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Abstract: A new approach to determining the friabilin content of wheat grain was proposed. Elec-
tropherograms were taken, and the intensity of the friabilin bands was compared in the analyzed
wheat cultivars and the cv. Chinese Spring. The friabilin content indicator was calculated in the grain
of 17 common wheat cultivars, which differed mostly in their crude protein content and hardness
index (HI). The basic properties of the kernels were measured in each wheat cultivar, and the corre-
lations between the measured parameters and the friabilin content indicator were determined. In
the analyzed wheat cultivars, the friabilin content indicator ranged from around 0.21 to around 0.77.
This indicator was significantly correlated with the kernel length, thickness, mass, vitreousness, HI,
and rupture force. The strongest correlation was observed between the friabilin content indicator
and kernel length. An increase in the mean kernel length from around 5.4 mm to around 8.0 mm
decreased the friabilin content indicator by approximately 51%. After the mean kernel length had
been calculated in a given wheat cultivar, a certain value of the friabilin content indicator could be
ascribed to this cultivar, and the energy consumption during grain grinding or milling could be partly
predicted. In the group of analyzed wheat cultivars, the process of grain grinding would be the most
energy-intensive in the cvs. Ceres, SMH200, and SMH214 and the least energy-intensive in the cvs.
Chinese Spring, Julius, and Askalon.

Keywords: wheat grain; seed properties; friabilin content; image analysis; puroindoline

1. Introduction

Common wheat (Triticum aestivum L.) is one of the four most widely grown cereals
in the world despite its high soil, environmental, and agronomic requirements. Wheat
grain has numerous applications, mainly in the milling, food processing, cosmetic, and
pharmaceutical industries. Wheat grain is also used in the production of animal feed and
planting materials. Wheat grain contains 60–68% starch, 7–18% protein, 1.5–2.0% lipids,
2.0–2.5% cellulose, and 1.5–2.2% ash [1,2]. The endosperm is the most important part of
each kernel, as it contains nutrients that are essential for seed germination. From a botanical
point of view, the endosperm is composed of the aleurone layer and the starchy endosperm.
However, from a technological point of view, the aleurone layer is regarded part of the seed
coat that is removed together with bran during milling. The endosperm accounts for up to
83% of the kernel mass [2].

The processing suitability of wheat grain is determined mainly on the basis of its
protein content. Grain for the bakery industry should contain a minimum of 11.5% protein
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on a dry matter (DM) basis, whereas grain for enhancing mixtures of medium- and low-
quality grain should contain more than 14% protein [3]. Numerous authors have analyzed
the correlations between the crude protein content and the mechanical properties of grain
that determine the energy consumption during milling, as well as the sustainable use of this
raw material in food processing. However, the reported results are often contradictory [4–9].
According to Hogg et al. [10], the kernel hardness is not determined by the total crude
protein content but by the content of friabilin, a protein complex responsible for grain
softness. Turnbull and Rahman [11], Laskowski and Różyło [12], and Pasha et al. [6]
observed that the friabilin content was very high in kernels of soft wheat varieties and that
its content decreased with a rise in the kernel hardness. Hard wheat, such as durum wheat
(Triticum turgidum ssp. durum), do not contain friabilin due to the absence of genes encoding
this protein. In grain, the endosperm texture is regulated by the Pina and Pinb puroindoline
genes, which, together with the grain softness protein-1 gene (Gsp-1), are localized in the
Ha locus on chromosome 5DS. These genes encode the puroindoline proteins PINA and
PINB, which are subunits of friabilin, a protein with a molecular weight of 13 kDa [6,13–16].
The wild-type alleles of the Pin genes, i.e., Pina-D1a and Pinb-D1a, are responsible for
grain softness, and mutations in one or both of these genes lead to the formation of hard
grains [4,15,17–19]. Different types of mutations are responsible for different levels of
grain hardness, such as intermediate, between soft wheat and durum wheat [6,14,20–22].
Immunodetection assays have revealed that the PIN proteins accumulate mainly in the
endosperm on the surface of starch granules and in the aleurone layer [6,23–26]. According
to Beecher et al. [27] and Chen et al. [28], the PIN proteins prevent the protein matrix
from adhering to the starch granules, which decreases the endosperm density and leads
to the formation of softer grains. In turn, hard wheat is characterized by a more compact
endosperm and denser kernels.

Qualitative and quantitative analyses of the friabilin content can be performed with
the use of reversed-phase high-performance liquid chromatography (RP-HPLC), which
is a complex and expensive analytical technique [29–31]. In this method, peaks are reg-
istered on chromatograms and compared with a reference sample. However, according
to Hogg et al. [10] and Martin et al. [32], SDS-PAGE is one of the most popular methods
for identifying friabilin proteins. In this analytical technique, the proteins are separated
using electrophoresis on polyacrylamide gel with the addition of sodium dodecyl sulfate
(SDS) as the denaturing agent. In SDS-PAGE, the wheat cv. Chinese Spring is most of-
ten used as a reference to determine the friabilin content of other grain. Chinese Spring
harbors the wild-type alleles of the puroindoline genes, Pina-D1a and Pinb-D1a, and it is
characterized by a high content of PIN proteins [13,17,21]. When the proteins are separated
using electrophoresis on polyacrylamide gel, the friabilin fraction produces bands with an
estimated size of 13 kDa. The band intensity is determined by the content of puroindoline
proteins. Li et al. [33] postulated the presence of associations between the protein content
and the intensity of the corresponding bands, but they did not propose any indicators for
measuring this trait. Hogg et al. [10] used an eight-point scale to quantify friabilin relative
to a protein reference with a known friabilin content. However, visual inspection of the
band intensity is not a highly accurate method due to observer bias. Therefore, a novel
comparative approach was proposed in this study to determine the friabilin content of
wheat grain. In the developed technique, the band intensity in the electropherograms was
evaluated using computer-assisted image analysis. The friabilin content of the examined
wheat cultivars was determined by comparing the band intensities against Chinese Spring
as the reference cultivar.

An analysis of the correlations between the physical properties and the friabilin content
of wheat grain may contribute to breeding wheat varieties with desirable traits in order to
respond to changing consumer preferences and market demand and reduce food waste. The
quality of the raw materials should be improved to streamline production processes, thus
reducing energy and resource consumption. In turn, the physical properties and friabilin
content of the grain of local wheat cultivars should be optimized to reduce dependency on
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grain imports, which translates into lower CO2 emissions, lower fuel consumption, and
more efficient utilization of local natural resources such as soil and climate. This may also
reduce the use of fertilizers and pesticides, thus contributing to minimizing the adverse
environmental impacts of agricultural production [15,34,35].

The friabilin content of wheat grain was determined using a friabilin content indicator,
which is a novel parameter introduced by the authors. Therefore, the aim of this study
was to determine changes in the value of the friabilin content indicator in the grain of
selected wheat cultivars and to analyze the correlations between this parameter and the
other physicochemical properties of wheat grain.

2. Materials and Methods
2.1. Materials

The experimental material comprised the grain of 18 wheat cultivars that differed
considerably in the mean values of their crude protein content and hardness index (HI)
(Table 1). The grain was obtained from the IHAR Group Plant Breeding Company in
Strzelce (cvs. Bamberka, Chinese Spring, Fregata, Nutka, Parabola, Radunia, and Tonacja),
Smolice (cvs. Ceres, SMH87, SMH196, SMH200, and SMH214), and Agro-Plon, Ostróda
(cvs. Askalon, Astoria, Cytra, Julius, Magic, and Türkis), in 2013. These companies belong
to the Polish Seed Trade Association in Poznań, and they produce and distribute planting
materials in Poland according to the applicable national and international standards. Initial
grain samples of approximately 2 kg each were obtained from each wheat cultivar and
were stored in a refrigerator at a temperature of around 4 ◦C. Before analysis, all the grain
samples were brought to moisture content equilibrium by conditioning a thin layer of the
grain at a temperature of 22 ± 1 ◦C and 54 ± 3% humidity for five days. Each layer of
conditioned grain had an estimated thickness of 1 cm.

Table 1. Approximate composition, vitreousness, and hardness index (mean value ± standard
deviation) of wheat grain.

Cultivar Moisture
[% DB]

Crude Protein
[% DM]

Total Ash
[% DM]

Vitreousness
[%]

Hardness Index
HI [–]

Chinese Spring 12.63 ± 0.32 de 12.69 ± 0.03 bc 2.01 ± 0.01 j 0 a 39.74 ± 11.56 a

Türkis 12.75 ± 0.39 fg 14.17 ± 0.01 g 1.55 ± 0.01 a 2.60 ± 0.55 a 48.16 ± 16.36 b

Astoria 12.83 ± 0.39 g 14.82 ± 0.02 k 1.68 ± 0.02 d 54.00 ± 4.74 c 53.22 ± 13.79 c

Julius 12.99 ± 0.40 h 13.66 ± 0.03 f 1.64 ± 0.02 cd 10.20 ± 2.39 b 57.81 ± 16.83 d

Fregata 12.57 ± 0.36 cd 15.36 ± 0.10 l 1.68 ± 0.02 d 72.20 ± 1.92 de 66.08 ± 12.82 e

Radunia 12.60 ± 0.41 de 14.52 ± 0.08 hi 2.02 ± 0.01 j 54.60 ± 1.95 c 66.64 ± 14.09 e

Parabola 12.62 ± 0.40 de 14.78 ± 0.05 jk 2.01 ± 0.01 j 72.80 ± 3.08 de 67.26 ± 13.80 e

Cytra 12.80 ± 0.43 fg 14.59 ± 0.06 ij 1.85 ± 0.03 fg 49.00 ± 1.23 c 68.30 ± 14.66 e

Tonacja 12.58 ± 0.43 de 13.42 ± 0.12 e 1.73 ± 0.02 e 80.20 ± 1.48 ef 70.35 ± 12.93 ef

Askalon 13.08 ± 0.35 h 14.11 ± 0.14 g 1.62 ± 0.01 bc 86.80 ± 2.77 gh 73.89 ± 15.16 fg

Magic 12.81 ± 0.43 fg 14.58 ± 0.03 ij 1.57 ± 0.01 ab 61.60 ± 2.19 d 76.76 ± 14.99 gh

Nutka 12.70 ± 0.37 ef 13.14 ± 0.05 d 1.82 ± 0.01 f 82.60 ± 2.41 fg 77.87 ± 13.08 g–i

Bamberka 13.07 ± 0.33 h 14.31 ± 0.08 gh 1.65 ± 0.01 cd 89.40 ± 0.89 h 80.56 ± 12.36 h–j

SMH196 12.52 ± 0.48 cd 12.72 ± 0.08 bc 1.87 ± 0.01 gh 77.20 ± 1.48 e 81.89 ± 18.49 ij

SMH87 12.34 ± 0.47 b 13.52 ± 0.09 ef 1.96 ± 0.01 i 84.80 ± 1.64 f–h 83.66 ± 16.84 j

Ceres 12.16 ± 0.43 a 12.85 ± 0.05 c 1.93 ± 0.02 hi 87.80 ± 2.27 h 85.96 ± 17.40 k

SMH200 12.46 ± 0.41 c 12.52 ± 0.05 b 1.84 ± 0.01 fg 85.40 ± 1.67 gh 88.17 ± 17.88 k

SMH214 12.81 ± 0.44 g 12.20 ± 0.02 a 1.90 ± 0.01 hi 81.20 ± 2.09 e–g 88.62 ± 20.05 k

a,. . .,l—superscript letters denote significant differences between the examined properties at p < 0.05.

2.2. Approximate Composition, Vitreousness, and Hardness

The crude protein content of the wheat grain was determined using the Kjeldahl
method (Nx5.7) and the KjelFlex K-360 apparatus (BÜCHI Labortechnik AG, Flawil,
Switzerland) according to ISO standard 20483:2013 [36]. The total ash content was de-
termined using the procedure described in ISO standard 2171:2007 [37]. Both analyses were
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performed in triplicate. The grain vitreousness was measured using a grain cutter (Zakład
Badawczy Przemysłu Piekarskiego sp. z o.o., Bydgoszcz, Poland). A total of 50 kernels
from each wheat cultivar were cut perpendicular to the long axis, and their vitreousness
was visually inspected. Kernels with completely opaque surfaces were classified as starchy,
and kernels with uniform, glassy surfaces were classified as vitreous [38]. Kernels were
classified as semi-vitreous when both opaque and glassy areas were observed on their
surface. In each grain batch, the vitreousness v (%) was calculated using the following
formula:

v = 2a + b (1)

where a = number of vitreous kernels and b = number of semi-vitreous kernels.
The vitreousness analysis was conducted in five replicates for each wheat cultivar.
The grain HI and relative moisture content were measured using the SKCS 4100 system

(Perten Instruments, New York, NY, USA) according to AACC procedure 55-31.01 [39]. The
values of only two out of the four measured parameters were included in this analysis
because it was assumed that the thickness and mass of the kernels could be more accurately
determined with the use of a thickness gauge and a laboratory weighing scale, respectively.
In the SKCS 4100 system, the HI is calculated for each kernel by measuring its resistance to
fracture and comparing the result with the reference cultivar. In addition, the results were
adjusted to 12% moisture content and a kernel mass of 35 mg [40]. In each test, a grain
sample of around 30 g was placed in the hopper. Random kernels were automatically fed
to the crushing unit. A total of 300 kernels from each sample were analyzed in the test.

2.3. Geometric Properties, Mass, and Mechanical Properties

The grain, for analyses of its geometric properties and kernel mass, was sampled
according to ISO standard 24333:2009 [41]. Each sample comprised 60 kernels from each
analyzed wheat cultivar, and the geometric properties and mass of the wheat kernels were
measured according to the procedure proposed by Kaliniewicz et al. [9]. The basic seed
dimensions were determined using a MWM 2325 workshop microscope (PZO, Warsaw,
Poland) and a self-designed instrument for measuring the seed thickness. The length (L)
and width (W) of each kernel were determined with an accuracy of 0.02 mm, and the kernel
thickness (T) was determined with an accuracy of 0.01 mm. The mass (m) of the wheat
kernels was determined using a WAA 100/C/2 digital weighing scale (Radwag, Radom,
Poland) with an accuracy of 0.1 mg.

The measured parameters were used to calculate the aspect ratio (R) and the sphericity
index (Φ) of each kernel:

R =
W
L
·100 (2)

Φ =
3
√

T·W·L
L

·100 (3)

The same samples were used to determine the mechanical properties of the wheat
grain. The mechanical properties were analyzed at room temperature (22± 1 ◦C) according
to the procedure described by Kaliniewicz et al. [9]. The measurements were performed
using the Instron Mecmesin MultiTest-i tensile and compression test system (Mecmesin
Ltd., Slinfold, UK) and the EmperorTM Force testing system software (Version 1.18-408).
The crosshead speed was set at 10 mm·min−1 (within a loading range of 0–1 kN) according
to the recommendations made by Różyło and Laskowski [5] and Dziki et al. [42]. The
compression test was interrupted when the rupture force decreased by a minimum of 10%
and the first fracture was observed on the kernel. The rupture force (F), longitudinal strain
(d), and rupture energy (E) were registered using the software installed in the test system.
The relative strain (∆) was calculated for each kernel with the use of formula (4) based on
the registered values of the longitudinal strain (d) and kernel thickness (T) [9,43]:

∆ = 100· d
T

(4)
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2.4. SDS-PAGE Analysis

The puroindoline proteins in the endosperm of the analyzed wheat cultivars were
separated using electrophoresis on polyacrylamide gel [32,44–46]. In the first stage of the
analysis, the starch fraction of the wheat endosperm was purified according to the method
described by Bettge et al. [47] with the modifications proposed by Chang et al. [48]. Kernel
samples of around 200 mg each were ground in a mortar; a total of 0.6 mL of 0.1 M NaCl
solution was added, and the mixture was shaken for 30 min. The aqueous suspension
was removed with a pipette, placed in a new vial, and centrifuged for 3 min at a RCF
pf 13,000× g (the same parameters were applied in successive centrifugation steps). The
supernatant was discarded, 1 mL of H2O was added to the sediment, and the mixture was
stirred and centrifuged. The water was removed, and 1 mL of 80% CsCl solution was added
to the purified sediment. The mixture was stirred to obtain a homogeneous suspension
and centrifuged, and the supernatant was discarded. The sediment was rinsed three times
with 1 mL of H2O according to the above procedure. The purified sediment was suspended
in 0.5 mL of acetone and centrifuged. The acetone was removed, and the purified starch
sediment was left to dry. Approximately 50 mg of purified starch was collected from each
sample; then, 150 µL of 1 M NaCl solution and 150 µL of isopropanol were added; and the
mixture was shaken at a temperature of 45 ◦C for 60 min and centrifuged to separate the
suspension. The aqueous phase was removed, combined with 150 µL of cooled acetone,
and left overnight at a temperature of −20 ◦C. Next, 450 µL of acetone cooled to the same
temperature was added, and the sample was left overnight at a temperature of −20 ◦C.
After sediment precipitation, each sample was centrifuged, the supernatant was discarded,
and the sediment was suspended in 50 µL of SDS-PAGE buffer.

The puroindoline proteins were separated via electrophoresis on polyacrylamide gel
with SDS as the denaturing agent, according to the procedure described by Laemmli [49]. Be-
fore loading, each sample was incubated at a temperature of 75 ◦C for 10 min. The proteins
were separated on two gel layers, including a layer of condensing gel (5% T, 2.6% C) and a
layer of separating gel (15% T, 2.6% C), on plates measuring 180 mm × 160 mm × 1.5 mm.
The separation was performed using a Hoefer SE660 electrophoresis unit (Hoefer, Inc.,
Holliston, MA, USA) at a constant current of 25 mA. The samples were loaded into wells,
and the separation was run until the dye front had reached the bottom of the gel.

The separated proteins were stained according to the method described by Gromova
and Celis [50] with the modifications proposed by Gasparis [51]. The proteins were stained
with 0.2% aqueous solution of silver nitrate with a 0.076% addition of formaldehyde.
Protein bands were visualized according to incubation in an aqueous solution of 6%
sodium carbonate with a 0.0004% addition of sodium thiosulfate and a 0.05% addition
of formaldehyde for 2–5 min. Each sample was rinsed with distilled water and fixed via
immersion in 12% acetic acid solution with a 20% addition of methanol for 10 min. The
samples were stored in 20% methanol solution.

Images of the separated protein fractions (Figure 1) were acquired using the Kodak
Gel Logic 200 Imaging System (Kodak, Molecular Imaging Systems, New Haven, CT, USA).
The acquired images were analyzed using MATLAB v. R2011b (MathWorks, Natick, MA,
USA). In the first step, the gel region was cropped from the image, and its brightness was
adjusted by increasing the contrast to the maximum value (from 0 to 256). In the next
step, the region corresponding to the friabilin bands was cropped from the image, and the
pixel values in this region were averaged and normalized in the range of 0–1 relative to the
intensity of the bands obtained in the reference cultivar (Chinese Spring). The value of the
friabilin content indicator (cf) was determined by comparing the intensity of the friabilin
bands in the examined wheat cultivars with the intensity of the corresponding bands in the
wheat cv. Chinese Spring.
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2.5. Statistical Analysis

The results were processed using Statistica for Windows v. 13.3 (TIBCO, Palo Alto,
CA, USA) at a significance level of α = 0.05. The following procedures were used in
the statistical analyses: descriptive statistics, one-way analysis of variance (ANOVA),
correlation analysis, and regression analysis. Differences between the grain parameters
in the analyzed wheat cultivars were evaluated using Tukey’s test. Pearson’s correlation
coefficients were calculated to determine the strength of the linear relationships between
the grain parameters. Regression equations were plotted for highly correlated parameters.

3. Results and Discussion
3.1. Chemical Properties, Vitreousness, and the Hardness Index

Various indicators are used in analytical practice to characterize the grain of different
wheat cultivars, including moisture, protein, and ash content; vitreousness; and the HI.
The values of the parameters determined in the analyzed wheat cultivars are presented
in Table 1. These parameters are considerably influenced by external factors, including
environmental conditions and weather, and they can differ even within the same culti-
var [52–56]. In the present study, the average dry basis (DB) moisture content of the wheat
grain was determined within a relatively narrow range, from around 12.3% DB (SMH 87)
to around 13.1% DB (Askalon and Bamberka), which indicates that the examined grain
batches can be stored over prolonged periods of time and used in the production process.
The average crude protein content was highest in the wheat cv. Fregata (approx. 15.4%
DB) and lowest in the cv. SMH214 (approx. 12.2% DB). Other authors have reported a
similar range of values [2,8,57,58]. It should also be noted that the grain of the wheat
cvs. Türkis, Astoria, Fregata, Radunia, Parabola, Cytra, Askalon, Magic, and Bamberka
contained a minimum of 14% protein; therefore, it can be used to enhance mixtures of
medium- and low-quality grain. The total ash content ranged from 1.55% DB (Türkis)
to 2.02% DB (Radunia), and these values were highly consistent with the data from the
literature [2,8,53,58]. The lower the ash content of the grain, the lighter the color of the
obtained flour. Grain with a high total ash content is particularly suitable for making brown
and wholegrain bread [2,42]. Chinese Spring, Radunia, Parabola, SMH 87, and Ceres were
characterized by the highest total ash content.

The sample of the reference wheat cv. Chinese Spring did not contain vitreous or
semi-vitreous kernels, and the vitreousness was determined at 0% in this wheat cultivar. In
the remaining cultivars, the vitreousness ranged from 2.6% (Türkis) to 89.4% (Bamberka).
This parameter is mostly genetically conditioned but it can be modified by changes in
weather and environmental conditions, in particular during the growing season, which can
contribute to the grain’s apparent vitreousness [52,59]. Vitreous kernels are generally denser
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than starchy kernels, and they have to be soaked for a longer time before milling [60,61].
According to Woźniak and Gontarz [62], vitreous kernels are characterized by a higher
processing suitability because flour with a high extraction rate can be obtained during
milling. The grain of the cvs. Bamberka, Ceres, Askalon, and SMH200 was characterized
by the highest vitreousness.

The mean values of the HI ranged from 39.7 (Chinese Spring) to 88.6 (SMH214). Based
on this parameter, the analyzed wheats were divided into five hardness classes [63]: soft
(Chinese Spring), medium soft (Türkis), medium hard (Astoria and Julius), hard (Fregata,
Radunia, Parabola, Cytra, Tonacja, Askalon, Magic, and Nutka), and very hard (Bamberka,
SMH 196, SMH87, Ceres, SMH200, and SMH214). The HI determined using the SKCS
system is one of the most important parameters for evaluating the processing suitability of
grain [15,26,64–66]. Wheat with a soft endosperm is generally processed into pastry flour;
wheat with a medium hard endosperm is processed into baking flour; whereas that with a
hard endosperm is used in the production of semolina, couscous, and expanded wheat. In
soft wheat, the starch granules are more loosely embedded into the protein matrix than in
hard wheat, and the produced flour is finer-grained [6,43,53,61,67].

Analysis of the grain parameters (Table 1) revealed the greatest similarities between
the cvs. Askalon and Barmberka. Parabola and SMH296 were most similar whereas Julius
was the least similar to the remaining wheat cultivars.

3.2. Geometric Properties and Mass

The mean values of the kernels’ geometric properties and mass are presented in Table 2.
On average, the kernel mass was lowest in the cv. Chinese Spring (26.96 mg) and highest in
the cv. Ceres (52.02 mg). Chinese Spring was also characterized by the smallest kernels.
The longest kernels were noted in the cv. Ceres (7.99 mm), the widest kernels in the cv.
Nutka (3.63 mm), and the thickest kernels in the cv. Bamberka (3.05 mm). The geometric
properties and mass of the kernels play an important role during grain processing, sorting,
separation, and milling [43]. According to Dziki and Laskowski [68], larger grains, in
particular grains with a high sphericity index, are more suitable for producing flours with
a high extraction rate because large kernels have a more desirable endosperm-to-bran ratio.
The sphericity index was highest in the grain of the cv. Bamberka (65.35%) and lowest in
the cv. Ceres (53.36%). The processing suitability of grain is evaluated based not only on
the size of kernels but also their homogeneity [68], which was highest in the cv. Nutka and
lowest in the cv. Parabola. In addition to genetic factors, the geometric properties and mass
of the kernels are also affected by environmental conditions, and grain of the same wheat
cultivar can differ considerably when grown in various regions. Nonetheless, the mean
values of the geometric properties and mass were determined within the range reported in
the literature [7,8,69–71].

The following pairs of wheat cultivars did not differ significantly in terms of their
analyzed properties: Türkis and Fregata, Türkis and Bamberka, Astoria and Julius, Julius
and Fregata, Julius and Bamberka, Fregata and Bamberka, Parabola and SMH214, Cytra
and Askalon, Cytra and Magic, Tonacja and Nutka, Askalon and Magic, SMH196 and
SMH87, SMH196 and Ceres, and SMH200 and SMH214. The grain of the cv. Julius was
most similar whereas the grain of the cv. Chinese Spring was most different from the
remaining wheat cultivars.

3.3. Mechanical Properties

The mechanical properties of the grain of the evaluated wheat cultivars are pre-
sented in Table 3. Its mechanical properties significantly influence the grain milling
efficiency [5,8,42]. In this study, the average rupture force required to damage the ker-
nels ranged from around 76 N (Chinese Spring) to around 155 N (Ceres). Similar rupture
force values were given by Ibrahim et al. [55] in the grain of Hungarian wheat fertilized
with different nitrogen rates. The longitudinal strain was determined in the range of
0.45 mm (Julius) to 0.64 mm (Nutka and Ceres), and the relative strain ranged from around
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15.3% (Julius) to around 21.8% (Nutka). Similar rupture force values in wheat grain were
noted by Markowski et al. [72], Dziki et al. [42], and Kalkan and Kara [71], but the cited
authors reported a higher longitudinal strain and different values for the rupture energy.
In the current study, the rupture energy ranged from 11.55 mJ (Chinese Spring) to 28.89 mJ
(SMH214). Similar rupture force and rupture energy values in wheat grain were noted
by Gorji et al. [73], Başlar et al. [7], and Voicu et al. [74]. The process of grain grinding
would be the most energy-intensive in the cvs. Ceres, SMH200, and SMH214 and the least
energy-intensive in the cvs. Chinese Spring, Julius, and Askalon.

Table 2. Geometric properties and mass (mean value ± standard deviation) of wheat grain.

Cultivar Length
[mm]

Width
[mm]

Thickness
[mm]

Mass
[mg]

Aspect Ratio
[%]

Sphericity
[%]

Chinese Spring 5.41 ± 0.23 a 2.76 ± 0.27 a 2.46 ± 0.17 a 26.960 ± 5.58 a 50.91 ± 3.90 cd 61.33 ± 2.56 gh

Türkis 6.22 ± 0.39 c–e 3.61 ± 0.39 ef 2.96 ± 0.24 d–f 47.38 ± 9.90 d–f 58.03 ± 5.26 h 65.05 ± 2.95 k

Astoria 6.33 ± 0.37 e 3.48 ± 0.32 c–f 2.87 ± 0.29 b–e 45.04 ± 10.33 c–e 55.09 ± 4.15 e–g 62.97 ± 3.04 h–j

Julius 6.24 ± 0.40 de 3.43 ± 0.33 b–f 2.94 ± 0.23 d–f 46.07 ± 9.49 c–f 55.07 ± 4.96 e–g 63.70 ± 2.76 i–k

Fregata 6.23 ± 0.37 de 3.52 ± 0.25 d-f 3.04 ± 0.27 f 47.97 ± 8.54 d–f 56.55 ± 2.83 f–h 65.10 ± 1.91 k

Radunia 6.34 ± 0.38 e 3.31 ± 0.35 bc 2.95 ± 0.29 d–f 42.86 ± 9.99 b–d 52.20 ± 4.71 cd 62.31 ± 3.16 g–i

Parabola 6.96 ± 0.56 fg 3.36 ± 0.35 b–d 3.02 ± 0.32 ef 49.06 ± 10.96 ef 48.38 ± 5.20 bc 59.36 ± 3.44 ef

Cytra 5.78 ± 0.41 b 3.29 ± 0.36 bc 2.75 ± 0.24 bc 37.46 ± 8.68 b 56.97 ± 5.45 f–h 64.68 ± 3.24 jk

Tonacja 6.74 ± 0.40 f 3.62 ± 0.25 f 2.97 ± 0.23 d–f 51.62 ± 8.16 f 53.73 ± 3.16 de 61.81 ± 2.12 gh

Askalon 5.99 ± 0.26 b-d 3.30 ± 0.31 bc 2.73 ± 0.21 b 40.51 ± 8.35 bc 55.02 ± 4.06 e–g 62.98 ± 2.51 h–j

Magic 5.96 ± 0.38 bc 3.26 ± 0.29 b 2.82 ± 0.22 b–d 40.89 ± 8.54 bc 54.63 ± 3.61 d–f 63.67 ± 2.18 i–k

Nutka 6.93 ± 0.37 f 3.63 ± 0.23 f 2.94 ± 0.16 d–f 51.50 ± 6.54 f 52.41 ± 2.85 c–e 60.57 ± 1.89 fg

Bamberka 6.26 ± 0.31 e 3.59 ± 0.30 ef 3.05 ± 0.27 f 49.77 ± 9.03 ef 57.41 ± 3.94 gh 65.35 ± 3.07 k

SMH196 7.78 ± 0.50 jk 3.27 ± 0.29 b 3.03 ± 0.22 ef 51.54 ± 10.10 f 42.13 ± 3.84 a 54.71 ± 2.80 ab

SMH87 7.54 ± 0.41 ij 3.24 ± 0.24 b 3.01 ± 0.26 ef 50.49 ± 9.01 ef 43.06 ± 2.79 a 55.58 ± 2.39 bc

Ceres 7.99 ± 0.40 k 3.24 ± 0.27 b 3.00 ± 0.24 ef 52.02 ± 10.40 f 40.57 ± 3.30 a 53.36 ± 2.65 a

SMH200 7.32 ± 0.47 hi 3.37 ± 0.28 b–d 2.90 ± 0.20 c–f 48.10 ± 8.38 d-f 46.22 ± 4.16 b 56.76 ± 2.83 cd

SMH214 7.20 ± 0.46 gh 3.42 ± 0.26 b–e 3.01 ± 0.21 ef 48.88 ± 9.11 ef 47.60 ± 3.57 b 58.37 ± 2.74 de

a,. . .,k—superscript letters denote significant differences between the examined properties at p < 0.05.

Table 3. Mechanical properties (mean value ± standard deviation) of wheat grain.

Cultivar Rupture Force
[N]

Longitudinal Strain
[mm]

Relative Strain
[%]

Rupture Energy
[mJ]

Chinese Spring 76.10 ± 13.22 a 0.46 ± 0.05 a 18.57 ± 1.75 fg 11.55 ± 3.57 a

Türkis 100.26 ± 18.70 b–d 0.46 ± 0.04 a 15.58 ± 1.63 ab 15.51 ± 4.50 a–d

Astoria 105.00 ± 18.93 b–e 0.50 ± 0.05 bc 17.50 ± 1.93 c–f 18.69 ± 5.93 c–f

Julius 92.43 ± 22.10 ab 0.45 ± 0.05 a 15.28 ± 1.83 a 13.83 ± 5.07 ab

Fregata 113.05 ± 22.06 c–f 0.51 ± 0.06 b–e 16.93 ± 2.16 b–d 20.49 ± 7.60 ef

Radunia 117.50 ± 27.90 d–f 0.50 ± 0.06 b–d 17.10 ± 1.73 c–e 19.74 ± 6.83 d–f

Parabola 111.96 ± 27.79 c–f 0.52 ± 0.10 c–e 17.40 ± 3.56 c–f 20.49 ± 8.25 ef

Cytra 102.76 ± 17.69 b–d 0.46 ± 0.04 a 16.79 ± 1.49 bc 15.93 ± 4.04 a–d

Tonacja 140.75 ± 19.93 gh 0.54 ± 0.06 d–f 18.29 ± 2.03 ef 25.08 ± 7.14 gh

Askalon 98.51 ± 21.39 bc 0.46 ± 0.04 a 16.93 ± 1.40 b–d 14.81 ± 4.62 a–c

Magic 112.32 ± 23.57 c–f 0.48 ± 0.04 ab 16.93 ± 1.51 b–d 17.73 ± 5.47 b–e

Nutka 123.70 ± 26.47 fg 0.64 ± 0.07 h 21.84 ± 2.13 j 22.65 ± 7.63 fg

Bamberka 126.10 ± 17.83 fg 0.52 ± 0.05 c–e 16.98 ± 1.17 c–e 20.95 ± 4.49 e–g

SMH196 122.41 ± 36.36 ef 0.55 ± 0.07 ef 18.22 ± 2.72 d–f 21.32 ± 9.60 e–g

SMH87 124.80 ± 28.39 fg 0.60 ± 0.06 f 19.91 ± 2.30 gh 21.95 ± 7.59 e–g

Ceres 154.87 ± 40.96 h 0.64 ± 0.06 h 21.27 ± 2.09 ij 28.43 ± 10.34 h

SMH200 154.35 ± 28.40 h 0.58 ± 0.05 fg 19.98 ± 1.85 hi 27.69 ± 7.76 h

SMH214 152.77 ± 37.99 h 0.59 ± 0.06 g 19.82 ± 1.97 gh 28.89 ± 9.97 h

a,. . .,j—superscript letters denote significant differences between the examined properties at p < 0.05.
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No significant differences in the mechanical properties of the grain were observed
in the following pairs of wheat cultivars: Türkis and Julius, Türkis and Cytra, Türkis
and Askalon, Türkis and Magic, Astoria and Fregata, Astoria and Radunia, Astoria and
Parabola, Astoria and Magic, Fregata and Radunia, Fregata and Parabola, Fregata and
Magic, Fregata and Bamberka, Fregata and SMH196, Radunia and Parabola, Radunia and
Magic, Radunia and Bamberka, Parabola and Bamberka, Parabola and SMH196, Cytra and
Askalon, Cytra and Magic, Tonacja and Bamberka, Askalon and Magic, Bamberka and
SMH196, and SMH200 and SMH214. The grain of the cv. Magic was most similar whereas
the grain of the wheat cv. Ceres was most different from the remaining cultivars.

The cultivar pairs Cytra and Magic, Askalon and Magic, and SMH200 and SMH214
were most similar in terms of all the examined grain parameters. In turn, the greatest
differences were observed between the cvs. Chinese Spring and Bamberka, and these pairs
were always classified into different homogeneous groups. The grain of the cvs. Fregata
and Parabola can be used to determine the physicochemical parameters of wheat kernels
because these cultivars were most similar to the other wheat cultivars. In this respect,
Chinese Spring differed most considerably from the remaining wheat cultivars.

3.4. Friabilin Content Indicator

According to Martin et al. [32], Chinese Spring should be used as the reference cultivar
for determining the friabilin content of wheat grain in SDS-PAGE analysis. In the present
study, the friabilin content indicator was set at 1 for the reference cultivar (Chinese Spring)
(Figure 2). In the remaining wheat cultivars, this parameter ranged from 0.213 (SMH87) to
0.769 (Parabola). The wide practical application of the proposed approach to determining
the friabilin content of wheat grain as a measurement method would require validation,
which could not be conducted in this study. The results obtained with the use of this
approach should also be compared with the results of measurements performed with other
methods, such as RP-HPLC.
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Figure 2. Values of the friabilin content indicator and the grain hardness index (HI) in the analyzed
wheat cultivars.

Contrary to the observations made by other authors [6,12,75], the friabilin content did
not always decrease with an increase in the HI. According to Bhave and Morris [15], the
kernel hardness is not affected by the total content of friabilin proteins but only by the
protein fractions that are directly associated with starch. For this reason, kernels with the
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same content of friabilin proteins often differ in their HI values. Similar observations were
made by Anjum and Walker [76], Geneix et al. [77], and Tu and Li [26], who concluded
that significant differences in the hardness of the wheat kernels with a similar content of
puroindoline proteins may suggest that this parameter is also influenced by other factors.
Therefore, the value of the friabilin content indicator determined for the grain of a given
wheat cultivar is not always correlated with its mechanical properties.

3.5. Correlations between the Fiabilin Content Indicator and the Physicochemical Properties
of Grain

The correlation coefficients describing the strength of the relationships between the
friabilin content indicator and selected physicochemical properties of wheat grain are
presented in Table 4. The friabilin content indicator was bound by the strongest correlation
with the kernel length (0.621) and by the weakest correlation with the total ash content
(0.083). In addition to the mean kernel length, the friabilin content indicator was also
significantly influenced by the mean kernel thickness, mass, rupture force, rupture energy,
vitreousness, and HI. The correlation coefficients noted for these pairs were negative, which
testifies to their inversely proportional relationship, where an increase in the value of
one parameter induces a decrease in the value of the other parameter. The presence of
correlations between the friabilin content of grain, its geometric properties, and the mass of
its kernels could be a unique feature of wheat cultivars grown in Polish regions because no
such relationships have been reported in the literature. The observed correlations could
result from changes in the puroindoline profile with an increase in kernel size, but more
detailed chemical analyses are needed to confirm this hypothesis. However, the friabilin
content was found to be associated with the rupture force, rupture energy and HI in
other studies, although these correlations were relatively weak. Geneix et al. [77] reported
higher values of coefficients of correlation between the content of puroindoline proteins,
the particle size index (PSI) (0.94), and the grain hardness measured using near-infrared
spectroscopy (NIRS) (0.70). According to Hogg et al. [10], the wheat grain hardness is not
correlated with the total content of puroindoline proteins but with the content of the PINA
and PINB proteins. This observation could explain the findings of Mikulíková [14] and Tu
and Li [26], who concluded that only approximately 60% of the variation in kernel hardness
can be attributed to the friabilin content.

Table 4. Correlation coefficients denoting the strength of linear relationships between friabilin content
and other properties of wheat grain.

Property Correlation with Friabilin Content

Moisture 0.368
Crude protein 0.109

Total ash −0.083
Vitreousness −0.492

Hardness index, HI −0.600

Length −0.621
Width −0.153

Thickness −0.584
Mass −0.552

Aspect ratio 0.436
Sphericity 0.445

Rupture force −0.592
Longitudinal strain −0.435

Relative strain −0.213
Rupture energy −0.552

Values in bold denote significant correlations at 0.05. Critical value of the correlation coefficient—0.468. Sample
size n = 18.
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Due to the relatively weak correlations between the compared parameters, the derived
regression equations were characterized by relatively low values of coefficients of deter-
mination (Figure 3). These relationships can be described with linear functions, and the
highest value of the coefficient of determination was noted for the relationship between the
kernel length and the friabilin content indicator (R2 = 0.39).
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Figure 3. Relationships between the friabilin content indicator and the physical properties of wheat
grain: (a) length and friabilin content indicator; (b) thickness and friabilin content indicator; (c) mass
and friabilin content indicator; (d) friabilin content indicator and vitreousness; (e) friabilin content
indicator and hardness index HI; (f) friabilin content indicator and rupture force; (g) friabilin content
indicator and rupture energy.



Processes 2024, 12, 398 12 of 15

The friabilin content indicator decreased with a rise in the mean kernel length, thick-
ness, and mass, and the noted decrease exceeded 50% in extreme cases. An increase in the
friabilin content indicator also led to a decrease in the vitreousness, HI, rupture force, and
rupture energy. The vitreousness decreased by around 70%, the HI decreased by around
40%, the rupture force decreased by around 40%, and the rupture energy decreased by
around 50% when the friabilin content indicator increased from 0.21 to 1. This indicates
that in a given wheat cultivar, the mean kernel length is associated with a certain value
of the friabilin content indicator, and this information can be used to estimate the energy
consumption during grain griding and milling.

4. Conclusions

In the proposed approach, the friabilin content of wheat grain was determined by
comparing the intensity of the friabilin bands in electropherograms of the analyzed wheat
cultivars and the reference cultivar. Image analysis software can be used to perform accurate
measurements because visual inspection of the band intensity is not highly reliable.

In the grain of the analyzed wheat cultivars, the friabilin content ranged from around
0.21 (SMH87) to around 0.77 (Parabola) relative to the Chinese Spring reference.

The friabilin content indicator was significantly correlated with the mean kernel
length, thickness, mass, vitreousness, HI, rupture force, and rupture energy. Among these
parameters, this indicator was bound by the strongest correlation with the kernel length
and by the weakest correlation with vitreousness.

The presence of a relatively low coefficient of correlation between the friabilin content
indicator and grain hardness validates the hypothesis that wheat grain’s resistance to
mechanical damage is conditioned not only by the content of puroindoline proteins but
also by other factors.
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A.; Krystkowiak, K. Grain hardness of wheat bred in Poland and its relationship to starch damage during milling. Int. Agrophys.
2010, 24, 69–74.

31. Zhang, Y.; Hu, X.; Juhasz, A.; Islam, S.; Yu, Z.; Zhao, Y.; Li, G.; Ding, W.; Ma, W. Characterising avenin-like proteins (ALPs) from
albumin/globulin fraction of wheat grains by RP-HPLC, SDS-PAGE, and MS/MS peptides sequencing. BMC Plant Biol. 2020, 20,
45. [CrossRef]

32. Martin, J.M.; Meyer, F.D.; Smidansky, E.D.; Wanjugi, H.; Blechl, A.E.; Giroux, M.J. Complementation of the pina (null) allele with
the wild type Pina sequence restores a soft phenotype in transgenic wheat. Theor. Appl. Genet. 2006, 113, 1563–1570. [CrossRef]
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