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Abstract: Agronomic treatments and environmental conditions of cultivation affect the nutritional
value and technological quality of durum-wheat-based products. The aim of this study was to
determine the effect of 18 agronomic treatments that differed in nitrogen rate, sowing density,
and growth regulator application on variability in the quality and milling parameters of durum
wheat grain, and the interrelationships between these parameters. The study demonstrated that
the investigated parameters were modified by the agronomic treatments. However, environmental
variance resulting from differences in soil characteristics and climatic conditions dominated in most
cases (44–93%). The percentage of variance induced by differences between treatments in total
variance was distinctly higher only in the case of the gluten index (59%). The treatments without
nitrogen fertilization and with or without the application of the growth regulator, and the treatments
with the application of the growth regulator and the nitrogen rate of 120 kg N ha−1, discriminated
between the milling parameters associated with sifting (bran, type 1 semolina) and grading of milling
products (flour, type 2 semolina, and type 3 semolina), respectively.

Keywords: durum wheat; agronomic treatment; grain quality parameters; milling value parameters

1. Introduction

The determination of changes in the quality parameters of durum wheat grain re-
sulting from different crop cultivation and grain processing methods poses a challenge,
and the effort is undertaken to obtain food products with the optimal nutritional value
and processing suitability. Durum wheat grain is a source of nutrients, and its quality
determines the culinary value of the end product, which is mostly pasta [1–3], but also
bread, couscous, pizza, and other regional products [4,5]. Therefore, it is assumed that the
technological quality of durum wheat is influenced mainly by grain and milling parameters
that are responsible for the high quality of pasta [6]. High-quality pasta should have a
smooth, semi-translucent surface, vitreous appearance at the cross-section, golden-amber
color, distinctive taste and aroma both before and after cooking, and it should not be brittle
or easy to break [7,8]. These attributes are influenced by numerous grain quality parame-
ters that determine the structure and quality of bran yield, flour yield and semolina yield,
and, consequently, processing suitability. In turn, grain quality parameters are affected by
various environmental and agronomic factors, in particular cultivar, nitrogen fertilization,
and the application of growth regulators [9].

The quality of durum wheat grain, including grain health and milling potential,
are determined mainly by the bulk density of grain and thousand grain weight, which
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are directly associated with grain size and are largely affected by weather conditions
during harvest. Precipitation during harvest and grain drying by aeration lead to kernel
wrinkling, loss of vitreousness, reduced endosperm content, higher protein content, and
lower semolina content. The thousand grain weight of durum wheat is estimated to be in
the range of 35 g to 40 g [10]. Grain size is associated with vitreousness, which is strongly
related to agricultural and climatic conditions [11,12]. Vitreous kernels have rough and
cornified cross-sectional surfaces. Grain vitreousness is associated with lower flour yield
and higher semolina yield, and a high percentage of hard vitreous kernels is required to
produce high-quality pasta [13]. Grain with high protein content (>13%) increases the
protein content of semolina (to approx. 12%), which makes the resulting pasta harder, less
viscous, and less susceptible to overcooking [14].

The ash content of grain is an indirect indicator of the ash content and purity of
semolina. Grain with high ash content (1.18–1.24%) decreases semolina brightness and
yellowness, thus compromising pasta quality [2,15].

Grain quality is also significantly influenced by the content of the yellow pigment,
a trait that is genetically conditioned, stable, and not significantly affected by agronomic
or environmental factors [15,16]. The yellow pigment is associated with the presence
of natural carotenoids in semolina, and it is responsible for the desirable yellow color
of pasta. Yellow pigment is indirectly linked with the presence of natural antioxidants
which condition photosynthetic processes in plants [17] and deliver health benefits [18,19].
According to Matsuo and Dexter [20], the color of pasta (brightness and yellowness) is
inversely proportional to the ash content of semolina.

The nutritional value of durum wheat grain is determined by the content of minerals-
macronutrients and micronutrients [21]. With the exception of copper, mineral nutrients
are accumulated mainly in bran and germ. With regards to nutrient distribution in du-
rum wheat grain, whole-meal semolina is preferred in the production of pasta with high
nutritional value [22]. The concentration of minerals in grain is determined mostly by
genetic factors as well as by environmental conditions, such as soil properties and water
availability. In biofortified crops, nutrient content is also influenced by the supply of specific
macronutrient or micronutrient fertilizers [22–26].

Numerous studies have demonstrated that the physicochemical properties of durum
wheat grain affect its milling properties and the quality of semolina [15,27,28]. In the
milling process, bran and germ are separated from the endosperm, and kernel brittleness
contributes to semolina contamination with bran particles [3,29].

All of the above grain quality parameters, excluding yellow pigment content, are
strongly affected by the agricultural practices associated with sowing, fertilization, and
harvesting, as well as soil conditions and climate. Rational nitrogen fertilization is the key
agronomic factor in durum wheat production because it is responsible for the protein con-
tent of grain [30], grain vitreousness [31], high semolina yield and, consequently, desirable
grain quality parameters [32]. Sowing date and density are also important considerations in
agricultural practice. Delayed sowing decreases the content of wet gluten, the gluten index,
and semolina quality [33], and an excessive sowing density per 1 m2 decreases the number
of grains per spike and thousand grain weight [34]. In a temperate climate, the optimal
sowing density ranges from 300 to 600 grains per 1 m2 [35]. Growth regulators are applied
to intensify the production of durum wheat grain by modifying the physiological processes
of plant growth and development that impact canopy and yield formation [36,37].

The aim of this study was to assess the quality parameters and milling value of durum
wheat grain grown in different agronomic treatment systems. Two research hypothe-
ses were formulated and verified: (i) agronomic treatments influence the variability of
physicochemical parameters and milling value of durum wheat grain, and (ii) agronomic
treatments affect the mutual correlations between grain quality parameters, content of
macronutrients and micronutrients in grain, and milling yield components.
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2. Materials and Methods

Durum wheat cv. SMH 87 was grown in field experiments (2015–2017) in 18 experi-
mental treatment systems that differed in the application of the growth regulator (0: No; 1:
Yes), nitrogen fertilizer rate (0: 0, 1: 80, and 2: 120 kg ha−1) and sowing density (0: 350, 1:
450, and 2: 550 germinating seeds m−2) [37] (see Table S1 in the Supplementary Material).
The field experiments with three replicates were established in the Agricultural Experiment
Station in Bałcyny, Poland (53◦40′ N, 19◦50′ E). Harvested grain was cleaned and dried to
a 13 ± 0.5% moisture content. Grain parameters and milling value were determined in
laboratory analyses with the AACC Method 26–50 [38].

In the first stage of the analysis, the physical properties of grain were evaluated by
determining thousand grain weight and vitreousness. The chemical properties of grain,
including ash content, falling number, and protein content, were determined in grain
ground in a laboratory mill. Grain was also analyzed for the content of macronutrients (P,
K, Mg, and Ca) and micronutrients (Cu, Fe, Zn, and Mn). The following parameters were
determined in an analysis of the milling value of grain: bran weight, flour weight, and
weight of three semolina types, as well as indicators for classifying the end products of the
milling process, including particle size index, semolina yield, and unpurified middlings
yield. The content of wet gluten and dry gluten, water-binding capacity of gluten, and the
gluten index were calculated. The color of durum wheat kernels was also analyzed, but the
results were not presented due to the absence of differences between the examined kernels.

The values of vitreousness, thousand grain weight, falling number, ash content, and
protein content were determined using the methods proposed by the Canadian Grain Com-
mission, Methods–Wheat 2004 [39]. Vitreousness was measured in a sifted grain sample of
25 g to determine the natural glassiness associated with kernel hardness. Ash content was
determined with AACC Method 08–01. Samples were incinerated overnight in a muffle
furnace at 600 ◦C. The falling number was determined in 7 g samples of ground wheat by
the AACC Method 56–81B. To determine macronutrient and micronutrient concentrations,
grain samples of 0.5 g were mineralized in concentrated sulfuric acid (VI) with hydrogen
dioxide as the oxidant. Protein content (Nx5.7) was determined with the method recom-
mended by the Canadian Grain Commission (Methods–Wheat 2004) [32]. Phosphorus
content was determined by the vanadium-molybdenum method. Potassium and calcium
concentrations were analyzed by atomic emission spectroscopy (ESA). Magnesium content
was determined by atomic absorption spectroscopy (ASA). Micronutrient concentrations
were measured by ASA in a Shimadzu spectrophotometer. Semolina was passed through a
sieve made of SEFAR NYTAL® fabric [40]. Semolina (100 g) was shaken for 5 min, and the
fractions separated on the top of each sieve were weighed and expressed as a percentage
of the sample. The method produces lower values than the ICC Standard Method No.
137/1 used prior to 1 August 1998. The value of particle size index, an indicator of wheat
kernel texture, was determined by the AACC Method 55–30 [41]. The wet gluten content of
semolina was determined using the AACC Standard Method 38–12A [39].

Statistical Analysis

The examined variables were characterized with the use of descriptive statistics,
including the arithmetic mean and standard deviation. The variance associated with the
examined agronomic treatments was evaluated by analysis of variance (ANOVA), and the
significance of differences between means was determined with Fisher’s LSD procedure at
α = 0.05. Eta-squared (η2) was calculated based on the results of ANOVA, and it was used
to determine the proportion of variance associated with environmental factors (variance
across years and experimental blocks), agronomic treatments (variance across treatments)
and random factors (experimental error) (see Table S2 in the Supplementary Material). The
mean values of 18 agronomic treatments were used to assess interrelationships among
parameters (see Table S3 in the Supplementary Material). The correlations between grain
quality parameters, macronutrient and micronutrient content of grain, milling value, and
gluten content were determined by calculating simple correlation coefficients and path
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coefficients that describe the milling yield components’ percentage content of bran, flour,
and semolina (Figure 1).
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Figure 1. Diagram of path coefficients in the analysis of T. durum milling yield components. Key: Y
is the dependent variable (percentage content of bran, flour, and semolina); Xi is the independent
variable (grain quality parameters, macronutrient, and micronutrient content), where I = 1, 2, . . .
n, and n is the number of independent variables; rXi Xi+1 is the coefficient of simple correlation
between independent variables; rXiY is the coefficient of simple correlation between independent and
dependent variables; pXiY is the direct effect; pXiYrXi Xi+1 is the indirect effect; Pe is the random effect.

Grain and milling value parameters were classified as principal components, and
their contribution to the total variance was evaluated in the principal component analysis
(PCA) (see Table S4 in the Supplement). The PCA involves a correlation matrix, and the
principal components denote the proportion of variance explained by each component.
The first principal component explains the largest amount of total variance in the data, and
subsequent principal components explain the largest amount of the remaining variance [42].
In this study, three principal components explaining around 70% of total variance were
identified based on the calculated eigenvalues. The statistical analyses were performed
with the use of STATISTICA [43] and Solver for EXCEL.

3. Results and Discussion

The analyzed physicochemical parameters of durum wheat grain, milling parameters,
gluten quality, and basic descriptive statistics are presented in Table 1.

Table 1. Variables and descriptive statistics relating to durum wheat grain and milling quality parameters.

No. Variables Symbol Unit Mean Standard Deviation

Physicochemical Parameters of Grain
1 Thousand grain weight TGW G 44.9 6.1
2 Vitreousness V % 59.7 19.2
3 Ash content AC % 1.9 0.2
4 Falling number FN S 232.3 34.7
5 Protein content PC % 14.5 1.5
6 Phosphorus content P g kg−1 2.83 0.23
7 Potassium content K g kg−1 5.08 0.17
8 Magnesium content Mg g kg−1 1.38 0.09
9 Calcium content Ca g kg−1 0.58 0.21

10 Copper content Cu mg
kg−1 3.07 0.60

11 Iron content Fe mg
kg−1 52.4 7.19

12 Zinc content Zn mg
kg−1 38.4 7.16

13 Manganese content Mn mg
kg−1 29.9 3.22
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Table 1. Cont.

No. Variables Symbol Unit Mean Standard Deviation

Milling Value Parameters
14 Bran weight (GG30, 670 µm) BW g 566.6 73.7
15 Flour weight (<112 µm) FW g 57.0 27.2

16 Type 1 semolina weight
(GG74, 212 µm) SW1 g 287.4 77.7

17 Type 2 semolina weight
(GG50, 355 µm) SW2 g 338.4 89.5

18 Type 3 semolina weight
(GG38, 500 µm) SW3 g 419.3 97.0

19 Particle size index PSI % 5.7 2.5
20 Semolina yield SY % 62.2 3.5

21 Unpurified middlings yield
(>125–<550 µm) UMY % 37.1 4.2

Gluten Quality Parameters
22 Wet gluten GW % 21.48 1.58
23 Dry gluten GD % 7.33 0.54
25 Water-binding capacity GWC % 14.2 1.06
25 Gluten index GI % 21.19 13.51

Agronomic treatments significantly affected grain quality and milling value parame-
ters of durum wheat (Table 2). Falling number and semolina yield were the only exceptions,
and the mean values of these parameters approximated the arithmetic mean. The treat-
ments had no significant effect on the macronutrient and micronutrient content of grain.
According to Ficco et al. [21], the macronutrient and micronutrient content of grain is largely
determined by genetic and environmental factors, which explained 62%, 52%, 51%, and
49% of total variance in the content of P, K, Na, and Mn, respectively. In a study by Pataco
et al. [22], biofortification of durum wheat grain did not induce significant differences in
nutrient concentrations. P content was 5.26–7.47 g kg−1, K content–5.26–8.65 g kg−1, Mg
content–1.45–1.91 g kg−1, Cu content–6.99–9.70 mg kg−1, Fe content-44.03–50.23 mg kg−1,
and Zn content–92.96–132.54 mg kg−1. Only Ca concentration increased by nearly 76.5% in
biofortified grain.

The contribution of agronomic, environmental, and random factors to total variance
in the analyzed parameters was strongly differentiated (Figure 2). Agronomic treatments
exerted a strong influence only on GI (58.9%), whereas the remaining parameters were
affected mostly by environmental factors. Environmental factors exerted the weakest
influence on PSI (44.8%) and grain vitreousness (47.7%), and the greatest influence on
TGW (92.9%) and type 2 semolina weight (92.7%). In a study by Makowska et al. [44] the
analyzed agronomic factor, i.e., the nitrogen fertilizer rate of 140 kg ha−1, had the greatest
influence on grain vitreousness and TGW.

An analysis of the effect of agronomic factors in the examined treatments revealed that
treatment means were significantly affected mainly by the nitrogen rate and the application
of the growth regulator, whereas the mean values in treatments with different sowing
density differed only in the values of GW, GD, and GWC (Table 3).
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Table 2. Variability in the mean values of grain quality and milling value parameters across agronomic treatments.

No.
Agronomic
Treatments

(Treatment Level †)

Grain Quality Parameters Milling Value and Gluten Quality Parameters

TGW g V % AC % FN % PC % BWg FW g SW1 g SW2 g SW3 g PSI % SY % UMY % GW % GD % GWC % GI %

1 R0N0D350 (000) 44.9 54.5 1.83 220 14.0 570 50.3 317 328 401 5.11 62.4 38.6 19.8 6.65 13.2 33.3
2 R0N0D450 (001) 44.0 60.0 1.89 225 14.2 573 48.6 305 331 412 4.82 62.4 38.0 19.4 6.75 12.7 32.6
3 R0N0D550 (002) 43.7 53.0 1.87 226 14.1 567 56.3 305 342 396 5.73 62.1 38.5 19.0 6.42 12.6 27.9
4 R0N80D350 (010) 46.0 55.0 1.90 241 14.1 589 56.9 297 324 405 5.63 60.8 36.5 23.5 7.90 15.6 34.4
5 R0N80D450 (011) 45.2 52.5 1.87 243 14.0 560 71.7 288 349 399 7.00 61.7 37.6 21.5 7.31 14.2 27.2
6 R0N80D550 (012) 44.7 53.5 1.83 241 13.9 557 66.6 307 335 397 6.80 61.9 38.1 21.4 7.27 14.1 27.1
7 R0N120D350 (020) 46.0 71.5 1.92 238 14.8 563 75.7 250 337 443 7.46 61.1 34.7 21.7 7.29 14.4 20.9
8 R0N120D450 (021) 46.3 70.5 1.86 240 14.7 536 73.7 256 373 427 7.11 62.9 37.5 22.5 7.68 14.8 15.9
9 R0N120D550 (022) 45.8 67.5 1.93 238 14.9 551 72.6 257 351 436 7.07 62.1 36.2 20.9 7.07 13.8 29.3

10 R1N0D350 (100) 44.4 53.0 1.88 211 14.4 580 44.9 310 324 410 4.60 62.1 37.6 21.1 7.24 13.9 29.8
11 R1N0D450 (101) 44.4 57.5 1.91 216 14.5 582 47.4 300 326 415 4.71 62.0 37.4 21.8 7.53 14.2 15.6
12 R1N0D550 (102) 42.9 49.5 1.87 235 14.2 583 48.9 303 326 405 4.92 61.7 37.5 20.2 6.88 13.3 12.1
13 R1N80D350 (110) 44.8 53.5 1.91 231 14.4 563 47.7 317 338 404 4.73 63.1 38.8 22.3 7.56 14.8 25.5
14 R1N80D450 (111) 45.5 49.0 1.87 238 14.4 581 41.1 309 330 407 4.15 62.3 37.9 22.4 7.76 14.7 12.8
15 R1N80D550 (112) 45.1 52.0 1.92 238 14.5 558 55.1 307 351 402 5.29 62.9 38.7 21.3 7.30 14.0 10.2
16 R1N120D350 (120) 45.3 74.5 2.03 231 15.5 563 55.4 248 352 454 5.48 62.4 35.4 22.5 7.70 14.8 9.6
17 R1N120D450 (121) 45.2 75.5 2.05 230 15.4 575 56.3 247 329 462 5.55 61.6 34.2 23.5 8.06 15.4 8.0
18 R1N120D550 (122) 44.6 72.0 2.00 241 15.3 547 57.1 250 343 471 5.60 63.4 35.4 21.8 7.61 14.2 9.0

Femp. 2.21 2.32 2.29 0.99 2.67 1.82 2.53 3.96 2.32 2.76 2.23 1.00 1.85 4.22 4.91 3.71 2.17
p-value 0.008 0.011 0.006 0.476 0.001 0.036 0.002 0.000 0.005 0.001 0.007 0.464 0.032 0.000 0.000 0.001 0.027
LSD0.05 1.63 17.44 0.105 - 0.90 0.900 18.86 38.1 24.1 40.2 1.89 - 2.92 1.76 0.579 1.24 18.44

Refer to Table 1 for the key. † Description of agronomic treatments, e.g., R0N0D350 (000): treatment without the growth regulator (0), without nitrogen fertilization (0), and with a sowing
density of 350 germinating seeds per m2 (0).
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Table 3. Comparison of treatment means for grain quality and milling value parameters.

Quality
Parameter

Unit
Treatments

N0 N80 N120 D350 D450 D550 R0 R1

Grain Quality Parameters
TGW g 44.1b 45.2a 45.5a 45.3 45.1 44.5 45.2 44.7

V % 54.6b 52.6b 71.9a 60.3 60.8 57.9 59.8 59.6
AC % 1.88b 1.88b 1.96a 1.91 1.91 1.9 1.88b 1.94a
FN s 222b 239a 236a 229 232 236 235 230
PC % 14.2b 14.2b 15.1a 14.5 14.5 14.5 14.3b 14.7a

Milling Value Parameters
BW g 576a 568a 556b 571 568 561 563 570
FW g 49.4b 56.5b 65.1a 55.1 56.5 59.4 63.6a 50.4b
SW1 g 307a 304a 251b 290 284 288 287 288
SW2 g 330b 338ab 347a 334 340 341 341 336
SW3 g 407b 403b 449a 420 421 418 413 426
PSI % 4.98b 5.60ab 6.38a 5.50 5.56 5.90 6.30a 5.00b
SY % 62.1 62.1 62.3 62.0 62.2 62.4 61.9 62.4

UMY % 37.9a 37.9a 35.6b 36.9 37.1 37.4 37.3 37.0
Gluten Quality

GW % 20.2b 22.1a 22.2a 21.8a 21.9a 20.8b 21.9a 20.2b
GD % 6.91b 7.52a 7.57a 7.39a 7.52a 7.09b 7.15b 7.52a

GWC % 13.3b 14.5a 14.6a 14.4a 14.3a 13.7b 13.9b 14.4a
GI % 25.2a 22.9ab 15.5b 25.6 18.7 19.3 27.6a 14.7b

Refer to Table 1 for the key. Means with the same letter are not significantly different from each other (Fisher’s
LSD procedure at α = 0.05).

In durum wheat, TGW is an indicator of the size and health status of kernels [15].
Heavier kernels have a higher endosperm-to-bran ratio, which increases SY. In this study,
the mean TGW was 44.9 g, and it ranged from 34.6 to 55.8 g. Heavier grain was produced in
treatments with nitrogen rates of 80 and 120 kg N ha−1. Vitreousness is closely linked with
kernel hardness, protein content, and semolina granulation [45]. The percentage of vitreous
kernels varied widely (28–96%) across the examined treatments. The highest average per-
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centage of vitreous kernels (71.9%) was noted at the highest nitrogen rate (120 kg N ha−1).
Sowing density and the application of the growth regulator had a relatively small effect
on the percentage of vitreous kernels. In the work of Subira et al. [46], the percentage of
vitreous durum wheat kernels ranged from 80% to 92%. In spring durum wheat cv. SMH87,
this parameter was determined at 80–94% [38]. Grain vitreousness was clearly lower in the
present study.

The AC of durum wheat grain is associated with semolina brightness [47]. High-
quality durum wheat semolina should not contain more than 0.8–0.9% of ash [48]. In this
study, the mean value of AC was high (1.9%), ranging from 1.4% to 2.2%. This parameter
was influenced by nitrogen fertilization and the application of the growth regulator. Ash
content significantly increased in response to the highest nitrogen rate and the application
of the growth regulator.

The FN denotes alpha-amylase activity in ground grain, and low FN can indirectly
point to unfavorable weather conditions during durum wheat harvest which trigger ger-
mination [49]. In the analyzed treatments, FN ranged from 159 s to 338 s, with a mean
value of 232.3 s. In the group of agronomic factors, nitrogen rates of 80 and 120 kg N ha−1

induced a significant increase (approx. 7.5%) in FN from 220 s to 239 s for 80 kg N ha−1

and to 236 s for 120 kg N ha−1, on average. According to Sulewska et al. [50], the minimum
value of FN for durum wheat is 250 s, and the optimal value is 350 to 400 s. In the present
study, mean FN values were lower, and similar observations were made by Rachoń [49],
who determined FN values in the range of 64 to 374 s in a study analyzing different durum
wheat varieties, sowing dates and weather conditions of Poland. Such a wide range of
FN values implies that this attribute is considerably affected by genotype and agricultural
practice.

Protein content is closely linked with flour and semolina quality [3]. At the same time,
pasta quality is influenced by the correlation between protein content and vitreousness
of durum wheat grain. In the evaluated agronomic treatments, PC varied widely from
11.9% to 18.8%, with a mean value of 14.5%. These results indicate that the PC of grain
is influenced mostly by environmental factors (65.6%), but agronomic factors also play a
role (10.6%). The analyzed parameter was highest in the treatment with a nitrogen rate of
120 kg N ha−1 (15.1%) and the application of the growth regulator (14.7%). Similar results
were reported by Ruisi et al. [5] in whose study, the PC of durum wheat grain ranged from
11.4% to 16.6%.

Milling value parameters were determined based on the weight of five yield com-
ponents: bran (BW), flour (FW), and three different types of semolina with particle sizes
of 212 µm (SW1), 355 µm (SW2), and 500 µm (SW3). Three indicators for classifying the
end products of the milling process were applied: particle size index (PSI), total semolina
yield (SY), and unpurified middlings yield (UMY). In the present study, milling yield
components denote the percentage of three T. durum yield components: bran (BY), flour
(FY), and semolina (SY).

The analyzed agronomic factors affected milling yield components. In the treatments
without nitrogen fertilization and with a nitrogen rate of 80 kg N ha−1, durum wheat grain
was characterized by a relatively higher content of bran and type 1 semolina (Table 3).

Similarly to grain quality parameters, milling value parameters were influenced by
nitrogen fertilization (with the exception of SY), whereas flour weight and the PSI of
semolina were determined by the application of the growth regulator. These observations
could imply that fertilization rates did not affect total semolina weight but differentiated
the weight of the three types of semolina.

In general, an increase in the nitrogen rate from 0 to 80 kg N ha−1 and from 0 to
120 kg N ha−1 was accompanied by a decrease in bran weight (−1% and −4%), weight
of type 1 semolina (−1% and −18%), and unpurified middlings weight (0 and −6%), as
well as an increase in flour weight (45% and 32%), weight of type 2 semolina (2% and 5%),
weight of type 3 semolina (10% and 3%), and the particle size index (12% and 28%). At
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the same time, the growth regulator decreased flour weight (−21%) and the particle size
index (−21%).

The PSI denotes the milling yield of grain, which is directly associated with grain
hardness and flour granulation. In the analyzed agronomic treatments, the PSI of durum
wheat grain ranged from 1.7 to 13.6, with a mean value of 5.7. These results imply that du-
rum wheat grain can be classified as hard or very hard regardless of the applied treatments,
nitrogen rate, and the presence or absence of the growth regulator.

The milling value of durum wheat cv. SMH 87 was also determined based on UMY
(125–550 µm). Grain with a higher UMY is characterized by higher milling value. In this
study, UMY values were low (35.6–37.9%), and they decreased significantly (by approx. 6%)
in response to the highest nitrogen rate of 120 kg N ha−1. In the work of Rachoń et al. [2]
UMY reached 61%, which testifies to the high milling value of the examined durum wheat
cultivars.

The gluten index represents the rheological properties and culinary value of pasta [51],
and this parameter was influenced by different factors than the PC of grain. Considerable
differences in GI values were noted across the treatments without nitrogen fertilization.
In unfertilized treatments, GI values were 10% higher than in treatments fertilized with
80 kg N ha−1, and 62.6% higher than in treatments fertilized with 120 kg N ha−1. This
parameter was also 87.8% higher in treatments without the growth regulator than in
treatments where the growth regulator was applied. The above differences in GI values in
response to changes in agronomic factors confirm the previous observation that this grain
quality parameter was strongly determined by the tested agronomic treatments.

The nitrogen rate of 80 kg N ha−1 significantly increased (by 9%) the content of GW
and GD, and the value of GWC. However, further changes in these parameters were
not observed when the nitrogen rate was increased to 120 kg N ha−1. In turn, gluten-
related parameters decreased by 5% in treatments with the highest sowing density. These
parameters responded differently only to the growth regulator. In treatments with the
growth regulator, GW content was 7% lower, whereas GD content and GWC were 3–5%
higher than in treatments where the growth regulator was not applied. Woźniak [52] found
that an increase in the nitrogen rate from 90 to 140 kg N ha−1 combined with chemical crop
protection increased the GW content of durum wheat grain by 4.2%. It should also be noted
that the ratio of GW content to PC is a useful indicator of flour quality [53]. In a study by
Mohan and Gupta [54], the ratio of GW content to PC in bread wheat grain ranged from
2.50 to 2.70.

The tested agronomic treatments of T. durum affected grain quality parameters, but
they did not induce significant differences in the content of macronutrients or micronutri-
ents in grain. Simple correlation coefficients were estimated and decomposed into direct
and indirect effects to explore the relationships between grain quality parameters, nutrient
content, and milling yield components (Table 4, Figure 2). The presence of a significant
correlation between GW content, GD content, and GWC resulted from strong collinearity
between these parameters. Therefore, in the correlation analysis, only GI was considered as
a gluten-related parameter.

An analysis of the correlations between grain quality parameters and milling yield
components revealed that TGW and FN were positively correlated with flour yield (0.537
and 0.603, respectively), and grain vitreousness was negatively correlated with bran yield
(−0.484), whereas grain quality parameters and semolina yield were not bound by signif-
icant correlations. A similar correlation analysis conducted by Aalami et al. [13] demon-
strated that TGW and vitreousness were significantly correlated with SY, and the corre-
sponding correlation coefficients were 0.81 and 0.61. Grain vitreousness was also positively
correlated (0.84) with the PC of semolina [3].
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Table 4. Correlation matrix of grain quality parameters, macronutrients, micronutrients, and milling
yield components (n = 18).

Parameter
Pearson’s Correlation Coefficients Direct Effects

BY FY SY BY FY SY

TKW −0.385 0.537 * −0.049 0.142 0.046 −0.235
V −0.484 * 0.462 0.160 −0.196 1.044 * −0.825

PC −0.347 0.117 0.337 −1.419 −0.469 2.363 *
AC −0.102 −0.024 0.160 1.186 * −0.325 −1.230
FN −0.463 0.603 * −0.014 −0.505 0.485* 0.163
GI 0.181 0.092 −0.335 −0.237 0.095 0.215

Pe = 0.223
R2 = 0.603
p < 0.067

Pe = 0.127
R2 = 0.762
p < 0.006

Pe = 0.364
R2 = 0.405
p < 0.355

P −0.168 0.708 * −0.514 * −0.284 0.704 * −0.356
K −0.079 0.318 −0.226 0.234 −0.010 −0.300

Mg −0.120 −0.228 0.396 −0.414 0.023 0.523
Ca 0.117 −0.286 0.143 0.422 −0.277 −0.270

Pe = 0.642
R2 = 0.128
p < 0.751

Pe = 0.246
R2 = 0.569
p < 0.020

Pe = 0.352
R2 = 0.419
p < 0.108

Cu −0.141 0.625 * −0.462 −0.238 0.689 * −0.402
Fe −0.201 0.560 * −0.316 −0.140 0.213 −0.036
Zn 0.268 −0.067 −0.284 0.397 −0.507 * 0.002
Mn 0.113 0.154 −0.309 0.011 0.215 −0.237

Pe = 0.588
R2 = 0.169
p < 0.629

Pe = 0.215
R2 = 0.616
p < 0.010

Pe = 0.355
R2 = 0.270
p < 0.356

BY 1 −0.665 * −0.631 *
FY −0.665 * 1 −0.160
SY −0.631 * −0.160 1

* Significant at p < 0.05. Refer to Figure 1 and Table 1 for the key.

None of the analyzed micronutrients and macronutrients were correlated with bran
yield; flour yield was positively correlated with the content of P (0.708), Cu (0.625), and
Fe (0.560), and semolina yield was negatively correlated with P content (−0.514). The
decomposition of correlation coefficients into direct and indirect effects revealed a hidden
pattern of relationships in the determination of milling yield components (Figure 3).

The percentage share of bran, flour, and semolina was determined by relatively strong
direct and indirect effects of three grain quality parameters: vitreousness, protein content,
and ash content. These effects differed in sign, magnitude, and dominancy (Figure 3a).
PC and AC had the greatest direct and indirect effects on bran yield. In general, these
parameters exerted mutually antagonistic effects, and AC had a high positive effect on
the correlation between bran yield and V, PC, and AC. The significant simple negative
correlation between vitreousness and bran yield resulted from the negative direct effect
of vitreousness and the negative indirect effect of PC, which surpassed the positive effect
of AC. Only the FN had a dominant direct effect and a marginal indirect effect on the
remaining parameters. In the determination of flour yield, the dominant positive effect of
vitreousness was balanced by the negative effects of PC and AC, whereas semolina yield
was determined by the strong positive effect of PC balanced by the negative effects of V
and AC. Relatively strong effects were noted for the GI. In the determination of bran yield,
the positive indirect effect of PC was masked by the negative indirect effect of AC, whereas
a reverse relationship with the dominant negative effect of PC was noted for semolina yield.
According to Mariani et al. [55], gluten content is strongly influenced by genotype, but it
is also correlated with the PC of grain. In the work of Makowska et al. [44], wet gluten
content was positively correlated with the nitrogen rate and protein content.
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Figure 3. Decomposition of correlation coefficients into direct and indirect effects of: (a) grain quality
parameters and milling yield components, (b) macronutrients and milling yield components, and
(c) micronutrients and milling yield components (the direct effect of a given independent variable
is marked in color and denoted on the X-axis). Refer to Table 1 for the key and to Figure 1 for the
diagram of direct and indirect effects (e.g., bran in Figure 3a: TGW values marked in blue on the
X-axis indicate a direct effect, whereas the parameters marked in other colors indicate indirect effects).

Macronutrients exerted varied effects on milling yield components. The results in-
dicate that Ca and K exerted positive effects on bran yield, P on flour yield, and Mg on
semolina yield. In the group of micronutrients, Cu and Zn content exerted dominant
effects. The positive effect of Cu content determined flour yield, and the positive effect of
Zn content determined bran yield. In the determination of semolina yield, all effects of
micronutrients were negative, and the negative effect of Cu content was dominant. The
results of correlation analyses conducted by other authors point to the presence of correla-
tions between the studied nutrients [21]. A positive correlation was reported between Zn
content and the content of P (0.40), Ca (0.63), Cu (0.28), Fe (0.49), Mg (0.76), and Mn (0.44).
The correlation coefficients describing the relationship between grain yield and the content
of P, C, Mg, Na, and Zn were relatively low and ranged from 0.24 (Ca) to 0.53 (Mg).

The principal component analysis of grain quality, milling value parameters, and
agronomic treatments revealed that the first three principal components explained 67.5% of
total variance. The loading vectors of grain quality and milling value parameters (vectors),
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and the factorial scores of agricultural treatments (black dots) for the first two principal
components, are presented in Figure 4.
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Figure 4. PCA biplot of 9 grain quality parameters (blue lines: TGW, V, PC, AC, GI, GW, GD, and
GWC), 4 macronutrients (green lines: P, K, Mg, and Ca), 4 micronutrients (brown lines: Cu, Fe, Mn,
and Zn), and 5 milling weight components (red lines: BW, FW, SW1, SW2, and SW3) assessed in
18 agronomic treatments (treatment levels are marked with symbols: e.g., “000” denotes a treatment
without the growth regulator, without nitrogen fertilization, and with a sowing density of 350 seeds
per m2). Please refer to Table 1 for the key.

The first principal component (PC1: 32.4%) was positively correlated with type
1 semolina weight (0.895) and bran weight (0.484), and it was negatively correlated with
vitreousness (−0.827), type 3 semolina weight (−0.810), protein content (−0.777), param-
eters associated with gluten weight (GWC: –0.747, WG: −0.752, DG: −0.740), thousand
grain weight (−0.671), and flour weight (−0.552). PC1 discriminated between treatments
without the application of the growth regulator and without nitrogen fertilization (000, 001,
and 002) or treatments with the application of the growth regulator and without nitrogen
fertilization (100, 101, and 102), which contributed to the highest weight of type 1 semolina
and the highest bran weight, whereas the treatment with the application of the growth
regulator and the highest nitrogen rate (120, 121, and 122) contributed to the highest weight
of type 3 semolina, as well as the highest vitreousness, protein content, ash content, and
parameters associated with gluten weight. Consequently, treatments without the applica-
tion of the growth regulator and with the highest nitrogen rate (020, 021, and 022) made the
greatest contribution to thousand grain weight, flour weight, falling number, and type 2
semolina weight. These observations suggest that data points where the first coordinates
are positive correspond to milling products composed of SW1 and BW, whereas data points
where the first coordinates are negative correspond to grain quality parameters (V, TGW,
PC, GW, GWC, and GD) correlated with milling products (SW3, FW, and SW2). Therefore,
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the discrimination by PC1 into two groups of milling parameters can be associated with
sifting and grading final milling products.

The second principal component (PC2: 19.9%) was highly negatively associated with
the gluten index (−0.598), the content of copper (−0.871), phosphorus (−0.630), and iron
(−0.583), and it was positively associated with protein content (0.566), ash content (0.585),
and calcium content (0.484). Negative correlations between PC2 and the above parameters
were noted in treatments without the application of the growth regulator and in treatments
with a medium nitrogen rate (010, 011, and 012), whereas positive correlations were noted
in treatments with the application of the growth regulator and with a medium nitrogen
rate (110, 111, and 112). It can be assumed that PC2 discriminated between grain quality
parameters PC and AC that were correlated with macronutrients Ca and Mg, and the gluten
index that was correlated with micronutrients Cu and Fe.

It is worth noting that the third principal component, which was strongly correlated
with gluten parameters (GW: 0.580, GD: 0.592, and GWC: 0.565), micronutrients (Zn:
0.681 and Mn: 0.543) and bran weight (0.629), also made a relatively high contribution
to total variance (PC3: 15.2%). The agronomic treatments with optimal values of the
above parameters were differentiated mostly by sowing density in treatments without the
application of the growth regulator, without nitrogen fertilization, or with a nitrogen rate
of 80 kg N ha−1.

4. Conclusive Summary

The variability in grain and milling parameters was induced mainly by environmental
factors (40–93%) associated with soil conditions and climate. The only exception was the
gluten index, where environmental variance accounted for less than 10% of total variance.
Environmental factors induced the greatest variability in thousand grain weight, weight of
type 2 and type 3 semolina, and bran weight. The percentage of variance resulting from
differences between agronomic treatments in total variance was highest in the gluten index
(59%), followed by grain vitreousness (25%), flour weight (15%) and particle size index
(15%).

The estimated correlations between grain quality parameters, macronutrients, mi-
cronutrients, and milling yield components can be attributed to a specific configuration
of direct and indirect effects of other parameters. Vitreousness, protein content, and ash
content were the main grain quality parameters that were associated with bran, flour, and
semolina yield in different ways.

• Bran yield was determined by high direct and indirect effects of protein content and
ash content that exerted mutually antagonistic effects. Regarding macronutrients,
calcium exerted a relatively strong positive direct effect, whereas magnesium exerted
a negative direct effect. Zinc was the only micronutrient that exerted positive direct
and indirect effects.

• Flour yield was determined by the high positive effect of vitreousness, which was
masked by the negative effects of protein content and ash content. Regarding nutrients,
positive effects were associated mainly with phosphorus and copper, whereas negative
effects were associated mainly with zinc.

• Semolina yield was strongly determined by the direct and indirect effects of protein
content that were masked by the negative effects of ash content and vitreousness. In
addition, the correlation between semolina content and nutrients was explained by
the dominant positive direct effect of magnesium content and the negative effect of
copper content.

The first three components in the principal component analysis of grain quality,
macronutrients, micronutrients, milling value parameters, and agronomic treatments ex-
plained 67.5% (32.4%, 19.9%, and 15.2%, respectively) of total variance.

• The first principal component discriminated between two groups of milling value
parameters associated with sifting, i.e., separation of bran and type 1 semolina from
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other milling components, and the grading of final milling products, i.e., type 3
semolina, flour, and type 2 semolina. The two groups of parameters were correlated
with the treatments without nitrogen fertilization and with or without the growth
regulator, and with the treatments where the growth regulator and the highest nitrogen
rate (120 kg N ha−1) were applied, respectively. At the same time, the treatments
without the growth regulator and with the highest nitrogen rate made the greatest
contribution to the high values of thousand grain weight, flour weight, falling number,
and type 2 semolina weight.

• The second principal component discriminated between the following grain quality
parameters: protein content and ash content correlated with calcium and magne-
sium content, and the gluten index correlated with copper and iron content. These
parameters were optimized in treatments without the growth regulator and with a
medium nitrogen rate (80 kg N ha−1), and in treatments with the growth regulator
and a medium nitrogen rate, respectively.

• The third principal component discriminated between gluten parameters, zinc and
manganese content, and bran weight. The agronomic treatments correlated with
these parameters were differentiated by sowing density in treatments without growth
regulator, without nitrogen fertilization or with a medium nitrogen rate.
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