, and apigenin, 3-deoxyanthocyanidins (3-DXA), which are known to provide
many health benefits, including antioxidant, anti-inflammatory, anti-proliferative, anti-diabetic, and
anti-atherogenic activities. Given an increasing trend of sorghum consumption for humans, this
article reviews the content and profile of phenolics in sorghum. It covers aspects of their health
benefits and explores their mechanisms of action. The impact of thermal processing, such as boiling,
steaming, roasting, and extrusion on sorghum phenolics is also discussed. Compelling data suggest
the biological functions of sorghum phenolics, however, further investigations appear warrant to
clarify the gap in the current research, and identify promising research topics in future.

Keywords: sorghum phenolics; antioxidant; anti-inflammatory; anti-proliferative; anti-diabetic;
anti-atherogenic

1. Introduction

Sorghum (Sorghum bicolor L. Moench) is the fifth most produced cereal crop globally
after wheat, maize, rice, and barley, and is the main cereal food consumed in the semi-arid
regions of Africa and Asia, due to the high resistance to drought [1]. Sorghum grain
possesses tannins, which are bitter tasting. Sorghum grain used to be utilized for animal
feed and biofuel production, rather than human food in the United States. However,
sorghum is the main cereal grain for the populations in sub-Saharan Africa. In the last
decade, the US has selected less tannin variants, and there has been a growing interest
of sorghum consumption due to the gluten-free nature. Celiac disease is an immune
disorder which affects millions of people in the US, which results from the consumption
of glutamine-rich cereal grains, such as wheat, barley, and rye. The gluten-free nature of
sorghum shows its great potential as an alternative cereal grain for human consumption by
eliminating the risk of celiac disease for celiac patients. Except for the gluten-free nature,
sorghum grain possesses bioactive phenolic compounds, such as phenolic acids, flavonoids,
and anthocyanins [2,3], which are known to be associated with reducing the risk of many
chronic diseases, such as diabetes, obesity, cancer, and cardiovascular disease [4–7]. More
studies have recently been focused on the processing and health-promoting effects of
sorghum phenolics.

Sorghum grain is composed of pericarp, testa, endosperm, and germ from the outside
to the inner. Testa is located between the pericarp and endosperm, which is unique in
the sorghum grains and distinct from other cereal grains [8]. Sorghum grain contains
pigmented pericarp (i.e., black, red, yellow, brown) and non-pigmented pericarp (i.e.,
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white) [9]. According to Dykes et al. [10], the genes R and Y contribute to the pericarp color,
for example, a white color is shown when Y is homozygous recessive; a yellow color is
shown when R and Y are homozygous recessive and homozygous dominant; and a red
color is shown when R and Y are dominant. Bioactive phenolic compounds are primarily
located in the pericarp and testa, wherein they are bound to the non-starch polysaccharides,
such as cellulose, hemicellulose, lignin, and pectin in cell wall [11]. Dykes et al. [12]
demonstrated that factors, such as varieties and growing conditions, determined the
content and the profile of phenolic compounds in sorghum grains. Generally, pigmented
sorghum grains contain more content of phenolics than the white sorghum grains, due to
the presence of pigmented anthocyanins [3,13–15].

Previously, review articles have been focused on the bioactive compounds in sorghum
and their health benefits as potential food ingredients [16], and the processing technologies
for reducing anti-nutritional factors in sorghum grain [17]. To date, there is no compre-
hensive review regarding the phenolics in sorghum grain and their biological functions,
such as antioxidant activity, anti-inflammation activity, anti-cancer effect, anti-diabetic, and
anti-atherogenic functions. Given the increasing consumption of sorghum phenolics, this
review article will focus on the health-promoting effect of phenolic compounds in sorghum,
with regards to the recent antioxidant activity, anti-inflammation activity, anti-proliferative
effect, anti-diabetic, and anti-atherogenic functions, aimed to better understand the biologi-
cal functions of phenolics in sorghum grains for improving human health. The effect of
thermal processing on phenolics in sorghum grains, in terms of content and profile, will
also be discussed. The current research gap will be identified, and promising research
topics will be further recommended.

2. Phenolic Compounds in Sorghum Grain

Phenolic compounds, belonging to secondary metabolites, are well-known to naturally
bio-synthesize in plants. Sorghum grain possesses many phenolic acids and flavonoids,
wherein flavonoids can be further divided into flavonone, flavonol, anthocyanins, and
condensed tannins, known as proanthocyanidins in sorghum. Caffeic acid, cinnamic acid,
ferulic acid, gallic acid, salicylic acid, vanillic acid, and p-coumaric acid dominate the
phenolic acids in sorghum grains (shown in Figure 1) [18,19]. The predominant flavonoids
in sorghum include luteolin, apigenin, eriodictyol, and naringenin [12]. We previously
reported that 3-deoxyanthocyanidins (3-DXA) was the predominant anthocyanins in
sorghum grains, which mainly included luteolinidin, apigeninidin, 5-methoxyluteolinidin,
and 7-methoxy apigeninidin. This was found through the identification of anthocyanins in
25 sorghum grains with various pigmented pericarps, including red, brown, yellow, and
white pericarps [13]. Except for the predominant phenolic acid and flavonoids, stilbenoids
and polyamines are also present in sorghum grains in a small amount. The content of
silbenoid trans-piceid and trans-resveratrol of red sorghum is reported to be 0.4–1.0 mg/kg
and 0.2 mg/kg [20]. Total phenolic content, total flavonoid content, and total anthocyanin
content of sorghum varieties associated with pigmented pericarp sorghum grains are
summarized in Table 1.

Conventionally, phenolic compounds in sorghum grain are mainly obtained through
refluxing extraction, water extraction, maceration extraction, soxhlet extraction, and organic
solvent extraction [3,12,17,19]. However, the extraction yield, content, and profile of
phenolics in sorghum are varied between the different extraction solvents. For example,
Devi et al. [23] reported that the acidified methanol extract of sorghum (red sorghum,
collected in Tamil Nadu, India) bran polyphenols showed greater content of anthocyanins
(4.7 mg/g) than methanol extract (1.95 mg/g) and acetone extract (1 mg/g). To the content
of total flavonoids and phenolics of sorghum bran, acidified methanol extract was also
higher than methanol extract and acetone extract.
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Figure 1. Typical phenolics in sorghum grains, (a) ferulic acid; (b) vanillic acid; (c) gallic acid; (d) caffeic acid; (e) p-coumaric
acid; (f) luteolin; (g) apigenin.

Table 1. Total phenolics content (TPC), total flavonoids content (TFC), total anthocyanins content (TAC) of sorghum varieties
associated with pigmented pericarps.

Sorghum Source TPC (mg/g) TFC (mg/g) TAC (mg/g) Reference

White pericarp 0.24–34.78 GAE 0.06–0.38 RE 0.02 CCE;
0.09 GAE [2,21,22]

Yellow pericarp - - Bran: 0.26–0.81 AE;
Flour: 0.10–0.35 AE [3]

Black pericarp 4.13–11.50 GAE 0–0.20 RE 3.02 GAE,
0.18 CCE [2,21]

Brown pericarp 3.58 GAE;
1.74 FAE 1.39 CE 5.55 GAE; [21]

Red pericarp 0.66–47.86 GAE 0–0.60 RE 0.41–0.60 GAE;
2.66–8.93 CCE [21,22]

GAE: gallic acid equivalents; RE: rutin equivalents; CCE: cyanidin chloride equivalents; FAE: ferulic acid equivalents; CE: catechin
equivalents; AE: apigenidin equivalents.

Nowadays, emerging technologies have been utilized for phenolics extraction from
sorghum grain, aimed to improve the extraction yield and phenolics content. So far,
ultrasound-assisted extraction [24], pulsed-electric field, accelerated solvent extraction [25],
microwave-assisted extraction [26], and subcritical water extraction [27] have been reported
for phenolic extraction. For example, the accelerated solvent extraction method at a
temperature of 120 and 150 ◦C, by using solvent of 50% and 70% ethanol/water (v/v), could
result in the content of phenolic compounds of black sorghum bran (A05028/RTx3362),
which is up to 45 mg/g gallic acid equivalent of dry weight (gallic acid equivalent, dry
weight) (GAE, dw) [25]. Luo et al. [24] reported that the polyphenolic content of red
sorghum bran was 49.7 mg/g GAE (dw), through an ultrasound-assisted extraction method
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for 21 min of processing time, 53% ethanol of solvent, and 52:1 mL/g of solid–liquid ratio.
Luo et al. [27] developed the subcritical water extraction method for extracting phenolics up
to 47.2 mg/g GAE (dw) from sorghum, through optimized conditions, including 144.5 ◦C
of temperature, 21 min of extraction, and 35 mL/g of solid–liquid ratio.

The identification, characterization, quantification, and qualification of phenolic com-
pounds from sorghum rely on chromatographic techniques, such as high performance
liquid chromatography (HPLC) combined with different detectors, including diode array
detector (DAD) [13,27], UV-vis photodiode array detector (PDA) [21], tandem quadrupole
detector mass spectroscopy (TQD-MS) [26], electron spray ionization (ESI), and atmo-
spheric pressure chemical ionization (APCI) triple quadrupole MS [3,28].

3. Health Benefits and Potential Molecular Mechanisms of Phenolic Compounds in
Sorghum Grain

3.1. Antioxidant Activity

Overproduction of reactive oxygen species (ROS) in the human body will potentially
result in oxidative stress, which is implicated in the increasing risk of many chronic
diseases, such as inflammation, diabetes, atherosclerosis, and cardiovascular disease [29].
Antioxidants from dietary polyphenols can scavenge free radicals for preventing chronic
diseases [29]. This section will mainly focus on the antioxidant activity of phenolics isolated
from sorghum grains through tests from both in vitro and in vivo.

Phenolic compounds from sorghum varieties have been reported to possess antioxi-
dant activities, which are mainly characterized by scavenging the radicals of DPPH, ABTS,
FRAP, and ORAC in vitro [2,15,30]. For example, the ORAC value of phenolics isolated
from black sorghum (Shawaya) bran was 3.7 mmol Trolox equivalents/mg (TE/mg) [31].
The IC50 value of DPPH radical scavenging activity of eight brown sorghum genotypes
(SOR 01, SOR 03, SOR 08, SOR 11, SOR 17, SOR 21, SOR 24, SOR 33) varied from 91.2 to
361.2 mg/mL, and the IC50 value of ABTS radical scavenging activity ranged from 203.4
to 352.6 mg/mL [28]. Brown pericarp sorghum (IS131C) was found to possess greater
antioxidant activity than black sorghum (Shawya Short Black 1), red sorghum (Mr-Buster,
Cracka), and white sorghum (Liberty) when compared the antioxidant activity assayed
by ABTS, DPPH, and FRAP [15]. According to Xiong et al. (2021), varieties of IS31C and
Shawya Short Black 1 showed higher values of ABTS, DPPH, and FRAP than varieties of
Liberty, Mr-Buster, and Cracka [15].

3-DXA in sorghum has also been shown to reduce the oxidative stress in vitro, through
modulating the defense system against oxidative stress and inducing NADH: quinone
oxyreductase (NQO) activity [4,31]. Belonging to the phase II enzyme, NAD(P)H quinone
reductase is known as a detoxifying enzyme, balancing the carcinogen-activating phase
I enzymes. The 2−3 double bond in the C-ring of flavonoids and 3-deoxyflavonoids in
sorghum is considered to induce NQO activity [4].

Human colorectal cancer Caco-2 cells and hepatocarcinoma HepG2 cells are two com-
mon cellular antioxidant activity testing models through MTT assay [7,15]. EC50 values of
sorghum varieties (i.e., Liberty, Mr-Buster, Cracka, IS131C, Shawaya Short Black 1) varied
from 0.4 to 127.1 mg/mL, which assessed the total antioxidant effect of both extracellular
and intracellular environments [15]. The median effective concentration (EC50) is the con-
centration of substance in an environmental medium expected to produce an effect in 50%
of test organisms.

The antioxidant activity of sorghum phenolics in vivo has also been investigated
through enzymatic activity, such as SOD and GPx. Lewis [32] studied the effect of a diet
containing fiber from black sorghum (containing 3-DXA) and white sorghum (contain-
ing phenolic acids) on cellular antioxidant activity in rats. Black sorghum (3-DXA rich
sorghum) resulted in an increase in superoxide dismutase activity (SOD) and a decrease
in glutathione peroxidase (GPx) activity in normolipidemic rats [32]. SOD is a cellular
antioxidant enzyme, which can catalyze the dismutation of superoxide anion to hydrogen
peroxide, thus detoxifying oxygen and water by catalase or GPx [33]. GPx is an important
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antioxidant enzyme for reducing hydrogen and lipid peroxides. In addition, white sorghum
(containing phenolic acids) increases the catalase activity (CAT) [32]. Catalase is known as
a cellular hydrogen peroxide scavenger. Taken together, black sorghum (containing 3-DXA)
and white sorghum (containing phenolic acids) show strong antioxidant activity in the rat
model. However, Moraes et al. [34] reported diets containing sorghum flour (i.e., BRS 305,
BRS 309, BRS 310) did not significantly influence the SOD level in normolipidemic rats. In
another study conducted by Ajiboye et al. [35], phenolic extracts of red sorghum variety
(obtained from Igbona market, Osogbo, Nigeria, 100 mg/kg body weight) increased the
detoxifying enzymes in ROS, including SOD, CAT, GPx, glutathione reductase (GSH-Red),
and glucose 6-phosphate dehydrogenase (Glc 6-PD) in rat liver. Taken together, the antiox-
idant activity of sorghum phenolic extracts in vivo is highly variable, and is dependent
on the sorghum varieties, sorghum bran, sorghum flour, and whole grain of sorghum.
Sorghum bran phenolic extracts showed greater antioxidant activity than sorghum flour,
due to the presence of a higher content of phenolics in the bran. The antioxidant activity of
sorghum phenolic extracts is summarized in Table 2.

Table 2. Antioxidant activities of phenolic extracts of sorghum grains.

Sorghum Source Bioactive Extracts Antioxidant Activity Reference

Hongyingzi, Hongzhenzhu, Dongbei
sorghum, Jiangsu sorghum, Jiliang 2

sorghum, Longza 11, black grain
sorghum, white Longmi sorghum.

Caffeic acid, p-coumaric acid,
ferulic acid, protocatechuic acid,

luteolindin, apigeninidin, luteolin,
apigenin, taxifolin, naringenin.

Antioxidant activities against
DPPH and FRAP assays. [2]

Tannin-containing sorghum varieties
(Sumac, Hi-Tannin, Seredo, CR 35:5 × 2),

non-tannin varieties (white variety,
KARI-Mtama, red variety, ICSV-III),

Mizzou, Tx430.

Condensed tannins, 3-DXA,
phenolics.

Induced phase II detoxifying
enzymes; anti-proliferative
effect on esophageal, OE33,

colon cancer cells.

[4]

Liberty, Mr-Buster, Cracker, IS131C,
Shawaya Short Black 1. Phenolic extracts.

Antioxidant activities against
DPPH and FRAP assays;

Anti-proliferative effect on
Caco-2 cells.

[15]

Tx3362, Shawaya Black, Black PI Tall,
Hyb 107, Hyb 115, Hyb 116, Hyb 117,

Hyb 118.

Total phenolics, condensed tannins,
flavan-4-ols, 3-DXA.

Antioxidant activities against
DPPH and ABTS assays. [5]

3.2. Anti-Inflammatory Effect

Inflammation refers to an immune response to cellular injury or infection by pathogens,
and triggers many chronic diseases. Pro-inflammatory cytokines, such as interleukin 1,
β (IL-1β), tumor necrosis factor (TNF-α), and interleukin 6 (IL-6) are known to be in-
volved in the inflammation pathogenesis through various cellular and molecular pathways.
Phytochemicals are reported to modulate inflammation by inhibiting pro-inflammatory
enzymes [36,37]. Therefore, this section will focus on the effect of phenolic extracts from
sorghum grains on inhibiting inflammation in vitro and in vivo.

Black sorghum bran phenolics extract (10% w/v in 50% ethanol) showed an inhibitory
effect on TNF-α and IL-1β in lipopolysaccharide-stimulated peripheral blood mononuclear
cells at dilutions of 1:100–1:200 and 1:100–1:400, respectively [38]. Hong et al. [39] showed
that acidified ethanol extracts of sorghum (SC84MX, SC84KS, PI570481) at 50 mg gallic acid
equivalent/mL inhibited nitric oxide (NO) production up to 72.45%, 68.32%, and 95.36%,
respectively. The increase in the secretion of TNF-α and IL-6 of RAW 264.7 macrophages
infected by the bacteria Legionella pneumophila was observed after the treatment of polyphe-
nol extracts of sorghum (PI570481) (0.625 and 1.25 mg/mL) [39]. The mRNA expressions
of IL-6 and IL-β of RAW 264.7 macrophage cells were significantly inhibited by the soluble
phenolic extracts of the sorghum variety (Tong Za 117) at 300 to 500 mg/mL and 50 to
500 mg/mL, respectively, though a non-toxic mechanism [37].
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In addition to the in vitro evaluation, the inhibitory effect of sorghum phenolic extracts
on inflammation is also reported in vivo. Black sorghum bran phenolic extracts also showed
an anti-inflammatory effect on an 12-O-tetradecanoylphorbol acetate (TPA) induced mouse
ear model [38]. In addition, golden gelatinous sorghum extracts inhibited the expression
levels of cyclooxygenase-2 and inducible nitric oxide synthase, through a TPA induced mice
ear edema model [36]. Ritchie et al. [40] studied the inhibitory effect of diets containing
6% dietary fiber from sorghum brans, including black bran (high levels of 3-DXA), Sumac
bran (high levels of condensed tannins and low levels of 3-DXA), and a combination of
high-tannin bran and black bran on colon inflammation. Diets containing sorghum bran
upregulated the colonocyte proliferation and gene expression of trefoil factor (Tff3), and
transformed growth factor beta (Tgfb) after the inflammation induced by DSS [40]. Tff3
and Tgfb are known to repair lesions and maintain epithelial barrier integrity, which are
both involved in cellular migration and suppression of apoptosis. The effect of extruded
sorghum flour on inflammation and oxidative stress in high fat diet-fed rats was studied
by de Sousa et al. [41]. A diet containing extruded sorghum flour increased the total
antioxidant capacity of serum plasma and SOD level, but reduced the concentrations of
p65 through NF-κB in liver and lipids peroxidation [41]. The anti-inflammatory effect of
sorghum phenolic extracts is summarized in Table 3.

Table 3. Anti-inflammatory effect of phenolic extracts of sorghum grains.

Sorghum Source Bioactive Extracts Anti-Inflammatory Effect Reference

Red sorghum. Phenolics, flavonoids, anthocyanins.

Antioxidant activities against DPPH,
FRAP, superoxide radical scavenging,
hydroxyl radical scavenging assays,
metal chelating, hydrogen peroxide.

[23]

Tong Za 117, Tong Za 141,
Tong Za 142, Tong Za 143, Chi

Za 109, Chi Za 101.

Ferulic acid, p-coumaric acid, caffeic acid,
3,4-dihydroxybenzoic acid, luteolinidin,

apigeninidin, 5-methoxyluteolinidin,
7-methoxy apigeninidin.

Antioxidant activities against DPPH
and ABTS assays; inhibitory effect on

IL-6 and IL-1β.
[37]

Sumac, Mycogen 726, black
sorghum, white sorghums. Total phenolic extracts. Inhibitory effect on IL-1β and TNF-α. [38]

SC84MX, SC84KS, PI57048. Phenolics, flavonoids, tannins, 3-DXA,
anthocyanins.

Antioxidant activities against DPPH,
ORAC and nitric oxide assays;

inhibited cellular production of NO,
IL-6, ROS.

[39]

PUI570481 Polyphenol extracts. Inhibitory effect on IL-6 and TNF-α. [42]

1-Terral REV 9924, 2-Pioneer
84P8D, 3-Dekalb DK-54-00,

4-FFR353, 5-DynaGro
DG765B, 6-Pioneer 83P99,

7-Dekalb DK-51-01, 8-Terral
REV 9782, 9-Terral REV 9562,

10-Terral REV9883.

Naringenin, eriodicytol, apigenin,
luteolin, apigeninidin, luteolinidin.

Antioxidant activities against DPPH
and NO assays; Inhibitory effect on

OVCA cells.
[43]

White sorghum, red sorghum.

Gallic acid, protocatechuic acid,
chlorogenic acid, caffeic acid, luteolinidin,
apigeninidin, p-coumaric acid, flavanols,

quercetin, hydroxycinnamic acid,
5-methoxy luteolinidin,
7-methoxy-luteolinidin,

5,7-dimethoxy-luteolinidin,
7-methoxy-apigeninidin,

5,7-dimethoxy-apigeninidin.

Antioxidant activities against ORAC
and nitric oxide assays; inhibited

cellular production of NO, IL-6, ROS.
[44]

So far, most studies have shown the anti-inflammatory effect of sorghum phenolic
extracts. However, the underlying mechanism is not fully understood. In addition, studies
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have focused on the anti-inflammatory effect of phenolic extracts of sorghum grains,
rather than the individual phenolic compounds. Therefore, little is known about which
phenolic compound dominates to inhibit inflammation. Taken together, more studies are
still warranted for further investigation regarding the the inhibitory effect of sorghum
phenolics on inflammation.

3.3. Anti-Proliferative Effect

Cancer is a complex disease, involving the functioning oncogenes, de-functioning
tumor suppressor genes, and tumor mutations caused by the endogenous and exogenous
factors [45]. This section will focus on the effect of phenolic extracts from sorghum grains
on cancer inhibition in vitro and in vivo.

Studies have reported sorghum phenolic extracts possessthe antioxidant activity,
phase II enzyme induction, regulation of p53 gene, anti-proliferative effect on cancer cells,
and induction of cancer cell apoptosis [4,7,46–48]. Quercetin, a flavonoid found in sorghum
grain, has been reported to inhibit b-catenin signaling in SW480 colon cancer cells [49].
Luteolin, a predominant flavonoid in sorghum has also shown an anti-proliferative effect on
human colorectal cancer HCT15 and CO115 cells, by harboring KRAS and BRAF activating
mutations [50].

The IC50 values obtained through an MTT test of sorghum (i.e., KARI-Mtama, Mizzou,
Tx430, Seredo, Sumac, Hi-tannin) phenolic extracts inhibiting HT-29 and OE33 cancer cell
proliferation ranged from 54.8 to 389 mg/mL and 95.3 to 654 mg/mL, respectively [4]. Black
sorghum 3-DXA extract has also been shown to have an inhibitory effect on HT-29 human
colon cancer cells (IC50 = 180−557 mg/mL) [46]. Hargrove et al. [51] reported that phenolic
extracts from sorghum (Sumac sorghum, black sorghum) bran inhibited the aromatase
activity in vitro, which had IC50 values of 12.1 and 18.8 mg/mL, respectively. Suganyadevi
et al. [52] reported that 3-deoxyanthocyanins in red sorghum bran induced apoptosis in
breast cancer MCF 7 cells through stimulating the p53 gene and down-regulating the
Bcl-2 gene. P53 gene is known to be responsible for the cell cycle arrest and apoptosis.
Phenolic extracts of black pericarp sorghum have also been shown to inhibit the growth
of human HepG2 cells and Caco-2 cells, through a cell cycle arrest at G2/M phase and an
induction of apoptosis [7].

In addition to the sorghum bran, sorghum stalk phenolic extract has also been shown
to have an inhibitory effect against colon cancer proliferation in vitro. Massey et al. [53]
isolated the phenolics from the pith and dermal layer of sweet sorghum (i.e., Dale and
M81E) stalk, and found that the dermal layer contained more content of phenolics than
the pith for both varieties, especially the content of 3-DXA apigeninidin and luteolinidin.
Phenolic extracts from the dermal layer of sorghum varieties Dale and M81E showed
higher antioxidant activity than the pith assayed by ABTS [53]. The extract of dermal
layer of sweet sorghum Dale inhibited the growth of colon cancer HCT116 cells and colon
cancer stem cells (CCSCs), through modulating the gene p53 above 35 mg of gallic acid
equivalent/mL [53].

The inhibitory effect of sorghum phenolic extracts on cancer has also been reported.
Wu et al. [54] found an antioxidant activity of sorghum (Moench) procyanidins (150 mg/kg)
against oxidative stress in a rat model, that significantly reversed the increase in malondi-
aldehyde (MDA) level and decreased SOD and GPx in both liver homogenate and serum of
rat induced by D-galactose. Sorghum procyanidins (100, 200, 400 mg/kg) inhibited the tu-
mor growth and reduced tumor weight in C57BL/6J mice of lung cancer, and the inhibitory
effect of tumor growth and weight was dose-dependent, through the suppression of vascu-
lar endothelial growth factor (VEGF) production in mice [54]. Hwanggeumchal sorghum
phenolic extracts have also been shown to have an inhibitory effect on human breast cancer
MDA-MB-231 cells and MC7 xenografts in mice, through modulating Jak/STAT path-
ways, hindering the STAT5b/IGF-1R and STAT3/VEGF pathways, and down-regulating
the angiogenic factors, such as VEGF, VEGF-R2, and cell cycle regulators such as cyclin
D, cyclin E, and pRb [55]. In addition, Hwanggeumchal sorghum extracts also induced
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the apoptosis of MDA-MB-231 cells arrested at G1 phase. The anti-proliferative effect of
sorghum phenolic extracts is summarized in Table 4.

Table 4. Anti-proliferative effect of phenolic extracts of sorghum grains.

Sorghum Source Bioactive Extracts Anti-Proliferative Effect Reference

Black sorghum varieties (Macia,
Sumac, PI152653, PI152687, PI193073,

PI1329694, PI1559733, PI1559855,
PI1568282, PI1570366, PI1570481,
PI1570484, PI1570819, PI1570889,

PI1570993).

Total phenolic extracts.

Anti-proliferative effect on
HepG2 and Caco-2 cells:
induction G1/S cell cycle
arrest, activation of p53.

[48]

Red sorghum 3-DXA extracts.

Inhibitory effect on MCF7
cancer cells through

up-regulating p53 and
down-regulating Bcl-2 genes.

[52]

Dale, M81E

Vanillic acid, p-coumaric acid, ferulic
acid, caffeic acid, apigeninidin,

luteolinidin, malvidin-3-O-glucoside,
apigenin, luteolin, trans-resveratrol,

luteoferol.

Inhibitory effect on HCT116
and colon cancer stem cells

through activating p53 gene.
[53]

Hwanggeumchal sorghum. Total polyphenol extracts.

Anti-proliferative effect on
MDA-MB 231 and MC7 cells:

down-regulating VEGF,
VEGF-R2, cyclin D, cyclin E,
pRb and up-regulating p53.

[55]

TX430, Sumac. Total phenolic extracts. Anti-proliferative effect on
HepG2 and HCT15 cells. [56]

To date, the anti-proliferative effect of sorghum phenolic extracts has been investigated
in regards to the effective dose and underlying mechanism. However, most studies have
been focused on the complex phenolic extracts of sorghum, rather than the individual
phenolic. Hence, little is known about which phenolic plays a leading role in the anti-
proliferative effect on cancer. Thus, more investigations are still needed to understand the
anti-proliferative effect of individual phenolic from sorghum grain.

3.4. Anti-Diabetic Effect

Diabetes is one of the most challenging chronic diseases worldwide. The insulin
resistance and pancreatic b-cell dysfunction result in the hyperglycemia and abnormal
carbohydrate metabolism, further leading to type 2 diabetes (T2D). Sorghum phenolic
extracts have been found to effectively inhibit diabetes, through reducing serum glucose,
total cholesterol, and triglycerides [6,57,58]. This section will focus on the anti-diabetic
effect of sorghum phenolic extracts in vitro and in vivo.

Chung et al. [57] found that phenolic extracts of Hwanggeumchal sorghum (250
and 500 mg/kg for 14 days) could significantly reduce the serum glucose, total choles-
terol, triglycerides, urea, uric acid, creatinine, aspartate amino transferase, and alanine
amino transferase in streptozotocin-induced diabetic rats. In addition, phenolic extracts
of Hwanggeumchal sorghum at 250 mg/kg also resulted in an increase in serum insulin
in diabetic rats, but not in normal rats [57]. However, the mechanism of the anti-diabetic
effect of sorghum phenolics was not discussed. Phenolic extracts of Hwanggeumchal
sorghum (0.5% and 1% addition to dietary intake) given to high fat diet-fed rats resulted in
a significant reduction in perirenal fat, total and low-density lipoprotein cholesterol (LDL-
cholesterol), triglycerides, and glucose [59]. The hypoglycemic effect of sorghum extracts
was considered to be associated with the regulation of PPAR-g-mediated metabolism in
rats. The anti-diabetic effect of sorghum extract was also evaluated in diabetic rats induced
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by streptozotocin, and results showed sorghum extracts (0.4 and 0.6 g/kg) decreased the
expression of phosphoenolpyruvate carboxykinase and the phosphor-p38/p38 ratio, but
did not affect the glucose transporter 4 translocation and the phosphor-Akt/Akt ratio [60].
Similarly, Wu et al. [58] also reported that feeding sorghum red pigments (200 mg/kg body
weight) to diabetic mice induced by glucose reversed glucose tolerance and serum levels of
triglycerides, total and LDL-cholesterol, and ameliorated lipid metabolism. In addition,
the feeding of sorghum red pigments (200 mg/kg body weight) to diabetic mice reduced
body weight by 26.5%, compared to the diabetic mice [58]. However, the mechanism of the
anti-diabetic effect of sorghum phenolics was not shown.

In addition to the phenolic extracts from sorghum grain, sorghum flour has also been
shown to modulate adiposity and inflammation in obese rats fed with a high fat diet.
Tested diets (replacement of 50% cellulose and 100% of corn starch by sorghum flour, and
replacement of 100% cellulose and 100% of corn starch by sorghum flour in obese diet)
lowered the percentage of adiposity, fatty acid synthase gene expression, TNF-α, blood
levels of glucose, and adipocyte hypertrophy in rats [6].

In addition, polyphenolics and anthocyanins have been reported to inhibit the starch
digestive enzymes, such as α-amylase and α-glucosidase, thus retarding starch digestibility
and lowering the value of glucose index (GI), which is also considered to possess the anti-
diabetic effect [28,47]. The IC50 values of the inhibitory effect of proanthocyanidins from
Sumac sorghum and black sorghum bran phenolic extracts on α-amylase were reported to
be 1.4 and 11.4 mg/mL, respectively [51]. The effect of red sorghum phenolic extract on
pancreatic lipase inhibition, α-amylase activity, and α-glucosidase inhibitory activity was
studied by Irondi et al. [61], and they found that IC50 values were 12.72 ± 1.13, 16.93 ± 1.08,
and 10.78 ± 0.63 mg/mL, respectively. IC50 values of brown sorghum genotypes (SOR 01,
SOR 03, SOR 08, SOR 11, SOR 17, SOR 21, SOR 24, SOR 33) on α-glucosidase and
α-amylase inhibition were reported to be 14.7 to 61.0 mg/mL and 10.6 to 852.6 mg/mL,
respectively [28]. The anti-diabetic effect of sorghum phenolic extracts is summarized in
Table 5.

Table 5. Anti-diabetic and anti-atherogenic effect of phenolic extracts of sorghum grains.

Sorghum Source Bioactive Extracts
Anti-Diabetic and

Anti-Atherogenic Effects
Reference

Brown sorghum varieties (SOR 01,
SOR 03, SOR 08, SOR 11, SOR 17,

SOR 21, SOR 24, SOR 33)

Gallic acid, chlorogenic acid, caffeic acid,
ellagic acid, p-coumaric acid, quercetin,

luteolin, apigenin.

Inhibitory effect on α-amylase
and α-glucosidase activities. [28]

Hwanggeumchal sorghum. Phenolic extracts.
Reduced the serum glucose,

total cholesterol, triglycerides,
urea, uric acid, creatinine.

[57]

KNICS-579 Polyphenol extracts.
Reduced the concentration of

triglycerides, total
LDL-cholesterol and glucose.

[60]

Red sorghum Total phenolic extracts.

Antioxidant activity against
ABTS, DPPH, FRAP assays;

Inhibitory effect on pancreatic
lipase, α-amylase and
α-glucosidase activities.

[61]

To date, studies have shown the anti-diabetic effect of sorghum phenolics, including
the reduction in serum glucose, decrease in total cholesterol and triglycerides, and inhibi-
tion of α-glucosidase and α-amylase activity. However, the underlying mechanisms of the
inhibitory effect of sorghum phenolics on diabetes have not been fully studied. Therefore,
more research is warranted for further investigation of the role of sorghum phenolics in
diabetes inhibition.
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3.5. Anti-Atherogenic Effect

Atherosclerosis is a major factor in the development of coronary heart disease. Blood
vessel walls turn thicker in the development of atherosclerotic lesions, thus affecting
blood circulation. Many risk factors are involved in the induction of heart disease, such
as hypercholesterolemia, hypertension, cigarette smoking, and diabetes [62]. Moreover,
hypercholesterolemia is associated with an increased level of LDL-cholesterol. Hence,
hypercholesterolemia is a major risk factor for the development of cardiovascular disease.
An increase in total cholesterol, triglycerides, and LDL-cholesterol are all considered to be
associated with an increased risk of atherosclerosis and cardiovascular diseases, whereas
high-density lipoprotein cholesterol (HDL-lipoprotein) is considered to be associated with
the reduced risk of atherosclerosis and cardiovascular disease [62].

The anti-atherogenic effect of sorghum on high fat diet-fed mice was studied by Shen
et al. [22], and they found that the diet containing sorghum reduced serum cholesterol by
24.47% and triglyceride by 32.72%, and increased HDL-cholesterol by 27.27% compared
to the high fat diet group. In addition, the sorghum feed also increased SOD and GPx
activities in the serum, compared to high fat diet mice [22]. A high fat diet might result in
the generation of ROS, which can be controlled through enzymatic defense mechanisms,
such as SOD, GPx, and CAT. Phenolics in sorghum possess a strong antioxidant capacity,
thus increasing the activities of enzymes, SOD and GSH-Px, for reducing the oxidative
effect. To date, little is known about the anti-atherogenic effect of sorghum phenolic extracts,
as well as the underlying mechanism both in vitro and in vivo. Therefore, more studies are
needed to better understand the anti-atherogenic effect of sorghum phenolics.

4. Effect of Processing on Phenolic Compounds in Sorghum

Sorghum grain is a good alternative to cereal grains, due to it containing nutritional
and health-promoting factors. However, tannins, known as bitter-tasting compounds, have
negative effects on human consumption, although they can provide biological functions
for improving human health. So far, to our knowledge, sorghum grain is thermally cooked,
such as through boiling, cooking, nixtamalization (alkaline cooking), extrusion, roasting,
and steaming prior to human consumption. Tannins and polyphenols are considered as
anti-nutritional factors which affect the digestion of starch and protein. Thermal processing
could potentially reduce the content of tannins and phenolic compounds [63–65]. Therefore,
the biological functions of phenolic compounds will also be affected by thermal processing,
due to heat sensitivity. Thus, this section will focus on the effect of thermal processing on
phenolic compounds in sorghum varieties. In addition, the current research gap and future
research topics will also be discussed.

The reduced content of tannins in sorghum cultivars (Wadakar, low b-glucan type II
non-tannin sorghum; Tabat-C, low b-glucan type I non-tannin sorghum; new in bread line
Tabat-NL, high b-glucan type I non-tannin sorghum) has been reported through cooking
(20 min) and boiling also decreased the content of phytate and polyphenols [64]. In addi-
tion, Hamad et al. [64] also reported that boiling resulted in an increase in digested starch,
rapid digestible starch, hydrolysis index, and estimated GI, indicating that boiling elimi-
nated anti-nutritional factors, such as tannins and polyphenols, to further improve starch
degradation [64]. Luzardo-Ocampo et al. [66] reported that cooking and nixtamalization
(10 g Ca(OH)2/kg flour, 94 ◦C for 40 min) significantly reduced the content of condensed
tannins, total phenolics, and flavonoids in the digestible fraction white sorghum (Tortillas
y Pan), whereas it increased the content of total phenolics and flavonoids in the digestible
fraction of red sorghum (Niquel) compared to the raw sorghum [66]. The variance in the
content of condensed tannins, total phenolics, and flavonoids in white and red sorghums
was believed to result from the different degree of cooking and nixtamalization in the
undigested form, mouth, stomach, digestible fraction, and non-digestible fraction [66].

Pressured steam cooking and air-dried flaking also resulted in the decrease in content
of phytate and tannins, from 69.87% to 93.73% and 19.49% to 46.05%, respectively, in
sorghum varieties of IS8237C, Liberty, and Alpha [67]. Xiong et al. [64] showed that
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steaming (100 ◦C for 50 min) and roasting (150 ◦C for 60 min) increased the content of
total phenolics, total flavonoids, and condensed tannins to a different extent in non-tannin
white color sorghum (Liberty). Steaming and roasting can damage the cellular structure of
cereal grains, thus releasing the bound phenolic compounds, and increasing the content
of phenolics after thermal processing [68,69]. Extrusion cooking has also been shown to
decrease the content of total phenols and total flavonoids of sorghum genotypes SC319,
B.DLO357, and SC391 [70].

To date, more studies have been focused on the effect of thermal processing on nutri-
ents digestion in sorghum grains, rather than on the phenolics regarding the content and
biological functions after thermal processing. Therefore, more research is recommended to
better understand the effect of phenolics in sorghum grains, with regards to the content,
profile, and biological activities through thermal treatments.

5. Conclusions and Outlook

This review discussed the phenolic compounds in sorghum grain, in terms of the ex-
traction method, profile, and biological functions both in vitro and in vivo. Representative
phenolic compounds in sorghum are ferulic acid, caffeic acid, gallic acid, luteolin, apigenin,
3-DXA, and others. Bioactive phenolic compounds possess many biological functions, such
as an antioxidant activity, anti-inflammatory effect, anti-proliferative effect, anti-diabetic,
and anti-atherogenic effects. However, the underlying mechanisms regarding the inhibitory
effect of sorghum phenolics on inflammation, diabetes, and atherosclerosis remain unclear.
Therefore, more studies are warranted for a better understanding of the molecular mecha-
nisms involved in the inhibitory effect of sorghum phenolics on inflammation, diabetes,
and atherosclerosis.

To date, sorghum grain has been served as a cereal grain alternative, or has replaced
wheat or other cereal grains in innovative bakery products for human consumption. The
thermal processing could potentially reduce the content of tannins and phytate, which are
the anti-nutritional factors for improving nutrient digestion. However, the loss of biological
functions of phenolics and tannins in sorghum has also been reported. Although steaming
and roasting processes increased the content of total phenolics and flavonoids due to the
release of bound phenolics, most studies showed a reduction in phenolics in sorghum
grains after thermal treatment. Therefore, moderate processing is urgently required for
maintaining the content of phenolics and their biological activities, and for reducing the
anti-nutritional factors in sorghum grains to improve nutrient digestion.

Author Contributions: Conceptualization, J.X. and W.W.; writing—review and editing, J.X., W.W. and
Y.Z.; project administration, J.X.; funding acquisition, W.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by USDA hatch grant KS18HA1012 (Contribution Number
22-006-J from the Kansas Agricultural Experiment Station).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References

1. FAO. FAOSTAT. Available online: http://www.fao.org/faostat/en/#data/QC (accessed on 30 March 2019).
2. Shen, S.; Huang, R.; Li, C.; Wu, W.; Chen, H.; Shi, J.; Chen, S.; Ye, X. Phenolic compositions and antioxidant activities differ

significantly among sorghum grains with different applications. Molecules 2018, 23, 1023. [CrossRef]
3. Kumari, P.K.; Umakanth, A.V.; Narsaiah, T.B.; Uma, A. Exploring anthocyanins, antioxidant capacity and a-glucosidase inhibition

in bran and flour extracts of selected sorghum genotypes. Food Biosci. 2021, 41, 100979. [CrossRef]
4. Awika, J.M.; Yang, L.; Browning, J.D.; Faraj, A. Comparative Antioxidant, Antiproliferative and Phase II Enzyme Inducing

Potential of Sorghum (Sorghum bicolor) Varieties. LWT-Food Sci. Tech. 2009, 42, 1041–1046. [CrossRef]

215



Foods 2021, 10, 1921

5. Dykes, L.; Ronney, W.L.; Rooney, L.W. Evaluation of phenolics and antioxidantactivity of black sorghum hybrids. J. Cereal Sci.
2013, 58, 278–283. [CrossRef]

6. Arbex, P.M.; de Moreira, M.E.C.; Toledo, R.C.L.; de Morais Cardoso, L.; Pinheiro-Sant’ana, H.M.; dos Benjamin, L.A.; Licursi,
L.; Carvalho, C.W.P.; Queiroz, V.A.V.; Martino, H.S.D. Extruded Sorghum Flour (Sorghum bicolor L.) Modulate Adiposity and
Inflammation in High Fat Diet-Induced Obese Rats. J. Funct. Foods 2018, 42, 346–355. [CrossRef]

7. Chen, X.; Shen, J.; Xu, J.; Herald, T.; Smolensky, D.; Perumal, R.; Wang, W. Sorghum phenolic compounds are associated with cell
growth inhibition through cell cycle arrest and apoptosis in human hepatocarcinoma and colorectal adenocarcinoma cells. Foods
2021, 10, 993. [CrossRef] [PubMed]

8. Earp, C.F.; McDonough, C.M.; Rooney, L.W. Microscopy of pericarp development in the caryopsis of Sorghum bicolor (L.) Moench.
J. Cereal Sci. 2004, 39, 21–27. [CrossRef]

9. Dykes, L.; Rooney, L.W.; Waniska, R.D.; Rooney, W.L. Phenolic compounds and antioxidant activity of sorghum grains of varying
genotypes. J. Agric. Food Chem. 2005, 53, 6813–6818. [CrossRef] [PubMed]

10. Dykes, L.; Seitz, M.L.; Rooney, L.W.; Rooney, L.W. Flavonoid composition of red sorghum genotypes. Food Chem. 2009, 116,
313–317. [CrossRef]

11. de Cardoso, L.M.; Pinheiro, S.S.; de Carvalho, C.W.P.; Queiroz, V.A.V.; de Menezes, C.B.; Moreira, A.V.B.; de Barros, F.A.R.; Awika,
J.M.; Martino, H.S.D.; Pinheiro-Sant’Ana, H.M. Phenolic Compounds Profile in Sorghum Processed by Extrusion Cooking and
Dry Heat in a Conventional Oven. J. Cereal Sci. 2015, 65, 220–226. [CrossRef]

12. Dykes, L.; Peterson, G.C.; Rooney, W.L.; Rooney, L.W. Flavonoid composition of lemon-yellow sorghum genotypes. Food Chem.
2011, 127, 173–179. [CrossRef]

13. Su, X.; Rhodes, D.; Xu, J.; Chen, X.; Davis, H.; Wang, D.; Herald, T.J.; Wang, W. Phenotypic diversity of anthocyanins in sorghum
accessions with various pericarp pigments. J. Nutr. Food Sci. 2017, 7. [CrossRef]

14. Xiong, Y.; Zhang, P.; Warner, R.D.; Shen, S.; Johnson, S.; Fang, Z. Comprehensive Profiling of Phenolic Compounds by HPLC-
DAD-ESI-QTOF-MS/MS to Reveal Their Location and Form of Presence in Different Sorghum Grain Genotypes. Food Res. Int.
2020, 137, 109671. [CrossRef] [PubMed]

15. Xiong, Y.; Damasceno Teixeira, T.V.; Zhang, P.; Warner, R.D.; Shen, S.; Fang, Z. Cellular Antioxidant Activities of Phenolic Extracts
from Five Sorghum Grain Genotypes. Food Biosci. 2021, 41, 101068. [CrossRef]

16. Girard, A.L.; Awika, J.M. Sorghum Polyphenols and Other Bioactive Components as Functional and Health Promoting Food
Ingredients. J. Cereal Sci. 2018, 84, 112–124. [CrossRef]

17. Rashwan, A.K.; Yones, H.A.; Karim, N.; Taha, E.M.; Chen, W. Potential Processing Technologies for Developing Sorghum-Based
Food Products: An Update and Comprehensive Review. Trends Food Sci. Tech. 2021, 110, 168–182. [CrossRef]

18. Billa, E.; Koullas, D.P.; Monties, B.; Koubios, E.G. Structure and composition of sweet sorghum stalk components. Ind. Crops Prod.
1997, 6, 297–302. [CrossRef]

19. Awika, J.M.; Rooney, L.W.; Waniska, R.D. Anthocyanins from Black Sorghum and Their Antioxidant Properties. Food Chem. 2004,
90, 293–301. [CrossRef]
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