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Abstract

The aim of this study was to evaluate the selected physicochemical parameters of flours
and rheological parameters of dough and quality parameters of breads of organically grown
spelt cultivars, to evaluate the interrelationship between the analysis results and harvest
year, and to describe the relationships between spelt flour quality parameters (explanatory
variables, X) and its bread quality parameters (dependent variables, Y). The relationships
were examined by partial least square regression (PLS-R) analysis. The PLS-R analysis was
extended to PLS-path modelling (PLS-PM). Global goodness of fit for the first two PLS-R
components, ¢; and ¢,, were determined at Q2cum= 0.127, and it exceeded the threshold value
of 0.0975. Two components were explained as 54.5% and 74.5% of variation in dependent
and explanatory variables, respectively. Breads made from cv. Oberkulmer Rotkorn and
cv. Ostro received the highest scores in terms of overall quality. The quality of spelt bread
was mainly dependent on its grain parameters.
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Introduction

The annual consumption of cereal products in Poland has decreased
steadily from around 115 kg per capita in the 1990s to around 70 kg per
capita at present. Bread is the most widely consumed cereal product with an
estimated 55% of the cereal product market, but its consumption has also
decreased to approximately 35 kg per capita annually (SZAWARA-NOWAK
2013, Institute of Agricultural and Food Economics-Polish National Research
Institute 2021). In recent years, domestic production of fresh bread has
remained fairly stable at 1.4 million tons per year, whereas the production
of confectionery goods and baked products with extended shelf-life continue
to increase and their total production can be estimated at around 740 000 tons
annually (Institute of Agricultural and Food Economics-Polish National
Research Institute 2021).

Spelt (Triticum aestivum ssp. spelta) is predominantly grown in organic
farms. The annual production of organically grown spelt is estimated
at around 173 000 tons (IJHARS — Agricultural and Food Quality Inspection
2019). Spelt grain is processed into flour and is used in the production
of various types of cereal products such as bread, crisp bread, pastries,
pasta, groat, malt and soup and processed into animal feeds as well (WANIC
et al. 2024, BOJNANSKA and FRANCAKOVA 2002, JURGA 2012, FRAKOLAKI
et al. 2018).

In Poland, spelt flour is used in the production of speciality bread as an
alternative to common wheat flours or usually in combination with common
wheat flour and rye flour (JURGA 2012). Traditional bread made from 100%
spelt flour i1s mainly produced in Germany and Austria (FRAKOLAKI et al.
2018, SCHOBER et al. 2002, SCHOBER et al. 2006, MAJEWSKA et al. 2007).

Spelt bread is characterized by an intense aroma, a desirable flavour,
prolonged shelf-life and desirable texture. Its flavour is described as sweet
and nutty (CAPOUCHOVA 2001, EVANS et al. 2014). According to several
studies, the nutritional value of spelt wheat and spelt products exceeds
that of common wheat is comparable to oat products (SZUMILO and RACHON
2015). However, other studies investigating the nutritional value of spelt
and other ancient wheat species did not explicitly confirm their superior
health benefits relative to common wheat, which indicate that the variety
of experimental materials is an important consideration (SHEWRY 2018).

The quality of spelt wheat products, including flour and bread,
1s influenced by numerous factors, including genotype (variety, number
of kernels in spikelet), environmental factors (location, soil and weather
conditions), agricultural system (sowing and harvesting methods), processing
factors (dehulling process and milling process), and technological factors
(flour properties, bread making methods) (SCHOBER et al. 2006, SZUMILO
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and RACHON 2015, SHEWRY 2018, GRELA 1996, ABDEL-AAL 2008, MIKOS
and PODOLSKA 2012, MAJEWSKA et al. 2018, ZUK-GOLASZEWSKA et al. 2018).
According to Regulation (EU) 2018/848 of the European Parliament and
of the Council of 30 May 2018 on organic production and labelling of organic
products and repealing Council Regulation (EC) No 834/2007, “organic
production is an overall system of farm management and food production
that combines best environmental and climate action practices, a high level
of biodiversity, the preservation of natural resources ...”. Moreover, organic
production is subject to official controls and to other official activities carried
out in accordance with Regulation (EU) 2017/625 to verify compliance with
the rules on organic production and the labelling of organic products.

The quality of spelt flour is described with the gluten content,
sedimentation value, amylolytic activity, and the rheological properties
of its dough which are important for both product quality and process
efficiency. The rheological properties of spelt flour are mainly determined
with the farinograph and extensograph experiments, viscoelastic properties
of gluten and pasting properties of starch (JURGA 2012, FRAKOLAKI et al.
2018, MONDAL and DATTA 2008). Spelt flour is generally characterized
as high gluten content; it has higher gluten content than common wheat
flour. Spelt dough is less dense than that of made from common wheat
flour. It was reported that spelt gluten has poorer rheological properties,
and the spelt dough is more sensitive to intensive mixing and mechanical
processing (WANIC et al. 2024, FRAKOLAKI et al. 2018, SCHOBER et al. 2006,
MAJEWSKA et al. 2007).

Direct and indirect methods are applied to evaluate wheat flour quality.
Indirect methods are used to determine the physicochemical properties
of flour and the rheological properties of its dough. The direct approach
involves laboratory baking trials of flour, mainly the bread making
assessments. In general, certain relationships exist between the results
of direct and indirect evaluations. However, bread making trial is still the
most useful determinant in evaluating wheat flour quality, in particular
for ancient spelt wheat (SCHOBER et al. 2002, ZARZYCKI et al. 2014).

The aim of this study was to evaluate the selected physicochemical
parameters of flours and rheological parameters of dough and quality
parameters of breads of organically grown spelt cultivars, to evaluate the
interrelationship between the analysis results and harvest year, and to
describe the relationships between spelt flour quality parameters and its
bread quality parameters.
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Materials and Methods
Materials

Seven winter spelt cultivars, which were used in this study, were cv. Cer-
alio (CER), cv. Schwabenkorn (SKO), cv. Franckenkorn (FRA), cv. Holsten-
korn (HOL), cv. Schwabenspeltz (SSP), cv. Ostro (OST) and cv. Oberkulmer
Rotkorn (OBE). The Polish winter common wheat (Triticum aestivum ssp.
vulgare) named as cv. Korweta (KOR) was used as a reference wheat cultivar.
The spelt cultivars and reference cultivar of cv. Korweta were organically
grown in the north-eastern region of Poland during three successive growing
years which were 2004—-2005 (first year, I), 2005—2006 (second year, II) and
2006—-2007 (third year, I1I) as four replicates (n = 4) in each year. Detailed
information about the agricultural technique and weather conditions in each
growing year was presented in the previous study (ZUK-GOLASZEWSKA et al.
2018). Harvested grains of spelt cultivars were dehulled using the cereal
thresher (Wintersteiger LD 180, Germany). After conditioning to 14.5%
moisture content, all wheat grain samples were milled using laboratory
roller mill (Brabender Quadrumat Junior, Germany) in order to obtain the
light flour; besides flour extraction rates (%) were calculated. All wheat
grain samples were also milled into wholegrain flour using a buhrstone
mill (FP 950, Denmark).

Methods
Physicochemical analysis of flours

The wet gluten content was determined in a mechanical gluten washing
system (Sadkiewicz® Instruments, Poland) according to PCS Standard
PN-EN ISO 21415-2:2015-12 (Polish Committee for Standardization
2015). The Zeleny sedimentation test was determined according to PCS
Standard PN-ISO 5529:1998 (Polish Committee for Standardization 1998).
The amylograph properties for starch gelatinization and starch paste viscosity
(B.U.) were measured according to PCS Standard PN-ISO 7973:2001 (Polish
Committee for Standardization 2001) using Brabender amylograph (Germany)
equipped with electronic temperature control. All physicochemical parameters
with their units were shown in Table 1.
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Table 1
The quality properties of grain, flour, dough and bread, and the notations
for variables in Partial Least Square Regression (PLS-R) analysis
and Partial Least Square Path Modelling (PLS-PM) analysis
PLS-R PLS-PM
] latent manifest Quality properties Unit
Variable . .
variable variable
X ) g wet gluten content of wholegrain flour %
Explanatory LV1 Grain ) 3 5
variable g9 our extraction rate %
fi wet gluten content of light flour %
f5 zeleny sedimentation index cm?
LV2 . R N
Flour f3 initial temperature of starch gelatinization C
fa peak temperature of starch gelatinization °C
fs maximum viscosity of starch paste B.U.
d; compressive strength of dough, f,| N
dy displacement, d,, (deformation at f, ) mm
d dough compactness (f /d ) N/mm
LV3 Dough 2 , W
dy maximum force of dough extrusion, f, N
ds maximum energy of dough extrusion, e, . J
dg dough yield %
Y by bread yield %
Dependent
variable Lv4 by bread volume cm?
Bread bqy crumb porosity score
by organoleptic quality of bread score

Rheological measurements of dough

The dough (550 g each) prepared for rheological tests consisted only
of flour and water. The dough was prepared with constant hydration, and
the dough yield was 155%, i.e. there were 55 parts by weight of water
per 100 parts by weight of flour. The amount of water added was calculated
each time while taking into account the moisture content of each flour
sample. Then, the dough was kneaded in a laboratory mixer (GM-2 model,
Sadkiewicz® Instruments, Poland) for 7 min which enabled the obtaining
of constant consistency (MAJEWSKA 2004).

The rheological properties of 250 g dough pieces were assessed in the
Instron 4301 (USA) device with the OTMS cell (cross-sectional area of 50 cm?2,
perforated cell) according to the method described by MAJEWSKA (2004).
Dough extrusion parameters for plotting the force versus displacement
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(Fax Vs dy,) curve were analysed (n = 4) in Instron IX Series AMTS v. 8.04
software. All rheological parameters and dough yields with their units were
shown in Table 1.

Bread making process

The straight dough method was followed using a GM-2 laboratory mixer
and a laboratory oven with the PL-10 fermentation chamber (Sadkiewicz®
Instruments, Poland). Bread dough was prepared by mixing wheat flour,
yeast (3%), table salt (1%) and water (added due to farinograph result)
in a laboratory mixer and was kneaded for 7 min. Then, bread dough was
fermented under conditions of 32°C temperature and 75—80% relative air
humidity in a fermentation chamber for 2 hours. The dough was perforated
after 80 min. A dough piece (250 g) was separated and formed manually.
Then, the dough was placed in a baking pan and was left to final fermentation
under the same fermentation conditions until full maturation. Dough was
baked in a laboratory oven at 230°C for 30 minutes. Laboratory bread
making trials were conducted in two series with two replicates for each.
Crumb porosity was defined as Dallman score (HORUBALOWA and HABER
1994); bread volume (cm?®/100 g of flour) was determined using the Sa-Wy
apparatus (Sadkiewicz® Instruments, Poland); total baking loss and
bread yield [%)] per 100 g of flour were also determined (HORUBALOWA and
HABER 1994). In addition, the organoleptic evaluations of bread (external
appearance, crust and crumb properties, flavour and aroma) were assessed
as giving scores by 8 panellists, which were food technologists working at
the Faculty of Food Science at the University of Warmia and Mazury in
Olsztyn, Poland, according to the method of PCS Standard PN-A-74108:1996
(Polish Committee For Standardization 1996).

Statistical analysis

The statistical analyses were performed using the Statistica software
(StatSoft) and XLSTAT software add-in for the Microsoft Excel programme.
The mean values and the standard error of the mean (SEM) were deter-
mined in a descriptive statistical analysis. The variations in the analysed
properties across the experimental years and the analysed cultivars, and the
year X cultivar interaction were determined by analysis of variance (ANOVA).
The means were compared in Tukey’s honest significant difference (HSD)
test at a significance level of P <0.01.
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The relationship between bread quality parameters (dependent varia-
bles, Y) and the spelt flour quality parameters (explanatory variables, X)
was explored by partial least square regression (PLS-R) analysis. The PLS-R
analysis was extended to path modelling (PLS-PM). The notations for the
variables in each of two approaches were presented in Table 1.

The PLS-PM causal model for all studied cultivars was presented
in Figure 1. Four latent variables — LiVs (ellipses) corresponding to successive
stages of the processing-grain, flour, dough and bread, and a set of manifest
variables — MVs (rectangles) related to LVs were adopted. The following values
were estimated: i) outer weights of MVs, w; denoting the relative importance
of each directly measured MVi (unitary change in LV with a change in MV);
ii) path coefficients (f;) among LVs which were standardized as regression
coefficients; and iii) coefficients of determination (R?) for endogenous LVs,
flour, dough and bread.

Results and Discussion
Physicochemical properties of flour

Physicochemical properties of the spelt and common wheat cultivars
were shown in Table 2. In all growing years, the wet gluten contents were
significantly higher in the wholegrain flours (26.70—37.10%) and light flours
(25.75—45.55%) of spelt cultivars than that of the wholegrain (19.15-24.10%)
and light flours (21.20-22.50%) of common wheat cultivar. The highest
average wet gluten contents were observed in both flours of cv. Oberkulmer
Rotkorn and cv. Ostro cultivars (Table 2). BOJNANSKA and FRANCAKOVA
(2002) reported that five cultivars of Triticum spelta L. had high wet gluten
content as 37.12% on average of three year cultivations. However, the average
SDS sedimentation value was low like 37.4 cm?, which had a negative
effect on bread volume and specific volume in their study. BOJNANSKA and
FRANCAKOVA (2002) found that the flour obtained from cv. Schwabenkorn
was characterized by high strength dough. Dough strength was estimated by
the wet gluten and crude protein contents of wheat. The spelt wheat gluten
was also characterized as high extensibility and low elasticity according to
previous studies (FRAKOLAKI et al. 2018, MAJEWSKA et al. 2007). LACKO-
-BARTOSOVA et al. (2010) reported very high levels of wet gluten in spelt
wheat. The contents of wet gluten in the grain of eight spelt cultivars
ranged from 37.4% (cv. Rouquin) to 49.8% (cv. Rubiota) with an average
of 42.9%. The grain of all spelt cultivars, except for cv. Holstenkorn, was
characterized as high extensibility in their study. LACKO-BARTOSOVA et al.
(2010) reported that wet gluten content was influenced by weather conditions
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during the growing season, and it peaked in the years of high temperatures
and uniform distribution observed during rainfall.

The Zeleny sedimentation index, which reflects gluten quality, ranged
from 12 cm® to 37 cm® among the analysed spelt cultivars (Table 2).
In cv. Korweta, the Zeleny sedimentation index values in three subsequent
growing years were in the range of 36—44 cm? indicating high dough strength,
and the Zeleny sedimentation index values were significantly higher than
that of the majority of spelt cultivars. According to our findings, common
wheat (cv. Korweta) had low wet gluten content, but its gluten quality was
higher than that of the spelt wheat, since it was expected that it included
high content of high-molecular weight glutenins which increased the dough
strength (WYSOCKA et al. 2024). The spelt cultivars of cv. Schwabenspelz and
cv. Schwabenkorn were characterized with satisfactory gluten quality and
they included relatively high gluten contents in both of their wholegrain flour
and light flour (Table 2). According to SCHOBER et al. (2006), typical spelt
cultivars, which were average quality, were characterized by high contents
of protein and wet gluten. It was reported that the quality and quantity
of gluten were significantly affected by the growing year, cultivar and the
interaction of both (SCHOBER et al. 2006). The flour extraction rates, which
were in the ranges of 58.5—-69.7% for spelt cultivars and 66.9—68.0% for
reference wheat, were also affected by cultivar and an interaction of growing
year and genotype (Table 2). Flour yield is one of the key parameters in the
evaluation of the milling characteristics of wheat grain, and it is also
correlated with selected bread properties including bread yield (negatively
correlated) and baking loss (positively correlated).

The effect of genotype x environment interaction on selected parameters
of wheat grain and flour quality is still poorly understood. That interaction
explains the variance in quality attributes to a different extent, and the
effects of genotype and environment are also determined by the magnitude
of the studied wheat cultivars and the applied methods of data analysis
(SCHOBER et al. 2006, SHEWRY 2018).

The activity of amylolytic enzymes in wheat and rye flour significantly
influences bread quality. Dough fermentation capacity and bread crumb
properties are mainly governed by amylolytic activity. In amylograph analysis,
amylolytic enzyme activity is evaluated under conditions similar to bread
baking in which starch gelatinization also occurs. In particular, in the first
baking stage, gradual increase in dough temperature and enzyme activity
subsequently takes place. In this study, the initial and peak temperatures
of starch gelatinization of all wheat flours milled from the grains harvested
in the third year of this study changed in the ranges of 62.0—64.50°C and
75.40-92.65°C, respectively. However, in the grains harvested in first
and second years of the experiment, the initial and peak temperatures
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of starch gelatinization were lower in all wheat flours than that of the flours
milled from the grains harvested in the third year (Table 2). In dough cell
membranes, starch gelatinization occurs at around 65°C. Above the starch
gelatinization temperature, the dough viscosity increases and the dough
extensibility decreases due to protein denaturation upon heating, and the
pressure increases in closed air pockets causing to the rupture of dough cell
membranes (MONDAL and DATTA 2008). Starch gelatinization is also affected
by dough fermentation and the applied baking process (POJIC et al. 2013).
The maximum viscosities of starch paste of common wheat cultivar in
the first, second and third harvest years were 497.5, 430.0 and 365.0 B.U.
respectively. On the other hand, in the spelt wheat cultivars, they changed
in the ranges of 295.0-872.5 B.U., 75.0-287.5 B.U. and 144.0-545.0 B.U.
in the same order of years, respectively (Table 2). The maximum viscosity
values obtained with all spelt cultivars in the second growing year were
obviously lower than that of value of common wheat. It can be stated that
according to the starch gelatinization temperature results, in the second
harvest year, all wheat samples easily gelatinized at lower temperatures and
their gelatinization was completed at lower temperatures than that of the
samples harvested in the first and third years. It meant that low energy was
needed for their gelatinization. The peak viscosities of spelt wheat starches
were lower than those of common wheat in the second harvest year that
means high amylolytic activity and the starches of spelt wheat were easily
degraded. In addition, the starch damage and starch morphology may also
play significant role in peak viscosity. Instead, the maximum viscosity values
obtained with all wheat samples in the first harvest year, which were in the
range of 295.0—-872.5 B.U., were higher than that of the grains harvested
in the second and third years, that means low amylolytic activity and the
starches resisted to amylolytic degradation and absorbed more water for
swelling. These findings can be attributed to weather conditions during the
second growing year and harvesting mentioned in the previous work (ZUK-
-GOLASZEWSKA et al. 2018). The experimental year, cultivar or genotype and
their interaction had significant effects on the amylograph properties of flours
(Table 2). It is reported that baking trials were essential for understanding
the amylograph properties of different types of wheat flour. In addition,
the applied bread making method was also an important consideration
(FRAKOLAKI et al. 2018, SCHOBER et al. 2002, NOORT et al. 2017).

Rheological properties of dough and quality properties of bread

The rheological properties of dough play an increasingly important role
in indirect evaluations of flour strength due to considerable advancements
in analytical equipment and software. The instruments for evaluating
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the rheological properties of wheat dough register dough characteristics
during mixing (like farinograph, mixograph) and stress-strain data for
plotting force-displacement curves (like alveograph, extensograph). The
rheological properties of wheat dough are also studied by using the Ottawa
Texture Measuring System (OTMS) equipped with extrusion cells in an
Instron universal testing device (KONOPKA et al. 2004). Dough resistance to
compressive, extensional and shear deformation is measured during the test.
The previous study revealed positive correlations between the rheological
parameters of dough determined in an OTMS cell and in an alveograph
(MAJEWSKA 2004).

Rheological properties of dough and quality properties of bread obtained
from bread making trials were shown in Table 3. Hence, the rheological
properties of spelt dough differed across the analysed spelt cultivars according
to experimental year, however d, and F', /d, values were generally similar
in all wheat samples. Dough made from cv. Korweta had compressive
strength, F', , as 243.9, 311.3 and 213.8 N and maximum extrusion force,
F,, . 349.5, 356.0 and 266.3 N in the first, second and third harvest years,
respectively. These parameters were generally higher than those of the spelt
cultivars in the same order of years. The compressive strength and maximum
extrusion force values of spelt dough were in the ranges of 82.5-257.5 N and
103.9-372.5 N, respectively (Table 3). Generally, the rheological property
of spelt dough was characterized as much lower than that of common wheat
dough. This means more delicate and having low compressive strength,
compactness and extrusion energy. Dough made from cv. Oberkulmer
Rotkorn could be characterized as relatively higher and consistent values
of rheological parameters across the experimental years, besides they were
generally lower than the values of cv. Korweta except for its displacement
(dw) values (Table 3).

The other studies also reported that the rheological properties of spelt
dough were poorer than those of common wheat dough. Thus, the dough
made from spelt flour was generally characterized by lower stability and
elasticity and higher extensibility and water solubility (BOJNANSKA and
FRANCAKOVA 2002, FRAKOLAKI et al. 2018, SCHOBER et al. 2002, MIKOS
and PODOLSKA 2012). However, the dough made from selected spelt cultivars
could be characterized as having high rheological properties in this study,
where the high flour strength values were strongly revealing (Table 3).
It was stated that the spelt products of reasonable quality, including bread,
could be obtained by selecting the appropriate cultivar and/or by manipulating
the processing conditions (ABDEL-AAL 2008).

The direct evaluation of flour strength in the laboratory bread making
trials demonstrated that the quality of bread produced from selected
spelt wheat cultivars was comparable to the quality of bread made from
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cv. Korweta, besides it can be explained that the selected quality parameters
were generally superior in the spelt wheat breads than those of common
wheat bread (Table 3).

The bread quality properties are defined as bread dough yield, bread
volume and density, and crumb porosity (MONDAL and DATTA 2008). In this
research, bread dough yield was significantly affected by the interaction
of cultivar x growing year. In the first and third years of the study, the dough
yields of spelt and common wheat were similar, whereas in the second
year, the spelt dough, in particular dough made from cv. Schwabenspelz
and cv. Oberkulmer Rotkorn cultivars, had higher dough yield than that
of common wheat dough. The results indicated that under different growing
conditions, the dough yield was more stable in the spelt wheat than that
of common wheat (Table 3).

The average bread volume per 100 g of flour ranged from 381.5 cm?
to 441.9 cm3 in cv. Korweta, and the average same property ranged from
285.1 cm? to 514.5 cm? in the studied spelt cultivars (Table 3).

The bread yields [%] of spelt wheat cultivars changed between
126.6—-134.5% in three year experiments, besides the bread yield of common
wheat changed between 125.8-133.1% 1in all growing years. In the first and
second growing years, the spelt wheat cultivars gave higher bread yield than
that of common wheat, but in the third year, the bread yield of cv. Korweta
(133.1%) was higher than that of the spelt cultivars except for the bread
yield of cv. Franckenkorn (134.5%, Table 3).

In this research, the crust colour of bread made from all spelt cultivars
was light brown with a yellow hue. The crumb of spelt breads had a creamy
yellow colour, besides the crumb of common wheat bread had a light creamy
colour. The spelt breads could be characterized by better slice ability and
had more distinctive flavour and aroma than that of common wheat bread.
The flavours of bread made from cv. Schwabenkorn, cv. Holstenkorn and
cv. Oberkulmer Rotkorn could be described as slightly nutty. Based on the
results of the organoleptic evaluation, the tested bread loaves received
the following average scores for overall quality in three years of experi-
ments: cv. Oberkulmer Rotkorn, cv. Ostro, cv. Ceralio, cv. Schwabenkorn,
cv. Schwabenspelz, cv. Frankenkorn, and cv. Holstenkorn spelt cultivars
had 36, 34.3, 34, 31.3, 29.6, 28 and 27.3 points, respectively, and finally
cv. Korweta as reference wheat had 32.6 point (Table 3).

In a study conducted by FRAKOLAKI et al. (2018), the spelt bread was
characterized by lower specific volume and noticeably darker crust and crumb
colour than that of common wheat bread. They reported that the starch
in spelt wheat dough was hydrolysed more easily into sugars contributing
to the Maillard reaction and caramelization occurring on the crust and
crumb. Therefore, the colours of crust and crumb of spelt bread were darker
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in comparison with common wheat bread in this study. In addition, the lower
volume of spelt wheat bread was correlated with the weaker gluten content
and low amylograph peak viscosity values relative to common wheat gluten.

BOJNANSKA and FRANCAKOVA (2002) reported relatively low volume for
spelt wheat bread per 100 g of flour, like in the range of 199.2 to 246.2 cm?, and
they reported relatively high bread yield, like in the range of 133.0-141.0%.
It was found that the growing season was the main factor for higher bread
volume. In this study, among the wheat cultivars harvested in the second
year of the experiment, the highest bread volume was found with cv. Ceralio
(514.5 cm?) followed by cv. Schwabenkorn (479 cm?) and cv. Frankenkorn
(494.4 cm3) cultivars. The bread volume of cv. Schwabenspeltz (508.1 cm?)
cultivar was the highest value among the wheat cultivars harvested in the
third year of this study. It was observed that the bread volume of the
remaining spelt cultivars was slightly influenced by the growing season
(Table 3).

Correlations between the strength of flours and bread
parameters vs. PLS components of ¢, and ¢,

Partial Least Square Regression (PLS-R) was applied to compare common
wheat and spelt cultivars in terms of flour strength and bread parameters.
The global goodness of fit for the first two PLS components, ¢; and ¢,, was
determined at chum =0.127, and it exceeded the threshold value of 0.0975
(Figure 2). The two components explained as 54.5% and 74.5% of the
variations in dependent (Y) and explanatory (X) variables, respectively.

In ¢, and ¢, coordinate space, the examined common wheat and spelt
cultivars were diagonally aligned, but the estimated values of PLS components
t; (=0.758) and ¢, (—0.442) of cv. Korweta indicated distinctively stronger
correlation with common wheat rather than spelt wheat. Thus, the quality
of spelt wheat bread was less correlated with the quality parameters of grain,
flour and dough than that of the bread of cv. Korweta. The quality of common
wheat bread was strongly correlated with the quality parameters of flour
and dough corresponding to Zeleny sedimentation index (f,), compressive
strength of dough (d;), maximum energy of dough extrusion (d5) and crumb
porosity (bs). An analysis of other parameters under the diagonal associated
with the flour and dough of cv. Korweta (ds, d,, fy, f5) revealed that the
quality of spelt wheat bread, which was mainly determined by grain quality,
was less correlated with flour strength and dough parameters compared
to the cv. Korweta bread. Bread volume (by) was correlated (-0.414) with the
component of ¢,, and it can be considered as an intermediate parameter for
comparing the quality of reference wheat and spelt bread (Figure 2).
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Fig. 2. A circle diagram presented the correlations among spelt cultivars,
the quality properties of grain (g;, gy), flour (f;—f5), dough (d;—d) and bread (b,-b,)
vs. the first two PLS components of ¢; and Z,. The dotted circle represented a correlation
of 0.7. CER: cv. Ceralio; SKO: cv. Schwabenkorn; FRA: cv. Franckenkorn; HOL: cv. Holstenkorn;
SSP: cv. Schwabenspeltz; OST: cv. Ostro; OBE: cv. Oberkulmer Rotkorn; KOR: cv. Korweta

Flour extraction rate (g,), which was a quality parameter, was the lowest
explanatory power. The remaining parameters were strongly correlated with
PLS components and they were interconnected with spelt wheat cultivars
(Figure 2).

PLS components were positively correlated with cv. Schwabenkorn
spelt wheat and the related parameters were the wet gluten contents
of wholegrain (g;) and light flour (f;), dough yield (dg) and bread yield (b,).
The second group of spelt cultivars that was positively correlated with the
component of ¢; and negatively correlated with the component of ¢,, was
composed of cv. Oberkulmer Rotkorn, cv. Ceralio and cv. Ostro cultivars
and the related parameters included the initial temperature of starch
gelatinization (f3), deformation (displacement) corresponding to the
compressive strength of dough (dy) and the bread score (b,). The third group
of spelt wheat cultivars was composed of cv. Schwabenspeltz, cv. Holstenkorn
and cv. Frankenkorn cultivars which were negatively correlated with ¢, and
positively correlated with ¢,. These cultivars were weakly correlated with
the flour strength and dough parameters (f,, f5, d5, d,), and they were not
correlated with specific bread properties (Figure 2).
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Path modelling of the strength of flours
and their bread making properties

It was shown in Table 4 that the latent variables (ILV1-4) were influenced
by variety. In the LV1 for grain, the wet gluten content of wholegrain (wgl)
was more important parameter for cv. Korweta than that of the spelt cultivars

Table 4
Outer weights MVs (w;) describing the corresponding LVs
and direct paths (8) for endogenous latent variables

Latent | "1 Kor | CER | FRA | HOL | OBE | OST | SKO | SSP
variables
Grai Wgy 1.019 0.536 0.512 -0.424 0.525 0.733 0.575 0.347
raim
wg, | 0127 | 0517 | -0.498 | 0.900 | 0512 | 0.367 | 0.620 | 0.760

we | -0.250 | 0.324 0.330 -0.022 | -0.383 | 0.309 -0.155 | -0.123
Wee | -0.189 0.019 0.017 0.166 0.202 0.328 0.273 0.289
Flour Wi 0.275 0.331 -0.244 | 0.359 0.403 0.053 0.209 0.328
Wy 0.298 0.301 -0.286 | 0.360 0.344 0.073 0.252 0.333
wes | -0.200 | 0.242 -0.320 0.289 | -0.095 0.313 0.320 0.119
wq, | 0.247 0.203 0.246 0.219 0.208 0.242 0.256 0.195
wyy | 0.128 -0.196 0.130 0.104 -0.164 0.010 -0.137 0.139
wqs | 0.232 0.225 0.040 0.175 0.212 0.232 0.172 0.179

Dough
& wqy | 0.201 | 0.205 | 0.244 | 0.217 | 0101 | 0.191 | 0.275 | 0.215
wgs | 0.230 | 0.208 | 0.246 | 0.217 | 0.182 | 0.225 | 0.319 | 0.196
wee | -0.163 | 0.132 | 0.213 | 0.181 | -0.194 | -0.212 | 0.252 | 0.214
wy; | 0.610 | -0.226 | -0.242 | 0.295 | -0.323 | 0.381 | -0.325 | -0.312
Bread wpe | -0.358 | 0.282 | 0.369 | -0.253 | -0.065 | -0.292 | 0.413 | -0.434
rea
wpy | 0.043 | -0.264 | -0.180 | -0.282 | 0.361 | -0.104 | 0.258 | -0.038
wp, | 0.108 | -0.264 | 0.358 | -0.263 | 0.627 | 0.381 | 0.280 | 0.546
Endogenous
latent
variables
B, |-0.990""| 0.987" | 0.930" | 0.987"" |-0.915"* | 0.794 | 0.905% | -0.837*
Flour g

RZ | 0981 | 0975 | 0.865 | 0.974 | 0.838 | 0.630 | 0.819 | 0.700
B, | 1161 | -0.154 | 0.034 | -0.068 | 0.720 | 0.640* | 0.882 | -0.281
Dough B | 0.221 | 1.059 | 0.963* | -0.931" | 1.395 | 0.398 | 0.016 |-1.209™"
RZ | 0.889 | 0.825 | 0.989 | 0.997 | 0.625 | 0.973 | 0.805 | 0.972
B, | 2245 | -0.798 | -0.143 | 2.873 | -0.924 | -0.157 | -1.249 | 0.606
Be | 3.692% | 0.423 | 1.443 | 38752 | 0.157 | -0.713 | 0.487 | -0.853
By | 0.644 | -0.337 | 0.401 | 5.770 | -0.205 | -0.156 | -0.173 | -0.464
RZ | 0978 | 0.981 | 0.996 | 0.957 | 0.929 | 0.984 | 0.975 | 0.992

*and ** — significant at P < 0.05 and P < 0.01, respectively. CER: cv. Ceralio; SKO: cv. Schwa-
benkorn; FRA: cv. Franckenkorn; HOL: cv. Holstenkorn; SSP: cv. Schwabenspeltz; OST: cv. Ostro;
OBE: cv. Oberkulmer Rotkorn; KOR: cv. Korweta.

Bread
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whose M Vs values significantly contributed to grain. In cv. Korweta, M Vs
of flour and dough were equally important, and bread yield (w,;) was the
most important MV for pronouncing bread. The high weights of spelt cultivars
were connected with the initial temperature of starch gelatinization (wgs,
cv. Ceralio, cv. Holstenkorn, cv. Oberkulmer, cv. Schwabenspeltz). The weights
associated with dough were relatively low, whereas the weights associated
with bread yield (w,,, cv. Ceralio, cv. Frankenkorn, cv. Schwabenkorn)
and the bread score (w4, cv. Frankenkorn, cv. Oberkulmer, cv. Ostro,
cv. Schwabenspeliz) were relatively found as high (Table 4).

The direct path coefficients for LVs in common wheat and spelt wheat
exhibited a similar pattern for flour and grain and displayed a different
pattern for dough and bread (Table 4). In the determination of dough,
the value of the path coefficient for grain was higher than that of flour,
whereas an inverse relationship was noted in spelt cultivars, excluding
cv. Schwabenkorn cultivar which had an inverse relationship with positive
(cv. Ceralio, cv. Frankenkorn, cv. Oberkulmer, cv. Ostro) and negative
(cv. Holstenkorn, cv. Schwabenkorn) estimates. In cv. Korweta, the highest
estimates of paths for bread were related to flour followed by grain and dough.
The spelt cultivar of cv. Holstenkorn followed these paths only, although
the estimate for dough was highly stated than that of grain and flour.
The remaining spelt cultivars were also strongly differentiated according
to the estimates (Table 4).

Conclusions

In conclusion, the flour strength of spelt wheat and the results of bread
making trials were not bound to simple linear relationship. Thus, bread
baking tests were required to reliably evaluate the strength of spelt flour.
The quality of bread from selected spelt wheat cultivars was comparable
to bread made of common wheat. Breads made of cv. Oberkulmer Rotkorn
and cv. Ostro cultivars received the highest overall score in terms of quality
parameters. The quality of spelt wheat bread, which was mainly connected
with grain quality, was less correlated with the flour strength and dough
parameters when compared to common wheat bread.

Accepted for print 12.12.2025
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