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Abstract

Thirteen genotypes of durum wheat were grown in two different environments in Portugal.
Grain and ash mineral profile, as well as protein content, test weight, and grain ash content
were evaluated. Genotype, environment, and their interaction explains the variation in the
quality traits, with the environment having the highest influence. Mineral profile analysis
was performed by the u-EDXRF system: macroelements (K, P, Ca, Cl, and S) represented
99% of the total concentration detected in the grain samples, while microelements repre-
sented up to 2% of the total concentration when analyzing the ash samples (Fe, Mn, Zn,
Cu, Si, Rb, Sr, and Ti). Almost every element found in the grain and ash analysis was
affected by the environment. Only K and Ca in the grain had higher concentrations in
the environment with water scarcity, while the concentrations of all the detected elements
except for Si and Sr were higher in the ashes in this environment. Regarding the genotype,
P, S, and Cu grain concentrations were not affected by the environment. The highest grain
mineral concentration was found for Gingao, suggesting a better mineral uptake and/or
translocation-to-grain capacity. However, regarding the technological quality, most of the
genotypes presented ash content values above the maximum specified threshold.

Keywords: ash content; durum wheat quality; mineral composition; semolina yield

1. Introduction

Wheat is considered one of the most important cereals in the world, playing a promi-
nent socio-economic and nutritional role in human food (it feeds >30% of the human
population) [1]. Durum wheat (Tritticum durum Desf.) is used as a suitable raw material for
the manufacture of various products such as pasta, which stands out in Europe and North
America due to its widespread consumption.

In Portugal, wheat remains an important cereal for traditional farming systems in the
south of the country. However, unpredictable weather situations highly influence crop
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yields, mainly due to the shortage of water and extreme temperatures that, at certain times
of the cycle, are the most limiting factors for wheat production [2]. These conditions of
water scarcity and extreme temperatures are critical depending on the phenological stage
of the crop, incurring greater losses of yield and quality when they occur in late-vegetative
and grain-filling periods [3]. Temperature induces a series of physiological changes in
the accumulation of reserves in the grain, which interfere with all processes including
the assimilation and deposition of starch, proteins, and minerals in the grain (influencing
their content and composition) [4]. Water scarcity also affects photosynthesis processes,
metabolites formation and remobilization, and reduces leaf area and aboveground biomass
which minimizes water consumption, also causing an increase in root distribution in soil
layers to enhance water and nutrient absorption [5]. The reduction in the production of
photoassimilates can stimulate the remobilization of reserves for grains or reduce their
accumulation, depending on the time of occurrence.

Despite the instability of the Mediterranean climate of this region, the quality of
durum wheat for semolina and pasta production tends to be favored by this moderately
dry climate, with a high number of hours of sunlight during the grain-filling period [6].
The quality of durum wheat is defined according to technological parameters determined
at the kernel level, which are related to yield (test weight, vitreousness, and ash content),
processing (protein content), and characteristics required for the final product [7]. Test
weight (mass per hectoliter) and ash content are the most sensitive parameters of wheat
produced in Portugal and are often outside of industry-specified ranges. In this sense, test
weight is largely affected by stresses that occur during the grain-filling period. Regarding
grain ash content, it is known that it is related to mineral composition, but the nature of
this parameter still remains unknown.

Minerals are present in a small proportion of the wheat grain, and their presence is
lower in the endosperm than in the outer layers of the grain [8]. When semolina is produced,
these outer layers are removed, and a considerable part of minerals are lost [9]. Nevertheless,
legal restrictions have established the maximum threshold for ash content to be 0.9% DM
(dry matter) for semolina suitable for pasta manufacture (Portaria No. 254/2003). This fact
imposes limitations on grain ash content, assuming that it should be lower than 1.9% DM
to ensure a good semolina yield and avoid the appearance of defects in pasta (i.e., black
dots) [7].

Several genetic factors may influence the rate of mineral deposition in grains which
can interfere with mineral root uptake ability, translocation, redistribution within the plant
tissues, and remobilization to the grain [10]. The concentration of minerals in the grain
changes on a specific basis for each element, and the proportion of each element in the
morphological section of the grain depends on the genotype, though environmental factors
also play a role [8,9,11]. Other genetic aspects that affect the distribution of minerals in the
grain are shape, texture, and dimension of the grain: larger grains are associated with lower
relative concentrations of nutrients, even if the total amount per kernel is not affected [12].

Edaphoclimatic conditions (soil type, nutrient availability, pH, water holding capacity,
insolation, and temperature, among others) as well as agronomic management (sowing
density, crop rotation, fertilization, etc.) and physiological aspects (stage of grain maturation
at harvest, plant health) can also influence the mineral content in wheat grain [13,14].

Mineral compounds such as potassium phosphates and sulfates or calcium and magne-
sium compounds are very common in wheat grain [15]; in fact, Meenu et al. [16] indicated in
their research that the most abundant minerals of wheat grain are phosphorus, potassium,
magnesium, and calcium. According to Grant et al. [17], durum wheat grain is character-
ized by a low sodium content (0.01-0.05 mg/g), while the typical concentrations of the
other macroelements are 3.8-5.5 mg/g for potassium (K), 1.8-5.2 mg/g for phosphorus (P),
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1.0-1.5 mg/g for magnesium (Mg), and 0.32-0.47 mg/g for calcium (Ca). Copper (Cu), iron
(Fe), manganese (Mn), selenium (Se), and zinc (Zn) are also found in kernels but in lower
concentrations. According to Emam et al. [18], wheat grain is a source of essential minerals
for the global population due to the high consumption of wheat products throughout
the world. Considering that above two billion people worldwide are affected by mineral
deficiencies, especially micronutrients [19], the increase in minerals in wheat kernel could
contribute to improving human health. Thus, many biofortification examples are found in
the literature, where researchers obtained an increase in some mineral elements, critical
for human health, such as Zn, Se, I, or Fe, which are proven to improve wheat consumers
health, whether animals or human beings [20-22]. However, researchers should not ignore
the maximum ash content threshold set by national regulations, even when grain ash
content does not influence nutritional quality, it can influence technological quality, which
is not desirable for the durum wheat product industry.

In this experiment, 13 genotypes of durum wheat were grown in two different environ-
ments, and the effect of genotype and environment on the main grain quality traits (protein,
test weight and ash content) and the mineral profile in grain and ashes were evaluated,
with the aim of determining the influence of each factor on every element detected in
the analysis. Thus, although this study was conducted in the south of Portugal, its main
conclusions can be extrapolated and applied to other Southern Mediterranean regions.

2. Materials and Methods
2.1. Plant Material

The wheat genotypes tested in this experiment (Tritticum durum Desf.) include
thirteen commercial genotypes commonly used in Portugal sourced from Spain (Arcoduro,
Don Norman, Don Ricardo, Trimulato), Italy (Massimo Meridio, Antalis, Kenobi, Aventadur),
and Portugal (Celta, Fado, Vadio, Bridao, Gingao). Portuguese genotypes were obtained
from the cereal breeding program of INIAV, LP. Genotype data description (origin, growth
habit, and registration year) is presented in Supplementary Material Table S1.

2.2. Experimental Site

Field experiments were conducted in two different locations with different environ-
mental conditions: —Alto Alentejo (AA) (38°53/39” N, 7°03'20” W) and —Baixo Alentejo
(BA) (38°02'14” N, 7°53/06” W), representing the most important provinces in Portugal for
cultivating durum wheat crop.

These two soils present some differences: AA soil, belonging to the fluvisols group,
showed a high level of mineral nutrients and good drainage capacity; BA soil, belonging to
the vertisols group, is dark colored and characterized by well-defined layers of calcium
carbonate, high level of vegetable nutrients, and a clayey to very clayed texture [23].

2.3. Field Experiment

Experiments in each environment were arranged in a randomized complete block
design with three replicates, with an elemental plot area of 9.6 m?. Sowing took place
on 12th December and harvesting on 5th—6th July. Conventional fertilization of 165 UN
fractionated throughout the culture cycle (one basal fertilization and three top-dressed
fertilizations) were performed, and herbicide protection (post-emergence) and antifungal
treatments were applied (in stem elongation -GS30-GS33- and booting -G541-G547).

2.4. Quality Evaluation

Grain test weight and protein content were evaluated by NIR Infratec 1241 (FOSS,
Hillered, Denmark), according to BS EN 15948: 2020 [24].
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Aliquots of any sample were ground in a Cyclotec 1093 mill with a sieve of 0.5 mm
(Tecator, Hillerad, Denmark), and ash content was determined after a 900 °C-incineration
in a Nabertherm laboratory oven (LT 15/11, Lilienthal, Germany), following the official
rule ISO 2171:2023 [25]. Grain mineral characterization (GR), as well as grain ash char-
acterization (GRash) were developed by means of u-EDXRF (Micro energy dispersive
X-ray fluorescence) [26] comprising a benchtop spectrometer M4 Tornado (Bruker, Berlim,
Germany), with a X-ray tube cooled by air, micro-focus side window Rh tube, and powered
by a low-power HV generator. The detection of fluorescence radiation was performed by
an energy dispersive silicon drift detector with 30 mm? sensitive area. The X-ray generator
was operated at 50 kV and 100 pA without the use of filters and in vacuum in order to
improve the ionization of elements of low atomic number.

Quantification of elements was performed based on the fundamental parameter
method for bulk samples, where they were previously compressed (10 ton, 2 min) and
glued onto a mylar sheet mounted on slide frames (50 x 50 mm). The glue was composed
of light elements which cannot be detected.

2.5. Statistical Analyses

Statistical analyses were performed using the statistical package IBM SPSS software
(version 20, IBMCorp., Armonk, NY, USA) Statistics. Analysis of variance (ANOVA) was
determined with the general linear model procedure to study the effect of each geno-
type, environment, and their interaction with quality parameters and mineral composition.
Means were compared using Tukey Student’s test (significance level p < 0.05). The rela-
tionship between ash content and mineral elements was examined by Pearson correlation
coefficients using the results from the two locations, and the results were recognized as
statistically significant at p < 0.05.

3. Results
3.1. Climatic Conditions

Both sites of the experiments, AA and BA, are located in two subregions of Alentejo,
the main cereal-producing region in Portugal, where climate is usually characterized by
Mediterranean conditions with high irregularity in both rainfall and temperatures across
seasons and years. Climatic conditions at both sites during the field experiments are
presented in Figure 1.

The temperatures at the two sites were quite similar in almost every month, showing
a parallel average of maximum temperatures (around 15-16 °C) along winter months
(December, January, February) and with an average of minimum temperatures of around
4-5°C. However, BA showed minimum temperatures below zero in January, which
coincides with the beginning of tillering, delaying or lengthening this phenological phase.
In the spring months (March, April, May), the average of maximum temperatures was 16 °C
in March, 19-20 °C in April, and 24-25 °C in May, but again, some differences were found
between the two locations: AA showed higher minimum and maximum temperatures
during the grain-filling period which significantly modified the grain-filling capacity of the
plants. Thus, the number of days with maximum temperatures above 25 °C was greater in
AA (6 days in late April and 16 in May) than in BA (10 days in May). Total rainfall was
very similar in both sites while the experiments took place, with a total amount of 519 mm
in AA and 518 mm in BA. However, winter precipitation was 20 mm higher in AA than
in BA, mainly concentrated on the first few days of January. Spring total rainfall amount
was more or less the same for both sites, but again, the distribution was slightly different,
given that in the rainy month (March), in which the monthly rainfall in AA was 30 mm
higher than in BA, there was better rainfall distribution in BA. Moreover, to increase the
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differences in management, in BA, irrigation took place when necessary (February—34 mm,
April—25 mm, May—68 mm and June—17 mm), preventing plants from suffering from
water stress, which definitely happened in AA.
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Figure 1. Climatic conditions at Alto Alentejo (a) and at Baixo Alentejo (b): daily record of rainfall
(Prec.), irrigation (Irrig.), maximum daily temperature (Tméx.), and minimum daily temperature
(Tmin.). Data provided by meteorological stations at experimental sites.

3.2. Genotype and Environmental (Site) Effects on Durum Wheat Technological Quality

Genotype and environment contributed for variation in the three quality traits (test
weight, protein and ash content), with greater importance of environment, and also, with a
significant effect for the interaction between both (Table 1).

Table 1. Analysis of variance (MS—mean square and F value) for test weight and protein and ash
contents of 13 genotypes sown at two different environments (Alto Alentejo and Baixo Alentejo).
N=78.

Source of Variation

Test Weight (R? = 0.955) Protein Content (R? = 0.909) Ash Content (R? = 0.685)

df MS F MS F MS F
Model 25 11.22 43.82 *** 5.02 20.79 *** 0.016 4.53 ***
Genotype (G) 12 16.41 64.09 2.60 10.77 *** 0.020 5.52 ***
Environment (E) 1 44.33 173.13 *** 77.80 322.44 *** 0.083 23.24 ***
GxE 12 3.27 12.78 *** 1.37 5.67 *** 0.007 1.98 *
Error 52 0.26 0.24 0.004

*, *** stands for 0.05 and 0.001 level of significance, respectively.

Regarding the test weight, Figure 2a showed better results for BA than AA in most
genotypes, with BA data being consistently above the minimum industrial reference value
of 77 kg/hL. In the case of AA, only Aventadur and Briddo genotypes did not reach the
given reference value. Conversely, protein data for AA showed values between 13.3% DM
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and 16.3% DM, which means that every value was at least about 2% above the minimum
industrial reference value of 11.5% DM for durum wheat, while the protein results for
BA did not reach 14.5%, even for the best results, being below 13.5% DM most of the
time (Figure 2b). Finally, regarding the ash content (Figure 2c), almost all combinations of
environment x cultivar exceeded the maximum reference value for industrial purposes in
durum wheat (1.9% DM), with the exception of genotype Trimulato grown in AA.
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Figure 2. Mean values (n = 3) &+ standard error of (a) test weight, (b) protein content, (c) ash content
for 13 durum wheat genotypes grown in Alto Alentejo (AA) and Baixo Alentejo (BA) experiments.
Different letters indicate significant differences between the genotype x environment combinations,
according to Tukey test (p < 0.05). Red line indicates the industrial acceptable specification of
each parameter.

3.3. Genotype and Environmental (Local) Effects on Durum Wheat Grain and Ash
Mineral Composition

Before analyzing the numerical data of the different elements, it is necessary to in-
dicate that macroelements represented about 99% of the total concentration detected in
the grain samples (GR samples) of the two environments, while microelements repre-
sented about 1% (Table 2). Calcium (Ca), chlorine (Cl), potassium (K), phosphorus (P),
and sulfur (S) were the five macroelements detected by u-EDXREF (all with higher atomic
number than aluminum).
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Table 2. Mean values + standard error for macro and microelement concentration detected in
grain (GR) and grain ash samples (GRash) of the 13 genotypes sown at the two environments
(Alto Alentejo-AA and Baixo Alentejo-BA). Different letters represent significant differences between
locals for each element.

Macro Concent GR Samples GRash Samples
) AA (g/kg) BA (g/kg) AA (g/kg) BA (g/kg)
K 8.02£0.16a 494 £0.08b 1959 £3.6a 110.1 £2.2b
P 1.69 +0.04 b 2.06 £0.04a 529+ 1.1a 526+ 1.1a
Ca 0533 £0.015a 0.408+0.009b 143+05a 82+03b
S 0.532 +0.013b  0.597 & 0.006 a - -
Cl 0.162 £0.010b 0.243 £ 0.006 a - -
Total (%) 99.1 98.6 98.3 97.9
Micro Concent.  AA (mg/kg) BA (mg/kg) AA (g/kg) BA (g/kg)
Fe 440+12a 4214+09a 1.300 £ 0.035a 0.789 £ 0.015b
Mn 359+11a 371£09a 1.120 £ 0.038a 0.762 £ 0.019b
Zn 213+ 06D 301£05a 0.727 £0.019a 0.650 £ 0.014b
Cu 349+024b 791+0.18a 0.153 +£0.005a 0.124 £ 0.002 b
Si - - 0.289 £ 0.057b 1.106 £ 0.062 a
Rb - - 0.956 = 0.050a 0.198 +0.010b
Sr - - 0.041 £0.002b  0.049 + 0.002 a
Ti - - 0.048 £0.002a 0.031 £0.001b
Total (%) 0.9 14 17 2.1

In both environments, K was the most abundant element, followed by P, Ca, and S in
the same order of magnitude, and lastly, Cl. According to Gallardo et al. [26], magnesium
(Mg) and sodium (Na) could not be detected accurately by p-EDXRF because the energy
(<3 keV) involved is low, which is often reabsorbed by the sample or blocked by the
medium between the sample and the detector (typically a beryllium window). In fact, this
can occur with elements with lower atomic number than aluminum.

Regarding microelements, copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn) were
the four microelements detected in the grain samples of both locations (Table 2), with Fe
being the most abundant microelement, followed by Mn, Zn, and Cu.

After comparing the two environments, significant differences in grain mineral content
were found: AA had a higher amount of K and Ca, while the contents of P, S, Cl, Zn, and
Cu were higher in BA grains. No significant differences were observed between the iron
and manganese grain contents of the two environments (Table 2).

The analysis of the ash samples detected three macroelements (Ca, K, and P) and
eight microelements: Cu, Fe, Mn, and Zn as in the grain samples, as well as Rb, Si, Sr and
Ti (Table 2). However, Cl and S were not detected in the ash samples. As expected, the
elements found in higher concentrations in ashes were K, P, and Ca, in this order. The
microelement concentration increased to about 2% of the total detected in grain ash samples,
but the concentration of macroelements still remained comparatively higher (98%).

The results of the ANOVA for the macro- and microelement concentrations in grain
(GR) and grain ash (GRash) samples are presented in Table 3. Genotype (G) and environ-
ment (E) contributed to the variation in most macro- and microelements detected in grain
samples, with greater influence by the environment for all the elements excluding Fe and
Mn, which were determined to not be affected by the environment.

The genotype did not affect Cu, S, and P grain concentrations, and a small significant
effect was found for the interaction G x E in the concentrations of Fe, K, P, and Zn
(Table 3). The genotypes behaved differently in terms of the grain mineral profile for
the two environments, showing a great effect of edaphoclimatic conditions in the uptake or
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translocation of the minerals in the plant, which may be due to the different availability of
minerals in soil due to water availability.

Table 3. Analysis of variance (F value) for macro- and microelements of 13 genotypes of grain samples
(left-GR) and grain ash samples (right-GRash) sown at two different environments (Alto Alentejo
and Baixo Alentejo). N =78.

Source of Variation

GR Samples GRash Samples
Element Model G E G xE Model G E G xE
df =25 df =12 df=1 df =12 df =25 df =12 df=1 df =12
K 18.79 *** 242* 414.17 *** 222*% 30.50 *** 2.64 ** 689.68 *** 3.43 **
P 4.48 *** 1.27 718 60.17 *** 3.04 ** 5.14 *** 4.57 *** 0.09 "¢ 6.19 ***
Ca 13.04 *** 12.69 *** 153.72 *** 1.67 M 19.12 *** 9.46 *** 333.76 *** 2.56 %
S 2.38 ** 1.61 718 23.86 *** 1.36 M8 - - - -
Cl 6.45 *** 6.44 *** 64.60 *** 1.62718 - - - -
Fe 2.72%* 3.06 ** 23918 2.41* 16.45 *** 4.84 *** 327.25 *** 216*
Mn 4.18 *** 6.71 *** 1.36 71 1.88 s 11.30 *** 8.41 *** 159.45 *** 1.84 18
Zn 9.15 *** 1.97* 178.17 *** 225% 5.62 *** 5.35 *** 24.53 *** 4.31 ***
Cu 11.82 *** 1.50 "¢ 256.47 *** 1.76 ™ 6.36 *** 6.43 *** 49.67 *** 2.68 **
Si - - - - 6.74 *** 2.38*% 120.89 *** 1.44 18
Rb - - - - 12.44 *** 1.61 1 270.89 *** 1.74 18
Sr - - - - 6.74 *** 10.26 *** 19.26 *** 2.18*
Ti - - - - 6.07 *** 4.87 *** 75.10 *** 1.53 s

S no significant; *, **, *** stands for 0.05, 0.01, and 0.001 level of significance, respectively.

Grain ash sample results revealed that all the detected elements were significantly
influenced by the genotype and environment, except for P and Rb that were not affected by
E or G, respectively. The interaction between the two factors significantly influenced the
amount of almost all the elements in grain ash samples, except for Mn, Rb, Si, and Ti.

The concentrations of grain macro- and microelements (GR samples) affected by the
genotype X environment interaction are presented in Table 4.

It is important to highlight that within each environment (AA or BA), no significant
differences were found among the genotypes regarding P or Zn data. Concerning K concen-
tration, only Fado (9.43 g/kg) was significantly different from Don Ricardo (7.06 g/kg) in
environment AA. Similarly, for Fe concentration, only Fado (51.8 mg/kg) was significantly
different from Celta (34.9 mg/kg) in environment AA. When comparing environments by
genotype, K values in most of the genotypes in AA were significantly higher than those
obtained in BA, except for K concentrations of Celta and Don Ricardo, with no significant
differences between environments. Conversely, in the case of P results, only Celta and
Don Ricardo were found to present significant differences between environments, showing
higher data in BA than in AA (2.29 and 2.23 g/kg for Celta and Don Ricardo in BA, respec-
tively, vs. 1.41 and 1.40 g/kg for Celta and Don Ricardo in AA, respectively). Similarly,
when significant differences were found between environments by each genotype regard-
ing Zn grain concentration, values were higher in BA than in AA (as similarly observed
for Antalis, Aventadur, Celta, Don Norman, Don Ricardo, Kenobi, and Vadio genotypes).
Finally, it can be observed in Table 4 that Fe concentration in grain is barely affected by the
two factors (G and E); thus, only Fado genotype grown in AA was found to show signif-
icantly higher Fe concentration (51.8 mg/kg) than Celta grown in AA (34.9 mg/kg) and
Massimo Meridio and Bridao genotypes grown in BA (34.4 and 32.8 mg/kg, respectively).

Elements found in grain such as Ca, Cl, Cu, Mn, and S were not affected by the
interaction of the factors (G x E). Table 5 indicates that Ca results in AA were higher than
in BA, contrary to what happened with Cl, Cu, and S, of which data in BA were found to
be higher than in AA. Regarding Ca and Cl analysis by genotype (Table 5), Gingao showed
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higher values than the rest of the genotypes in any environment (0.700 g/kg in AA and
0.524 g/kg in BA for Ca; 0.264 g/kg in AA and 0.336 g/kg in BA for Cl), while Kenobi in BA
seemed to accumulate a higher amount of Cu (10.27 mg/kg) and S (0.676 g/kg) in its grain.

Table 4. Mean values + standard error for K, P, Fe, and Zn concentration in wheat grain (GR)
as influenced by the genotype X environment interaction. Different letters indicate significant
differences between the genotype x environment combinations, according to Tukey test (p < 0.05).

Genotype K (g/kg) P (g/kg) Fe (mg/kg) Zn (mg/kg)
AA
Antalis 8.24 +0.14 ab 1.69 + 0.05 a—d 46.5 £ 2.5a-—c 225 +21cf
Arcoduro 8.21 £0.29 ab 1.78 + 0.08 a—d 452 +25a-—c 225+ 15cf
Aventadur 8.74 + 0.29 ab 1.60 £ 0.04 cd 479 £+ 3.3 a— 20.6 £1.5d-f
Bridao 7.84 +0.43 a— 1.84 +£0.13 a-d 38.3 £ 3.4 a-—c 222+ 15cf
Celta 7.65 + 0.64 a—c 1.41 +0.08d 349 £+ 0.5bc 192 +1.5ef
DNorman 8.84 + 0.70 ab 1.87 £ 0.11 a-d 46.0 £ 2.5 a— 20.6 & 2.1 d-f
DRicardo 7.06 £0.14b-g 1.40 +0.08d 39.5 £ 0.8 a—c 173+ 1.2f
Fado 943+ 1.33a 1.88 +0.31 a-d 51.8 +44a 24.0 £ 3.6 b—f
Gingao 7.33+ 0.37 a—e 1.73 £0.14 a-d 48.4 + 2.8 a— 222 + 0.2 cf
Kenobi 7.80 & 0.32 a—c 1.81 £ 0.13 a-d 389 £22a-—c 184 +1.5ef
Massimo 8.19 £ 0.30 ab 1.79 £ 0.13 a-d 41.8 £ 1.7 a—c 222 4+ 0.4 c—f
Trimulato 7.64 £+ 0.06 a—d 1.64 +£0.11 b—-d 50.3 = 4.4 ab 26.0 £ 3.2 a—f
Vadio 7.31 £0.25 a—f 1.60 = 0.08 cd 422 +25a-—c 195+ 1.2ef
BA
Antalis 5.20 & 0.15 f-h 2.21 +0.09 a—c 45.0 + 0.7 a— 31.8 £ 0.7 ab
Arcoduro 482 +0.01h 2.06 £ 0.01 a—d 473 +15a<c 309 + 04 a—c
Aventadur 5.52 +0.23 d-h 2.02 £0.13 a-d 38.7 £ 2.7 a—c 31.0 £ 2.0 a—c
Bridao 485+ 0.28h 1.78 +£ 0.15 a-d 328 £ 1.8c¢ 271 +1.7 a—e
Celta 5.88 +£0.11 c-h 2.29 £+ 0.09 ab 43.7 £ 1.6 a—c 335+t14a
DNorman 517+ 0.14 gh 2.24 +0.02 a—c 41.7 £ 1.7 a—c 33.2+0.8a
DRicardo 5.03 £ 0.09 gh 2.23 +0.04 a— 459 + 2.2 a—c 297+ 11a-d
Fado 464 +025h 1.83 £ 0.13 a-d 40.1 £ 1.7 a—c 271t 1.6 a—e
Gingao 481 £0.17h 2.06 = 0.15 a-d 40.2 +£19a-—c 295+ 12a-d
Kenobi 5.26 + 0.12 e-h 234 4+0.10a 474 + 2.5a—c 29.9 + 0.8 a—c
Massimo 417 £0.27 h 1.75+0.17 a-d 34.4 + 3.4 bc 255 + 2.6 a—f
Trimulato 430+£0.21h 198 +0.11 a-d 49.5 £+ 3.0 a—c 33.0+14ab
Vadio 460+ 0.10h 2.05+0.12 a-d 40.6 £ 1.6 a—c 290+ 1.6a-d

Table 5. Mean values + standard error for Ca, S, Cl, Mn, and Cu concentration in wheat grain (GR)
as influenced by the genotype in each experiment (AA—Alto Alentejo; BA—Baixo Alentejo). Diferent
capital letters indicate significant diferences in AA according to Tukey test (p < 0.05) while lowercase
letters indicate significant diferences in BA according to Tukey test (p < 0.05).

Genotype Ca (g/kg) S (g/kg) Cl (g/kg) Mn (mg/kg) Cu (mg/kg)
AA

Antalis 0.502 £+ 0.032 BC 0.538 £ 0.063 A 0.135 £ 0.021 AB 36.5 £4.7 AB 323+097 A
Arcoduro 0.524 £ 0.028 A—C 0.514 £ 0.036 A 0.104 £ 0.007 AB 364+ 2.6 AB 387 +044 A
Aventadur 0.589 £ 0.005 AB 0.564 £ 0.039 A 0.211 £ 0.049 AB 324 £23AB 3.60£051A
Bridao 0.493 £+ 0.027 BC 0.526 £ 0.037 A 0.137 £ 0.042 AB 37.0£0.7 AB 360+132A
Celta 0.604 £ 0.046 AB 0.448 £ 0.036 A 0.231 £ 0.048 A 314+£078B 1.97 £ 047 A
DNorman 0.572 £ 0.035 AB 0.589 £ 0.032 A 0.186 £ 0.029 AB 39.3£47AB 523+ 028 A
DRicardo 0.366 £ 0.016 C 0.459 £ 0.037 A 0.036 £0.024 B 305+178B 243 +£139 A
Fado 0.577£ 0.081 AB 0.575 £ 0.102 A 0.151 £ 0.037 AB 34.6 + 3.8 AB 417 £0.69 A
Gingao 0.700+ 0.044 A 0.532 £0.031 A 0.264 £ 0.035 A 452 + 3.0 AB 470+ 035 A
Kenobi 0.471 + 0.016 BC 0.527 £ 0.015 A 0.185 £ 0.024 AB 30.8+23B 290+110A
Massimo 0.514+ 0.006 BC 0.557 £ 0.053 A 0.208 £ 0.040 AB 321+ 34 AB 2.80 £ 0.60 A
Trimulato 0.504 £+ 0.018 BC 0.607 £ 0.031 A 0.168 £ 0.050 AB 481+ 44 A 393+0.80A
Vadio 0.507+ 0.017 BC 0.486 £ 0.020 A 0.084 £ 0.028 AB 324 £2.7AB 297 +£123A
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Genotype Ca (g/kg) S (g/kg) Cl (g/kg) Mn (mg/kg) Cu (mg/kg)
BA
Antalis 0.394 £ 0.013 d—f 0.594 £ 0.021 be 0.229 £ 0.005 cd 375+0.6 a—e 8.47 +0.80 ab
Arcoduro 0.388 £ 0.005 d—f 0.610 £ 0.011 a— 0.181 £ 0.007 e 434 +03ab 8.03 +0.26 ab
Aventadur 0.466 + 0.006 bc 0.554 £ 0.009 ¢ 0.284 4+ 0.009 b 33.0+£15c—e 7.03+024b
Bridao 0.357 4+ 0.014 ef 0.593 £ 0.015 be 0.265 £ 0.010 be 312+ 28de 7.87 £0.33 ab
Celta 0.490 £+0.002 ab 0.585 £ 0.020 bc 0.253 £ 0.003 b-d 387+11a-e 8.00 + 0.55 ab
DNorman 0.413 £ 0.003 c—e 0.562 £ 0.013 ¢ 0.258 £ 0.019 b—d 370+ 1.1b-e 8.07 £ 0.23 ab
DRicardo 0.344 4+ 0.009 £ 0.573 4 0.018 be 0.220 £ 0.006 de 36.5+ 0.7 b-e 8.10 = 0.70 ab
Fado 0.384 £ 0.006 d—f 0.571 4 0.004 bc 0.237 4 0.007 cd 30.6 £ 1.3 de 753 +048Db
Gingao 0.524 £ 0.017 a 0.604 & 0.025 a— 0.336 £ 0.005 a 417+ 13 a—c 8.27 £ 0.09 ab
Kenobi 0.393 + 0.008 d—f 0.676 £ 0.005 a 0.218 4 0.002 de 393+ 1.8a-d 1027 £ 049 a
Massimo 0.353 £ 0.015 £ 0.601 £ 0.003 a— 0.225 4 0.003 cd 296*31e 7.47 £ 0.88b
Trimulato 0.359 + 0.027 ef 0.647 £ 0.005 ab 0.240 £ 0.003 cd 463+ 23a 723+0.17b
Vadio 0.436 £0.016 b-d 0.594 £ 0.028 bc 0.218 +0.011 de 37.0+25b-e 6.57 £ 043D
With reference to Mn, for both environments, the Trimulato genotype was situated in
the group of genotypes with higher grain concentration (48.1 mg/kg in AA and 46.3 mg/kg
in BA). Notably, Don Ricardo, which was found to be among the genotypes accumulating
less Ca and Cl in the grains for the two environments and less Mn, P, and Zn in the AA
environment (Tables 4 and 5). In this case, genetics seemed to be the reason behind low
mineral accumulation.
The results of the analysis of the concentration data for macro- and microelements
of grain ashes (GRash samples) affected by the genotype X environment interaction are
presented in Table 6.
Table 6. Mean values + standard error for K, P, Ca, Fe, Zn, Cu, and Sr concentration in grain wheat
ash as influenced by the genotype x environment interaction. Diferent letters indicate significant
diferences between the genotype x environment combinations, according to Tukey test (p < 0.05).
Genotype K (g/kg) P (g/kg) Ca (g/kg) Fe (g/kg) Zn (g/kg) Cu (g/kg) Sr (g/kg)
AA
Antalis 196.6+17.5ab 520+ 4.7a—c 130£11bf  1320+£012la-d  0729+0079a-d  0152+0.029a~f  0.036 = 0.003 c—f
Arcoduro 191.6+ 1.1ab 52.5+0.2a-c 13.6+£05b—e  1334+0.002a-d  0.783+0.002ab  0.176£0.003a-d  0.040 £ 0.005 c-f
Aventadur 2158 +6.2a 50.0 +2.0a-d 17.0£0.7ab 1343+0.042a-d 0737 £0.007a-d  0.133+£0.002b—f  0.051+0.002a—d
Briddo 2155+9.0a 60.4£1.6ab 148+03b-d  1290+0057a-d  0.816£0.043ab  0.162:£0.013a-e  0.038 £ 0.005 c—f
Celta 182.8+9.7ab 45.6 £2.6cd 160+13ac  1.064+£006lcg 0662+0.052be  0.126=0018d-f  0.052+0.008a—d
DNorman 2002 +4.1ab 550+ 1.3a-—c 142+£05b-e  1296+0.009a-d  0.673+0.022b-e  0.135+0.003b-f  0.048 % 0.005a-¢
DRicardo 201.5+9.9ab 53.6:£3.7 a—c 114£09c-h  1440£0.084a—<  0721+0.046a-d  0.159+0.010a-  0.033 £ 0.008 c-f
Fado 181.4+127ab 474+ 4.1bd 115+12c-h  1157+0.093b-e  0602+0.031b-e  0121+0.015d-f  0.025+0.002ef
Gingdo 1855+ 3.6ab 55.7 £1.7a< 197+13a 1483+£0.007ab ~ 0.800+0.018ab  0.184+0.011a<c  0.066 = 0.006 ab
Kenobi 211.3+0.6ab 572+ 13a< 140+0.1b-e  1325+£0012a-d  0738+0.025a-d  0202+£0.009a  0.042 £0.003b-f
Massimo 180.2+ 9.6 ab 474+3.1b-d 125+£09b-g  1.085+0.055c-g 0.660+0036b-e  0127+0.012cf  0.035+0.002 c—f
Trimulato 214.6 £26.8ab 63.4+7.0a 16.0£29a—c 1.658 +0.248 a 0927+0133a  0.187+0.022ab  0.040=+0.011 c—f
Vadio 169.6 + 8.5 be 48.0£47b-d 119+07c-h  1108+£0.050b-f  0.600+0.043b-e  0121+0.009d-f  0.0210.003 f
BA
Antalis 1148+ 0.6 de 57.0+09a—c 8.0+0.2g 0.801+0.003e-g  0.681+0.008b-e  0.129+£0.001c-f  0.051 £0.002a-e
Arcoduro 80.8+04e 36.6+0.1d 54+0.1]j 0744+0010fg  0481+0.005e 0.101+£0.002f  0.026%0.002d-f
Aventadur 1203+ 6.5de 488 +3.4b-d 9.6+£0.6e 0.763+0.034e-g  0.667+0.042b-e  0.112+0.006ef  0.054 = 0.008 a—c
Briddo 1256+ 1.3 ce 564+ 1.0a-c 84+0.1f 07214£0.007fg  0675+0011b-e  0.125+£0.002d-f  0.045+0.002b-f
Celta 1287+17cd 56.8 £ 0.8a-c 105+05d-  0765+0.018e-g  0719£0019a-d  0.117+£0.003ef  0.068=0.002ab
DNorman 107.1+2.8de 50.9 + 0.9 a—c 81+0.2g 0707+0.021g  0.634+0.021b-e  0.123+£0008d-f  0.051+0.002a—
DRicardo 96.3+0.1de 46.0%0.0cd 5.9+0.1 0732+£0.002fg  0.553+0.006c-e  0.107+0.00lef  0.040=0.001 c—f
Fado 1159 £ 4.9de 58.1+2.0a-—c 8.5 0.1 £ 0.830+£0.011e-g  0.667+0.003b-e  0.118+0.002ef  0.045%0.002b-f
Gingdo 116.7 £ 1.8 de 578+ 14a— 112+01d-h  0839+00l4eg 0735+0012a-d 0147 +£0002af  0.073+0.008a
Kenobi 942+ 1.6de 47.0£12b-d 63%0.1jj 0719 £0.006fg  0.520£0.007de  0.143+0.002b—f  0.039 % 0.002 c—f
Massimo 1171+ 1.6de 580+ 0.9a—c 8.5+ 0.2 f-j 0799 +0.018e-g  0.683+0.013b-e  0.130£0.001c-f  0.053+0.004a—
Trimulato 103.2+4.0de 544+ 15ac 74+03h- 1.040+0.077d-g 0760 £0.035a-c  0.144£0.009b-f  0.049 % 0.005a-e
Vadio 109.9 +2.3de 56.5+ 0.9 a—c 8.6+ 0.2 -] 0.798+£0.012e-g  0.669+0.02b—e  0.116=£0.003ef  0.044 % 0.003 b-f

Here it can be seen that the trends observed in the GR data for K, P, and Zn are
similar to those obtained in GRash, showing a higher amount of K in samples coming from
AA (169.6-215.8 g/kg) than BA (80.8-128.7 g/kg), and similar P and Zn results in both
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environments for most genotypes (excluding Arcoduro). This similar trend in both analysis
(mineral in GR and in GRash) is supported by the correlations found in this work between
ash content and grain element concentrations (Table 7).

Table 7. Correlation coefficient of Pearson between ash content and element concentration in grain

samples (GR).
P Ca S Cl Fe Mn Zn Cu
Ash content 0.43 *** —0.051 0.29 * 0.30 ** —0.0418 0.121s 0.34 ** 0.40 ***

S no significant; *, **, *** stands for 0.05, 0.01, and 0.001 level of significance, respectively.

In Table 7, it can be seen that almost every element detected in the grain (except for Ca,
Fe, and Mn) showed correlation, whether positive or negative, with the grain ash content.
In the case of Fe, while in GR almost no significant differences were found, in GRash most
of the genotypes showed a higher concentration of this mineral in AA than in BA, with
values ranging between 0.707 and 1.658 g/kg.

Regarding Ca data (Table 6), most of the genotypes showed significantly higher val-
ues of this mineral in AA than in BA, with 11.4 g/kg being the lower value in AA and
not exceeding 11.2 g/kg in BA, and neither Fado, Massimo Meridio, nor Vadio showed
significant differences between environments. Copper results did not show important sta-
tistical differences between environments, only Arcoduro and Kenobi Cu data were higher
in AA than in BA (0.176 g/kg and 0.101 g/kg for Arcoduro, 0.202 g/kg and 0.143 g/kg
for Kenobi, respectively); thus, Kenobi genotype in AA (0.202 g/kg) showed higher Cu
concentration than Aventadur (0.133 g/kg), Celta (0.126 g/kg), Don Norman (0.135 g/kg),
Fado (0.121 g/kg), Massimo Meridio (0.127 g/kg), and Vadio (0.121 g/kg) in the same
environment. Although Sr ash content was affected by the environment (Table 3), with
a higher mean value in BA than in AA, when comparing each genotype between the
two environments, it was verified that these differences were not significant. Comparing
by genotypes, Gingao was found to be a Sr-accumulator genotype, showing higher Sr
concentration in the grain ashes than genotypes Arcoduro, Bridao, Don Ricardo, Fado, and
Vadio, no matter which environment they were grown at.

With reference to the last minerals detected in GRash, they were only affected by
the main factors and not by the G x E interaction, data are presented in Supplementary
Material (Table S3). Notably, Trimulato and Gingao showed the highest Mn concentrations
in both environments, while Arcoduro genotype seemed to accumulate less amounts of Rb
and Si in BA than the rest of the genotypes.

4. Discussion

It is widely known that temperature and rainfall play crucial roles in wheat crop
development, severely affecting not only yield [27-29] but also technological quality. In
the current study, the higher soil water availability in BA during the plant cycle, thanks
to the use of irrigation in critical periods, together with the higher number of days with
maximum temperatures above 25 °C occurring during the grain-filling period in AA seem
to be the responsible for the significant environmental influences. This is aligned with other
studies such as by Campiglia [30], who found that a shortage of soil water availability in
critical periods, combined with high temperatures in spring, significantly reduced grain
yield and quality, based mainly on protein, gluten, or ash content. Thus, the test weight in
our study was shown to be significantly higher in BA than in AA (Figure 2a), due to both a
shortage in water availability and high temperatures in spring. However, it is necessary
to highlight that some of the genotypes did not show statistical differences between sites
regarding test weight results, suggesting that breeding for climate adaptation is a great
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way to avoid yield reductions caused by weather conditions. Conversely, nine out of
the thirteen genotypes tested in this study presented significantly higher grain protein
content in the drier environment (AA), compared to the one with irrigation (BA); as Michel
et al. [31] explained in their research, this could be explained by the lower amount of starch
in the grain due to the reduction in the photosynthesis efficiency and, hence, the lower
dilution of other grain components such as protein.

Concerning ash content, minor differences were found for genotype, but significant
differences were revealed when considering the two different sites. This is aligned with
the conclusion obtained by Chaurand et al. [32], who also found differences between
environments, especially regarding water and nitrogen availability. Results from our
research revealed higher grain ash content in the environment with no water scarcity, BA,
contrary to the results found in France by Chaurand et al. [32] but similar to the results of
Miravalles [33], who related low precipitation during crop cycle with a lower amount of ash
content; this could be due to the possibility of minerals being dissolved in water at a higher
extent and, thus, increasing availability for plant uptake, as stated by Adams et al. [34].

According to Von Grebmer [35], more than 2 billion people across the globe suffer from
one or more micronutrient malnutrition, which significantly affects physical and mental
development, immunity, and overall health. To avoid this, improving nutrient levels in the
edible parts of staple crops could be a viable cost-effective and sustainable approach; thus,
cultivating crops in the most favorable agronomical conditions would help to reduce the
burden of micronutrient deficiencies in the world [36].

According to FAO (www.fao.org), wheat is one of the staple foods worldwide, so the
mineral profile of wheat kernel is becoming a great concern in recent years, not only attract-
ing the interest of scientists, but also governments or general society, who are increasingly
concerned about the influence of food quality (especially essential nutrients) on human
health, which is reflected in a country’s healthcare costs. Our work attempts to determine
the influence of the environment and the genotype on wheat plant mineral uptake and
translocation, to finally determine the mineral profile grain wheat. In our research, K, P,
and Ca were the minerals present in the greatest amount in wheat kernel, which is aligned
with other findings [8,16]. These authors also refer to Mg but this element could not be
detected in this study, probably due to the use of different methodologies in the analysis.
All these elements are considered essential for human life; thus, K was recently associated
with a reduction in cardiovascular events [37], P disorders seem to impact bones or soft
tissues as well as kidney function, a deficient intake of Mg implies insulin resistance or
headaches, among others, and Ca deficiencies affect not only bones but also muscles and
nerves [38].

In this sense, the accumulation rate of minerals and the influence of climatic conditions
on it for the most important minerals for human health are revealed as a key matter
nowadays to improve population health. Therefore, it is interesting to highlight that K,
which is the nutrient most accumulated before anthesis, with little or no accumulation
after anthesis, regardless of seasonal conditions, contributes proportionally much more
to the content of a mature grain than P [39], as can be seen in our data (Table 2). The
concentration of K found in our work (>8 g/kg) was slightly higher than that found
by Grant et al. [17] (3.8-5.5 g/kg) or by El Houssni et al. [40] (4.1-5.1 g/kg), probably
due to a lower water availability in our conditions. Water scarcity, as stated above, can
affect test weight, lowering it, and causing a lower starch content, which can increase
K (mineral) concentration [41]. However, a severe shortage of water availability during
the growth cycle can cause plant stress, which seriously affects the availability of macro-
and microelements needed for plants [42]. Thus, the total amount of rainfall is not the
most important parameter to determine the final mineral content, because, as seen in our
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experiment, the absence of precipitation during the end of January and the entire month
of February (Figure 1), not compensated with supplementary irrigation in AA, may have
contributed to a lower absorption of some minerals in this environment. This hypothesis
is supported by Brier et al. [8], who observed that the greatest accumulation of nutrients
occurs before anthesis for most elements, and Raza et al. [43], who found out that water
deficit can reduce the absorption of phosphorus by around 62%, with these decreases being
recorded in the tillering phase.

Regarding P and Ca concentrations, they were within the range of that found in the
literature: 1.6-5.2 g/kg [17,40,44] for phosphorus and 0.32-0.47 g/kg for calcium [17,44]. El
Houssni et al. [40] obtained lower values for calcium concentration than what we obtained
in this study (0.14-0.19 g/kg), again, probably due to the significant influence of the
environment exposed in our work; in fact, it is well known that mineral concentration in
soil limits plant mineral uptake [45]. In our study, higher Cu, P, and Zn soil content in BA
(Table S2 in Supplementary Material) can explain the statistically higher GR concentration
in those minerals (Table 2) in BA environment. Synergetic effect between K and Ca, was
found by Malavolta [46], which can explain the similar behavior of both elements in the
AA environment, showing a higher concentration in AA than in BA, while the rest of the
elements were higher in BA. Close values of Cu, Fe, and Zn have been referenced in the
literature on durum wheat [9,47-49]. In addition, El Houssni et al. [40], obtained values of
iron (average value of 41.1 mg/kg) in samples of durum wheat similar to those presented
here (42.1-44.0 mg/kg), showing a stronger effect of the species (durum wheat vs. soft
wheat) than the environment. This is in accordance with our results, because Fe grain
concentration was affected by the genotype but not by environmental conditions (Table 3).
However, other authors, who analyzed a large group of cultivars in different environments,
observed effects of the environment not only in Fe concentration but also in Mn, S, and Zn
concentrations [44]. Nevertheless, these authors were investigating organic farming which
can affect the uptake of the minerals by roots and nutrient use efficiency. This fact could
explain the higher concentrations for S (1.23 g/kg) and for Zn (36.2 mg/kg) found in their
work compared to our data (0.5-0.6 g S /kg, 20-30 mg Zn/kg).

With reference to the different Ca and Zn grain concentrations found in the two studied
environments in our experiments, it is worthy to highlight that, according to Racz et al. [50],
a kind of antagonism between these two elements may exist, which could explain why the
environment presenting higher GR concentration in Ca also presents significantly lower Zn
grain concentration.

Interestingly, as can be seen in our results, not all the elements are influenced by the
environment in the same way. Hussain et al. [44] concluded that the influence of genotype
and environment on the grain concentration of various minerals was found to vary in
relation to genotype group and mineral: environment was found to be more important than
genotype for the concentration of all minerals except Se and Mo in a group of spelt, durum,
and bread wheat breeding lines, while the influence of genotype was higher as compared
to the environmental conditions for the grain concentration of Fe, Mg, Mn, and S. This
last assessment is confirmed by our data, which did not show any statistical differences
between environments for Fe or Mn grain concentrations (Table 3). Of course, as said in
previous paragraphs, it is necessary to take into account the test weight influence on mineral
concentration due to the dilution effect. Both test weight as well as grain protein content
are highly influenced by environmental conditions [6,7,51-53] and this can indirectly affect
the mineral concentration.

Analyzing the two locals separately, it was found that the genotypic influence on the ac-
cumulation of minerals in the grain was more evident in BA than in AA (Table 5). This could
be explained by the different photosynthetic capacities and chlorophyll concentrations by
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genotype [44,54] that affects the general status of the plant. The assimilation and translo-
cation of minerals is also affected by genotype, influencing compensatory mechanisms
developed to deal with deficiencies in macronutrients and micronutrients in the soil or in
root growth and branching that allows them to further exploit the soil [55,56].

Ash content represents the mineral content of the grain, consisting of major elements
such as Ca, K, Mg, and Na, minor elements such as Al, Cu, Fe, Mn, and Zn, and traces
of other elements of lesser importance. The concentration of all of them depends on the
incineration conditions as well as on the original composition of the grain [57]. Ash content
is widely used as a purity indicator for refinement of wheat flour and semolina because
bran has approximately twenty times the ash content of the endosperm of a wheat kernel,
and this explains the discrimination of bran and germ during semolina milling [58].

As predicted, the profile of minerals found in the ash samples was not exactly the same
as that found in the grains: some minerals (Si, Rb, Sr, Ti) were only detected in the ashes
after the concentration of mineral matter that occurs during incineration and others (Cl, S)
volatilized in the same process. In the study by Johansen et al. [59] on the volatilization of
mineral elements during the pyrolysis and combustion of corn straw, it was observed that
50% of chlorine (Cl) was volatilized at temperatures below 700 °C, starting below 500 °C,
and around 60% of sulfur volatilization (S) occurs at temperatures below 500 °C, hence its
disappearance in the ash samples.

Almost all the elements detected in the GRash samples followed the same trend as the
ones in GR: they were found at a higher concentration in AA samples than in BA samples,
with the exception of Si and Sr. Even though Si was not detected in GR samples, it is
common that compounds containing Si are detected in wheat ash samples, as observed
by Terzioglu et al. [60] who analyzed wheat ash samples and found SiO,, K,O, MgO,
Fe;03, NayO, Cr;O03, MnO;,, and CaO together with unburned carbon, water, and other
residues. According to Colas et al. [61], there is no strict correspondence between the
mineral composition of grain and ash, as the latter do not contain certain metallic elements
and metalloids that volatilize during incineration and also contain incombustible mineral
residues that come from the decomposition of organic matter. It is, therefore, natural that
the correlations between ash content and grain composition are not maintained in the ash
composition, which explains our results shown in Table 2, especially regarding the Cu and
Zn concentrations in grain and ash. This also could explain the differences found between
genotypes regarding ash composition; differences in the incineration process due to the
initial mineral composition led to different final results in ash composition.

5. Conclusions

Wheat grain composition and quality are highly influenced by environmental condi-
tions. Thus, water scarcity during the growth cycle favors not only a higher grain protein
content but also higher Ca and K grain concentrations, while water availability implies
higher durum wheat test weight, ash content, and Cl, Cu, and S concentrations. Genotype
influence appears to be higher in minerals such as Fe and Mn, modulating plant mineral
uptake or translocation-to-grain capacity. In conclusion, depending on the focus of the
research or industry, farmers should adapt the genotype to the use and supply of water
applied; Gingao genotype tends to be used when determining general mineral content,
along with a controlled water scarcity to improve protein content and key minerals such as
Caand K.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/plants14223414 /51, Table S1: Origin, growth habit, and registration
year of durum wheat varieties studied; Table S2: Analytical data from soil samples from the locals of
the trails: AA—INIAV-Elvas and BA—IL.P. Beja—ESA; Table S3: Mean values =+ standard error for Mn,
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Si, Rb, and Ti concentration in grain wheat ash as influenced by the Genotype in each experiment
(AA—Alto Alentejo; BA—Baixo Alentejo). Different capital letters indicate significant differences in
AA according to Tukey test (p < 0.05) while lowercase letters indicate significant differences in BA
according to Tukey test (p < 0.05).

Author Contributions: Conceptualization, ].M., S.R. and A.S.B.; methodology, ]. M., N.P, ].D. and
R.L.; formal analysis, ] M., N.P, A.C., ].D. and R.L.; investigation, ].M., S.R. and A.S.B.; resources,
M.P, B.M. and M.G; data curation, R.C.; writing—original draft preparation, ].M.; writing—review
and editing, A.S.B., S.R. and R.C.; supervision, A.S.B., S.R., B.M. and M.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received funding from RE-C05-i03 Agenda de Investigagao e Inovacao para
a Sustentabilidade da Agricultura, Alimentagao e Agroindustria through the project PRR-C05-i03-
1-000161-LA1.2 CERTRA Desenvolvimento de Cadeias de Valor de Cereais Tradicionais para uma
Alimentagao Sustentdvel em Portugal—Produtos, as well as from FCT—Fundacao para a Ciéncia e a
Tecnologia, I.P. (FCT — Portugal) through Research Unit GEOBIOTEC—GeoBioSciences, GeoTechnolo-
gies, and GeoEngineering (funding UIDB/04035/2025), Associated Laboratory LA-REAL and LIB-
Phys (funding LA /P/0117/2020 and UIDB/04559/2025, respectively) and Research Unit GREEN-IT
Bioresources for Sustainability (funding UIDB/04551/2025).

Data Availability Statement: Data are contained within the article and Supplementary Materials.

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

References

1. Shi, X,; Ling, H.Q. Current advances in genome sequencing of common wheat and its ancestral species. Crop. J. 2018, 6, 15-21.
[CrossRef]

2. Almeida, A.S; Magas, B.; Coutinho, J.; Costa, R.; Pinheiro, N.; Gomes, C.; Coco, J.; Costa, A.; Bagulho, A.S.; Jézequel, S.
Understanding and reducing yield gap under Mediterranean climate. Searching for adapted wheat varieties. WL. Ciheam 2016,
37,2114-3129. Available online: https:/ /www.ciheam.org/uploads/attachments/255/011_Almeida_ WL_37.pdf (accessed on 1
July 2025).

3.  Filip, E.; Woronko, K.; Stepien, E.; Czarniecka, N. An overview of factors affecting the functional quality of common wheat
(Triticum aestivum L.). Int. J. Mol. Sci. 2023, 24, 7524. [CrossRef] [PubMed]

4. Han, P; Wang, Y.; Sun, H. Impact of temperature stresses on wheat quality: A focus on starch and protein composition. Foods
2025, 14, 2178. [CrossRef]

5. Ru, C;Liu, Y,; Wang, W,; Hu, X. Moderate intermittent water deficit enhances dry matter remobilization, nitrogen uptake, and
water and nitrogen use efficiency in winter wheat. Agric. Commun. 2025, 3, 100098. [CrossRef]

6. Bagulho, A.S.; Moreira, J.; Costa, R.; Pinheiro, N.; Gomes, C.; Almeida, A.S.; Costa, A.; Coutinho, J.; Magas, B. Trigo
duro—Influéncia da variedade e adubagao fracionada na produgao e qualidade. Vida Rural 2021, 1864, 52-58.

7. Bagulho, A.S.; Moreira, J.; Costa, R.; Pinheiro, N.; Gomes, C.; Almeida, A.S.; Costa, A.; Coutinho, J.; Dores, J.; Costa, N.; et al.
Qualidade do trigo-duro—Dependéncia de fatores genéticos, ambientais e fertilizagao. Vida Rural 2021, 1869, 64-71.

8. Brier, N.; Gomand, S.V.; Donner, E.; Paterson, D.; Delcour, J.A.; Lombi, E.; Smolders, E. Distribution of minerals in wheat grains
(Triticum aestivum L.) and in roller milling fractions affected by pearling. J. Agric. Food Chem. 2015, 63, 1276-1285. [CrossRef]

9. Cubadda, F; Aureli, F; Raggi, A.; Carcea, M. Effect of milling, pasta making and cooking on minerals in durum wheat. J. Cereal
Sci. 2009, 49, 92-97. [CrossRef]

10. Peleg, Z.; Cakmak, I.; Ozturk, L.; Yazici, A.; Jun, Y.,; Budak, H.; Korol, A.B.; Fahima, T.; Saranga, Y. Quantitative trait loci
conferring grain mineral nutrient concentrations in durum wheat x wild emmer wheat RIL population. Theor. Appl. Genet. 2009,
119, 353-369. [CrossRef]

11. Lyons, G.; Monasterio, 1.O.; Stangoulis, J.; Graham, R. Selenium concentration in wheat grain: Is there sufficient genotypic
variation to use in breeding? Plant Soil 2005, 269, 369-380. [CrossRef]

12.  Hamnér, K.; Weih, M.; Eriksson, J.; Kirchmann, H. Influence of nitrogen supply on macro- and micronutrient accumulation
during growth of winter wheat. Field Crops Res. 2017, 213, 118-129. [CrossRef]

13.  Reznick, J.P; Barth, G.; Kaschuk, G.; Pauletti, V. Nitrogen and cultivars as field strategies to improve the nutritional status of

wheat grain and flour. J. Cereal Sci. 2021, 102, 103290. [CrossRef]


https://doi.org/10.1016/j.cj.2017.11.001
https://www.ciheam.org/uploads/attachments/255/011_Almeida_WL_37.pdf
https://doi.org/10.3390/ijms24087524
https://www.ncbi.nlm.nih.gov/pubmed/37108683
https://doi.org/10.3390/foods14132178
https://doi.org/10.1016/j.agrcom.2025.100098
https://doi.org/10.1021/jf5055485
https://doi.org/10.1016/j.jcs.2008.07.008
https://doi.org/10.1007/s00122-009-1044-z
https://doi.org/10.1007/s11104-004-0909-9
https://doi.org/10.1016/j.fcr.2017.08.002
https://doi.org/10.1016/j.jcs.2021.103290

Plants 2025, 14, 3414 16 of 18

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Wysocka, K.; Cacak-Pietrzak, G.; Sosulski, T. Mineral concentration in spring wheat grain under organic, integrated, and
conventional farming systems and their alterations during processing. Plants 2025, 14, 1003. [CrossRef]

Islam, M.Z.; Nur-Alam, M.; Rahman, M.M.; Islam, M.Z.; Rahman, A. Nutritional values of wheat and the roles and functions of
its compositions in health. Plant Sci. 2024, Preprints. [CrossRef]

Meenu, M.; Kaur, S.; Yadav, M.; Sharma, A.; Tiwari, V.; Ali, U.; Giri, L.; Badwal, A.K.; Garg, M. Impact of inherent chemical
composition of wheat and various processing technologies on whole wheat flour and its final products. Cereal Res. Commun. 2025,
53, 409-424. [CrossRef]

Grant, C.; Cubadda, F,; Carcea, M.; Pogna, N.; Gazza, L. Vitamins, minerals, and nutritional value of durum wheat. In Durum
Wheat: Chemistry and Technology, 2nd ed.; Sissons, M., Abécassis, ., Marchylo, B., Carcea, M., Eds.; AACC International Press: St.
Paul, MN, USA, 2012; pp. 125-137.

Emam, A.; Kamal, N.; Gorafi, Y.; Tahir, I.; Balla, M.; Tsujimoto, H.; Takayoshi, I. Enriched grain minerals in Aegilops tauschii-derived
common wheat population under heat-stress environments. Sci. Rep. 2025, 15, 5624. [CrossRef] [PubMed]

Arif, L., Hamza, M.; Iqbal, E.; Kaleem, Z. Role of micronutrients (vitamins & minerals). Int. ]. Multidiscip. Sci. Arts 2024, 3, 333-337.
[CrossRef]

Gupta, PK,; Balyan, H.S.; Sharma, S.; Kumar, R. Biofortification and bioavailability of Zn, Fe and Se in wheat: Present status and
future prospects. Theor. Appl. Genet. 2021, 134, 1-35. [CrossRef]

Rodrigo, S.; Lidon, F.; Reboredo, FH.; Silva, M.M.; Simées, M.M.; Costa, A.R. Wheat plant response to zinc enrichment: Results
from a big plot assay. Emir. ]. Food Agric. 2023, 35, 946-955. [CrossRef]

Ram, H.; Naeem, A.; Rashid, A ; Kaur, C.; Ashraf, M.Y,; Malik, S.S.; Aslam, M.; Mavi, G.S.; Tutus, Y.; Yazici, M.A; et al. Agronomic
biofortification of genetically biofortified wheat genotypes with zinc, selenium, iodine, and iron under field conditions. Front.
Plant Sci. 2024, 15, 1455901. [CrossRef]

INFOSOLO. Available online: https://projects.iniav.pt/infosolo/sig/websig (accessed on 3 July 2025).

NP EN 15948: 2020; Cereals—Determination of Moisture and Protein—Method Using Near-Infrared-Spectroscopy in Whole
Kernels. CEN (European Committee for Standardization): Brussels, Belgium, 2020; 12p.

ISO 2171: 2023; Cereals, Pulses and By-Products—Determination of Ash Yield by Incineration. International Organization for
Standardization (ISO): Geneva, Switzerland, 2023; 6p.

Gallardo, H.; Queralt, I; Tapias, J.; Guerra, M.; Carvalho, M.L.; Margui, E. Possibilities of low-power X-ray fluorescence
spectrometry methods for rapid multielemental analysis and imaging of vegetal foodstuffs. J. Food Compos. Anal. 2016, 50, 1-9.
[CrossRef]

Bannayan, M.; Sanjani, S. Weather conditions associated with irrigated crops in an arid and semi-arid environment. Agric. For.
Meteorol. 2011, 151, 1589-1598. [CrossRef]

Basgciftci, Z.B.; Olgun, M.; Erdogan, S. Evaluation of climate drought yield relationships on wheat (T. aestivum L.) by Krigging
method in Turkey. Selcuk. J. Agri. Food Sci. 2012, 26, 57-65. Available online: https:/ /dergipark.org.tr/en/download/article-
file/3110566 (accessed on 20 August 2025).

Kheiri, M.; Soufizadeh, S.; Ghaffari, A.; AghaAlikhani, M.; Eskandari, A. Association between temperature and precipitation with
dryland wheat yield in northwest of Iran. Clim. Change 2017, 141, 703-717. [CrossRef]

Campiglia, E.; Mancinelli, R.; De Stefanis, E.; Pucciarmati, S.; Radicetti, E. The long-term effects of conventional and organic
cropping systems, tillage managements and weather conditions on yield and grain quality of durum wheat (Triticum durum Desf.)
in the Mediterranean environment of Central Italy. Field Crops Res. 2015, 176, 34—44. [CrossRef]

Michel, S.; Loeschenberger, F.; Ametz, C.; Pachler, B.; Sparry, E.; Buerstmayr, H. Combining grain yield, protein content and
protein quality by multi-trait genomic selection in bread wheat. Theor. Appl. Genet. 2019, 132, 2767-2780. [CrossRef] [PubMed]
Chaurand, M.; Lempereur, I; Roulland, TM.; Autran, J.C.; Abecassis, ]. Genetic and agronomic effects on semolina milling value
of durum wheat. Crop. Sci. 1999, 39, 790-795. [CrossRef]

Miravalles, M.T.; Bermudez, C.; Aprile, E.; Seghezzo, M.L.; Molfese, E.; Mockel, E. Variaciones en los niveles de cenizas del grano
de trigo para fideos en el Sur Bonaerense. In Proceedings of the VII Congreso Nacional de Trigo, Santa Rosa, Argentina, 2 July
2008; EdQUNLPump: La Pampa, Argentina, 2008; Volume C7, pp. 1-5.

Adams, C.; Kongraksawech, T,; Ross, A.; Long, D.; Neely, C.; Marshall, J.; Graebner, R.; Reardon, C.; Liang, X. As grain mineral
densities have declined over time, have densities converged across wheat classes?—Insights from the US Pacific Northwest and
worldwide benchmarks. Crop. Sci. 2024, 65, 1-20. [CrossRef]

Von Grebmer, K.; Bernstein, J.; Resnick, D.; Wiemers, M.; Reiner, L.; Bachmeier, M.; Hanano, A.; Towey, O.; Chéilleachair, R.N.;
Foley, C.; et al. Global Hunger Index: Food Systems Transformation and Local Governance; Welthungerhilfe and Concern Worldwide:
Bonn, Germany; Dublin, Ireland, 2022.


https://doi.org/10.3390/plants14071003
https://doi.org/10.20944/preprints202409.0710.v1
https://doi.org/10.1007/s42976-024-00544-0
https://doi.org/10.1038/s41598-025-89144-4
https://www.ncbi.nlm.nih.gov/pubmed/39955356
https://doi.org/10.47709/ijmdsa.v3i1.3769
https://doi.org/10.1007/s00122-020-03709-7
https://doi.org/10.9755/ejfa.2023.3149
https://doi.org/10.3389/fpls.2024.1455901
https://projects.iniav.pt/infosolo/sig/websig
https://doi.org/10.1016/j.jfca.2016.04.007
https://doi.org/10.1016/j.agrformet.2011.06.015
https://dergipark.org.tr/en/download/article-file/3110566
https://dergipark.org.tr/en/download/article-file/3110566
https://doi.org/10.1007/s10584-017-1904-5
https://doi.org/10.1016/j.fcr.2015.02.021
https://doi.org/10.1007/s00122-019-03386-1
https://www.ncbi.nlm.nih.gov/pubmed/31263910
https://doi.org/10.2135/cropsci1999.0011183X003900030029x
https://doi.org/10.1002/csc2.21409

Plants 2025, 14, 3414 17 of 18

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Garg, M.,; Sharma, N.; Sharma, S.; Kapoor, P.; Kumar, A.; Chunduri, V.; Arora, P. Biofortified Crops Generated by Breeding,
Agronomy, and Transgenic Approaches Are Improving Lives of Millions of People around the World. Front. Nutr. 2018, 5, 12.
[CrossRef]

Neal, B.; Wu, Y,; Feng, X.; Zhang, R.; Zhang, Y.; Shi, J.; Zhang, J.; Tian, M.; Huang, L.; Li, Z.; et al. Effect of salt substitution on
cardiovascular events and death. N. Engl. |. Med. 2021, 385, 1067-1077. [CrossRef]

Yadav, S.; Yadav, J.; Kumar, S.; Singh, P. Metabolism of macro-elements (calcium, magnesium, sodium, potassium, chloride and
phosphorus) and associated disorders. In Clinical Applications of Biomolecules in Disease Diagnosis, 1st ed.; Singh, R.L., Singh, P.,
Pathak, N., Eds.; Springer: Singapore, 2024; pp. 177-203. [CrossRef]

Hocking, PJ. Dry-matter production, mineral nutrient concentrations, and nutrient distribution and redistribution in irrigated
spring wheat. J. Plant Nutr. 1994, 17, 1289-1308. [CrossRef]

El Houssni, I.; Zahidi, A.; Khedid, K.; Hassikou, R. Nutrient and anti-nutrient composition of durum, soft and red wheat
landraces: Implications for nutrition and mineral bioavailability. J. Agric. Food Res. 2024, 15, 101078. [CrossRef]

Fan, M.S.; Zhao, FJ.; Fairweather-Tait, S.J.; Poulton, P.R.; Dunham, S.J.; McGrath, S.P. Evidence of decreasing mineral density in
wheat grain over the last 160 years. |. Trace Elem. Med. Biol. 2008, 22, 315-324. [CrossRef] [PubMed]

Silva, T.; Cazetta, J.O.; Carlin, S.; Telles, B. Drought-induced alterations in the uptake of nitrogen, phosphorus and potassium, and
the relation with drought tolerance in sugar cane. Ciénc. Agrotec. 2017, 41, 117-127. [CrossRef]

Raza, S.; Saleem, EM.; Shah, M.G.; Jamil, M.; Khan, H.I. Potassium applied under drought improves physiological and nutrient
uptake performances of wheat (Triticum aestivum L.). ]. Soil Sci. Plant Nutr. 2013, 13, 175-185. [CrossRef]

Hussain, A.; Larsson, H.; Kuktaite, R.; Johansson, E. Mineral composition of organically grown wheat genotypes: Contribution to
daily minerals intake. Int. J. Environ. Res. Public Health 2010, 7, 3442-3456. [CrossRef]

Broadley, M.R.; Alcock, J.; Alford, J.; Cartwright, P; Foot, I.; Fairweather-Tait, S.J.; Hart, D.; Hurst, R.; Knott, P.; McGrath, S.P; et al.
Selenium biofortification of high-yielding winter wheat (Triticum aestivum L.) by liquid or granular Se fertilisation. Plant Soil 2010,
332, 5-18. [CrossRef]

Malavolta, E. Manual de Calagem e Adubagio Das Principais Culturas, 1st ed.; Ceres: Sao Paulo, Brazil, 1987; pp. 1-40.
Sankara-Rao, D.S.; Deosthale, Y.G. Mineral and trace element composition of wheat and wheat flours of different extraction rates.
J. Plant Foods 1981, 3, 251-257. [CrossRef]

Benguella, R.; Meziani, S.; Zohra, C.E; Barek, S.; Aissaoui, M.; Rahmoun, M.N.; Demmouche, A. Comparison of the nutritional
and antioxidant values of the peripheral layers in two species of wheat (soft and hard) grown in Algeria. Chil. |. Agric. Anim. Sci.
2022, 38, 15-25. [CrossRef]

Ficco, D.B.; Riefolo, C.; Nicastro, G.; Simone, V.; Di Gest,, A.M.; Beleggia, R.; Platani, C.; Cattivelli, L.; De Vita, P. Phytate and
mineral elements concentration in a collection of Italian durum wheat cultivars. Field Crops Res. 2009, 111, 235-242. [CrossRef]
Racz, C.J.; Haluschak, P.W. Effects of phosphorus concentration on Cu, Zn, Fe and Mn utilization by wheat. Can. J. Soil Sci. 1974,
54, 357-367. [CrossRef]

Mladenov, N.; Przulj, N.; Hristov, N.; Djuric, V.; Milovanovic, M. Cultivar-by environment interactions for wheat quality traits in
semiarid conditions. Cereal Chem. 2001, 78, 363-367. [CrossRef]

Taghouti, M.; Gaboun, F.; Nsarellah, N.; Rhrib, R.; El-Haila, M.; Kamar, M.; Abbad-Andaloussi, F.; Udupa, S.M. Genotype x
Environment interaction for quality traits in durum wheat cultivars adapted to different environments. Afr. J. Biotechnol. 2010, 9,
3054-3062. Available online: https:/ /www.ajol.info/index.php/ajb/article/view /80550 (accessed on 20 August 2025).

Surma, M.; Adamski, T.; Banaszak, Z.; Kaczmarek, Z.; Kuczynska, A.; Majcher, M.; Lugowska, B.; Obuchowski, W.; Salmanowicz,
B.P; Krystkowiak, K. Effect of genotype, environment and their interaction on quality parameters of wheat breeding lines of
diverse grain hardness. Plant Prod. Sci. 2012, 15, 192-203. [CrossRef]

Alkhatib, K.; Paulsen, G.M. Photosynthesis and productivity during high-temperature stress of wheat genotypes from major
world regions. Crop. Sci. 1990, 30, 1127-1132. [CrossRef]

Aftab, T. Omics Analysis of Plants Under Abiotic Stress, 1st ed.; Apple Academic Press: Palm Bay, FL, USA, 2023;
ISBN 978-1-00-328276-1. [CrossRef]

Kumari, A.; Sharma, B.; Singh, B.N.; Hidangmayum, A.; Jatav, H.S.; Chandra, K,; Singhal, R K.; Sathyanarayana, E.; Patra, A.;
Mohapatra, K.K. Physiological mechanisms and adaptation strategies of plants under nutrient deficiency and toxicity conditions.
In Plant Perspectives to Global Climate Changes, 1st ed.; Aftab, T., Roychoudhury, A., Eds.; Elsevier: Amsterdam, The Netherlands,
2022; pp. 173-194. [CrossRef]

Menezes, E.W.; (Universidade de Sao Paulo, Sao Paulo, Brasil); Purgatto, E.; (Universidade de Sao Paulo, Sao Paulo, Brasil).
Determinagao de Cinzas em Alimentos. Personal communication, 2016.

Bilge, G.; Sezer, B.; Efe Eseller, K.; Berberoglu, H.; Koksel, H.; Hakki-Boyaci, I. Ash analysis of flour sample by using laser-induced
breakdown spectroscopy. Spectrochim. Acta B At. Spectrosc. 2016, 124, 74-78. [CrossRef]

Johansen, ].M.; Jakobsen, J.G.; Frandsen, FJ.; Glarborg, P. Release of K, Cl, and S during Pyrolysis and Combustion of High-
Chlorine Biomass. Energy Fuels 2011, 25, 4961-4971. [CrossRef]


https://doi.org/10.3389/fnut.2018.00012
https://doi.org/10.1056/NEJMoa2105675
https://doi.org/10.1007/978-981-97-4723-8_8
https://doi.org/10.1080/01904169409364807
https://doi.org/10.1016/j.jafr.2024.101078
https://doi.org/10.1016/j.jtemb.2008.07.002
https://www.ncbi.nlm.nih.gov/pubmed/19013359
https://doi.org/10.1590/1413-70542017412029416
https://doi.org/10.4067/S0718-95162013005000016
https://doi.org/10.3390/ijerph7093442
https://doi.org/10.1007/s11104-009-0234-4
https://doi.org/10.1080/0142968X.1981.11904237
https://doi.org/10.29393/CHJAAS38-2CNRA70002
https://doi.org/10.1016/j.fcr.2008.12.010
https://doi.org/10.4141/cjss74-049
https://doi.org/10.1094/CCHEM.2001.78.3.363
https://www.ajol.info/index.php/ajb/article/view/80550
https://doi.org/10.1626/pps.15.192
https://doi.org/10.2135/cropsci1990.0011183X003000050034x
https://doi.org/10.1201/9781003282761
https://doi.org/10.1016/B978-0-323-85665-2.00012-1
https://doi.org/10.1016/j.sab.2016.08.023
https://doi.org/10.1021/ef201098n

Plants 2025, 14, 3414 18 of 18

60. Terzioglu, P; Yucel, S.; Rababah, TM.; Ozcimen, D. Characterization of wheat hull and wheat hull ash as a potential source of
SiO;,. BioResources 2013, 8, 4406—4420. [CrossRef]

61. Colas, A. Dosage des cendres et matiéres minérales. In Guide Pratique D’ Analyses Dans Les Industries Des Céréales, 2nd ed.; Godon,
B., Loisel, W., Eds.; Lavoisier Tec & Doc.: Paris, France, 1997; pp. 295-313; ISBN 978-2-7430-0123-0.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.15376/biores.8.3.4406-4420

	Introduction 
	Materials and Methods 
	Plant Material 
	Experimental Site 
	Field Experiment 
	Quality Evaluation 
	Statistical Analyses 

	Results 
	Climatic Conditions 
	Genotype and Environmental (Site) Effects on Durum Wheat Technological Quality 
	Genotype and Environmental (Local) Effects on Durum Wheat Grain and Ash Mineral Composition 

	Discussion 
	Conclusions 
	References

