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Abstract: This study aimed to determine the baking quality of rye flour in terms of the content and
properties of its polysaccharides, i.e., starch and pentosans. The study materials were low- and
high-extract rye flours produced in industrial mills from the rye grain of two growing seasons (2019
and 2020). The results of the starch content, falling number, amylograph properties, DSC test, content
of pentosans, swelling curve test, and laboratory baking test were determined. It was found that the
type of flour had a greater impact on the baking quality of rye flour than the year of its production.
Research has shown that the most frequently used parameters, such as the falling number and the
maximum viscosity of starch paste, are not good indicators for assessing the baking value of currently
produced rye flours. From the parameters used for evaluating the properties of the starch-amylolytic
complex, the initial and onset temperatures for starch gelatinization were the best indicators for
evaluating the baking quality of rye flour. This study revealed a significant correlation between
the pentosan content (total, water soluble, and insoluble), swelling curve parameters and quality
parameters of rye bread, such as the specific bread volume, bread crumb moisture, and bread crumb
hardness. Assessment of the baking value of rye flour based only on the evaluated properties of the
starch-amylolytic complex is currently not sufficient to determine the baking quality of rye flour and
predict the quality of rye bread. This study on the baking quality of rye flour should be extended to
include the assessment of the dough properties related to the pentosan content and the enzymes that
degrade these components. It was shown that the properties of rye dough related to the content of
pentosan can be characterized based on the swelling curve test as a method that, together with the
initial and onset starch gelatinization temperatures, allows better assessment of the baking quality of
the commerecial rye flour and its suitability for the good-quality rye bread production.

Keywords: rye flour; swelling curve; pentosans; alpha-amylase activity; rye bread

1. Introduction

Rye (Secale L.) is a cereal used to produce bread, mainly in Northern and Central
Europe [1]. The basic direction when using rye grain is grinding it into flour, the baking
value of which is characterized based on the assessment of the functional properties of
its main polysaccharides, i.e., starch and pentosans, and the activity of the enzymes that
degrade the above ingredients [2]. Protein plays a smaller role in creating the structure of
rye dough than in wheat dough. During the production of rye dough, a three-dimensional
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gluten network is not formed, which is primarily due to the high content of pentosans,
which create dough with very high viscosity and absorb water faster than proteins [3-5].

Rye starch and the enzymes that hydrolyze it have an impact on the structure of the
bread crumb at temperatures above 45 °C [1,2]. Unlike wheat starch, it gelatinizes at a
lower temperature, i.e., 55-70 °C, making it more susceptible to the action of amylolytic
enzymes [3]. In the grain and milling industry, the methods most often used to assess
the baking value of rye flour are amylographic tests and the determination of the falling
number. These methods are used to assess the properties of starch related to its ability to
swell and gelatinize, and to its susceptibility to the action of amylolytic enzymes [1,6]. Rye
flour suitable for baking is characterized by a falling number in the range of 125-200 s [7], a
maximum amylographic viscosity in the range of 400-600 AU, and a final gelatinization
temperature in the range of 65-68 °C [8]. Rye flour with too low activity of amylolytic
enzymes produces bread with a low volume, with a dry and crumbly crumb, while rye flour
with too high amylolytic activity produces flat bread, with a moist, often soggy crumb [1,6].
The rye starch properties related to the gelatinization process can be evaluated by the DSC
test, which, together with the amylograph test and falling number, may provide a better
way to determine the usefulness of rye flour for breadmaking [9].

Pentosans are the second component of rye flour, after starch, responsible for the
baking value of rye flour. They are classified as non-starch polysaccharides and occur in
plant cell walls as substances accompanying cellulose [10]. These compounds influence the
properties of the dough during kneading, fermentation, and the first phase of baking [1].
Due to the solubility, they are classified as soluble and insoluble in water [11-14]. Low-
extract rye flours, which are deprived of a significant amount of particles from the outer
parts of the grain during milling, are characterized by a higher content of soluble pentosans
and a lower content of insoluble pentosans compared to wholemeal flour [15,16]. Both
pentosan fractions increase the water absorption of flour [17-19], but they influence the
properties of dough and the quality characteristics of bread in different ways. Soluble
pentosans, even at very low concentrations, can create viscous solutions [20], due to which
they protect the carbon dioxide molecules formed in the dough against thermal damage [21]
and slow down their release during baking [20], which has a positive impact on the bread
volume and crumb hardness [22]. In the case of insoluble pentosans, Kithn and Grosch [23]
showed that they increase the resistance of the dough to kneading and its stability, which,
however, does not translate into the quality of the obtained bread. The method that allows
the assessment of the properties of rye dough related to the content of pentosans and the
activity of the enzymes that break down these compounds is the swelling curve test [24,25].

There is no research on the baking value of rye flour produced in industrial mills or
the quality characteristics of the bread obtained from it. Currently, in industrial conditions,
assessing the baking quality of rye flour based on such parameters as the falling number
and amylograph peak viscosity is insufficient to predict its usefulness in breadmaking [25].
So, it is necessary to look for the parameters that will enable the characterization of the
quality of rye flour more comprehensively.

The present study aimed to indicate which parameters are the most sufficient to
predict the baking quality of rye bread made from flour obtained from currently cultivated
rye grain, which is generally characterized by low x-amylase activity. Because articles
published in recent years regarding rye flour lack information about the impact of the
type of flour and its year of production, in our study, this assessment was conducted to
determine which of the indicated factors has a greater impact on the baking quality of
rye flour.

2. Materials and Methods
2.1. Materials
This study used samples of low-extract and high-extract rye flour obtained from

industrial mills located in various regions of Poland. Based on the needs of rye flour
producers regarding the impact of weather conditions on the quality of grain as a raw
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material for flour production, flour obtained from rye grain from two consecutive harvest
years, i.e., 2019 and 2020, was used for testing. A total of twelve flour samples were tested
each year, i.e., six samples of low- and six of high-extract rye flour.

2.2. Methods
2.2.1. Starch Content of Rye Flour Samples and Its Properties
Starch Content, Falling Number and Amylograph Properties

The starch content was evaluated by the Ewers polarimetric method using polarime-
ters (Optical Activity, Cambridgeshire, Ramsey, the United Kingdom) according to ISO
10520:1997 [26]. The falling number test was evaluated using a Falling Number 1500 device
(Perten Instruments, Stockholm Sweden) according to ISO 3093:2009 [27] and the amylo-
graph test was evaluated according to ISO 7973:1992 [28] using an Amylograph (Brabender,
Duisburg, Germany).

Thermal Properties of Rye Flour Samples

The thermal properties of rye flour starch were measured by differential scanning
calorimetry (DSC) using the TA Instrument Q200 differential scanning calorimeter (Waters™
TA Instruments, New Castle, DE, USA). The test was determined according to the method-
ology described by Stepniewska et al. [9]. The following parameters were estimated directly
from the instrumental software: the onset (T,), conclusion (T¢), and peak (Tp) temperatures
and the gelatinization enthalpy, calculated per 1 g of flour.

2.2.2. Pentosan Content and Swelling Curve Parameter

The water soluble pentosan content (WSPC) and total pentosan content (TPC) were
determined according to Hashimoto et al. [29]. The water insoluble pentosan content
(WIPC) was obtained with the difference between the TPC and WSPC. The swelling curve
test was performed according to Drews [30] using an Amylograph (Brabender, Duisburg,
Germany). The test analyzed a suspension prepared from 364 mL of water, 46 mL of
buffer with pH 5.0 (sodium phosphate buffer solution), and 120 g of flour (14% moisture
in dry mass). This suspension was heated under constant stirring in the temperature
range of 30 °C to 42 °C with a heating rate of 1.5 °C-min~!. Then, the slurry was held at
42 °C for the next 30 min. The viscosity detected from the swelling curve expressed in
amylographic units (AU) referred to: the initial at 30 °C (V3), at 42 °C (V42), and after
holding the suspension for 30 min at 42 °C (FV). Based on the formula (logFV4, — logFa)
x 1000, i.e., the difference in the logarithms of the viscosity drop at 42 °C, the activity of the
pentosan-hydrolyzing enzymes in the first phase of baking was indirectly characterized.

2.2.3. Baking Procedure

Breads were obtained during laboratory baking trials. The dough of the tested rye
flour samples was prepared using the direct method according to the recipe included in
Table 1. The assumed yields of dough from a given type of flour were determined based on
the average water absorption obtained for all the samples of a given type of flour produced
in the 2019 and 2020 years. The rye dough ingredients were mixed in the Turbo-mix-6,5
mixer spiral (Hommel, Wiilfrath, Germany) for 10 min at a low speed.

The rye dough was fermented for 60 min in a fermentation chamber. Next, the dough
was divided into 350 g portions, manually formed, placed in the tins, and subjected to
proofing in the fermentation cabinet at 35 °C and a relative humidity of 70-75% until the
dough reached optimal size. The baking took place in an oven (Piccolo Wachtel Winkel,
Pulsnitz, Germany). Immediately after placing the loaves in the oven, steam was used
for approximately 10 s. The loaves were baked for 45 min at a temperature of 240 °C.
Immediately after baking, the loaves were brushed with water, cooled, and packed in
polyethylene bags as well as stored at room temperature for 24 h. Each sample of bread was
evaluated by the following: specific bread volume, crumb hardness 24 and 72 h after baking,
as well as crumb moisture 24 h after baking. All the analyses were evaluated according to
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the methodology described by Stepniewska et al. [9]. The result of the bread volume was
converted to 100 g of bread, and the crumb hardness was expressed in Newtons (N). The
crumb moisture content was expressed as a percentage, as the difference in the weight of
the samples before and after drying concerning the initial weight.

Table 1. Rye dough recipe.

Ingredient Quantity
Rye flour 1000 g *
Salt 15¢
Yeast 30g
Lactic acid 88% 8 cm®
Water To obtain the appropriate dough yield **

* adjusted to the standard moisture content of 14%; ** for flour samples produced in the 2019 year: 700 cm?
(low-extract rye flour) and 780 cm® (high-extract rye flour); concerning flour produced in the 2020 year: 680 cm3
(low-extract rye flour) and 760 cm?® (high-extract rye flour).

2.2.4. Statistical Analysis

The two-factor analysis of variance (ANOVA) was performed to determine the in-
fluence of such factors as the type of flour and its year of production. The homogenous
groups were determined by Tukey’s test. All the tests were performed with the significance
levels of @ = 0.05 and « = 0.01. The principal component analysis (PCA) was performed
to determine to what extent the bread and flour samples differed and which study factor
had the most significant influence on this. This test was performed on the average values
of each flour and bread sample, which corresponded well with the analysis performed
for all the replicates. The Pearson’s linear correlation coefficients (a = 0.05 and « = 0.01)
between selected flour and bread parameters were calculated. Data were analyzed using
the Statistica 13 PL program (StatSoft, Cracow, Poland).

3. Results

The results of the ANOVA analysis for all the quality parameters of the tested rye flour
samples and obtained rye bread, taking into account the influence of the study factors, are
presented in Table 2.

Table 2. F-value (ANOVA) of the study quality parameters of the rye flour and rye bread.

Flour Interaction
Parameter, Code/Factor Type Year Production AxEB
(A) (B)
Parameter related to starch-amylolytic complex
Starch content, ST 165.55 ** 0.49 1.08
Falling number, FN 3.00 0.46 0.16
Amylograph parameters
Maximum peak viscosity, APV 5.07 * 0.68 0.48
Initial temperature, Ty 27.98 ** 496 * 0.70
Final temperature, Tg 3.76 0.00 0.06
DSC parameters

Onset temperature, T, 37.15 ** 717 * 1.11
Peak temperature, Tp, 43.22 ** 11.64 ** 3.28
Conclusion temperature, T 5.46* 30.05 ** 15.55 **

Gelatinization enthalpy, Eg 3.49 7.26* 0.77
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Table 2. Cont.
Flour Interaction
Parameter, Code/Factor Type Year Production AxB
(A) (B)
Parameters related to pentosan content
Total content, TPC 152.78 ** 0.06 5.81*
Water insoluble, WSPC 26.03 ** 0.53 3.25
Water soluble, WIPC 84.24 ** 0.20 10.23 **
Swelling curve parameters
Initial viscosity at 30 °C, V3 146.23 ** 0.54 0.04
Viscosity at 42 °C, V4 93.07 ** 0.09 0.09
Viscosity at 42 °C for 30 min, FVy4; 86.89 ** 10.01 ** 0.00
Logarithmic decrease of viscosity at 42 °C, log 20.67 ** 59.79 ** 1.32
Bread quality parameters

Bread yield, BY 70.76 ** 10.17 ** 3.03
Specific bread volume, SBV 16.70 ** 2.26 0.14
Bread crumb moisture, BCM 18.92 ** 0.88 1.60
Hardness after 24 h, CHyy 17.32 ** 0.80 0.21
Hardness after 72 h, CHy, 8.44 ** 0.89 0.05
Hardness increase for 48 h, ICM 10.30 ** 39.81 ** 515*

* significant difference at p < 0.05; ** significant difference at p < 0.01. Detailed explanations: ST—starch
content; FN—falling number; Ty, Tp—temperature of starch gelatinization—initial and final, respectively; To, Tp,
T.—temperature of starch gelatinization—onset, peak and conclusion, respectively; TPC—total pentosan content,
WSPC—water soluble pentosan content, WIPC—water insoluble pentosan content, V3y—the initial viscosity at
30 °C, Vy—viscosity when the sample reached 42 °C, FV,—final viscosity after holding the suspension at 42 °C
for 30 min, (logV4, — logFVyy) x 1000 -logarithmic decrease in viscosity at 42 °C, CHps—bread crumb hardness
24 h after baking, CHy,—bread crumb hardness 72 h after baking, ICM (CHy, — CHp4)—increase in bread crumb
hardness during 48 h of bread storage.

3.1. The Parameters Related to the Starch—-Amylolytic Complex
3.1.1. Starch Content and Falling Number

The statistical analysis showed a significant impact of the type of flour and no influence
of the year of production on the starch content of the tested rye flour samples (Table 2).
The starch content was in the range of 52.2 to 68.7% d.m. (Table 3). In the early study
by Stepniewska et al. [9], low-extract rye flours were characterized by a starch content in
the range of 63.5% d.m. to 71.1% d.m. These studies revealed that low-extract rye flour
samples were characterized by a statistically higher starch content (mean value 66.4% d.m.)
compared to high-extract rye flour, which had an average starch content of 55.0%. This is
due to the fact that starch only occurs in the endosperm of the rye grain [24]. Therefore, rye
flours with a low extract, consisting mainly of crushed particles of this part of the grain,
were characterized by a significantly higher starch content compared to rye flour with a
high extract. However, the average starch content of the rye flour samples produced in
2019 and 2020 was at a similar level (61.0 and 60.4% d.m., respectively; Table 3).

The falling number (FN) was in the range of 200 to 324 s and was above the optimal
range compared to flour intended to produce good-quality rye bread, e.g., in the range of
125 t0 200 s [31]. In the study conducted by Michalska and Zieliniski [31], rye flours obtained
during laboratory milling of the rye grain of two population cultivars were characterized
by a falling number in the range of 181 to 251 s. In our study, a slightly higher value of the
FN characterized the low-extract rye flour samples (on average, 242 s) compared to the
high-extract rye flours (on average, 224 s), but the differences were statistically insignificant
(Tables 2 and 3). There was also no significant effect of the flour’s year of production on the
value of the FN.
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Table 3. Results of parameter characteristics of starch-amylolytic properties of tested rye flour

samples.
Flour Type Year of Production
Quality Range L Hich
Parameter ow 18

Extract Extract 2019 2020
Starch content (% d.m.) ST 522-68.7  664+153 550427 61.0+587 604+6.87
Falling number (s), FN 200-324 242 +£322 224 + 1472 236 +302 230 £21°2

Amylograph parameters
Maximum peak viscosity (AU), APV 410-940 579 + 1447 478 +64P 510+ 1482 547+ 882
Initial temperature of starch gelatinization (°C), Ty 50.5-58.0 53.1+09P 5474122 5424108 5354+1.02
Final temperature of starch gelatinization (°C), Tg 67.5-83.0 722+£372 700+162 71.1+£38?2 7114217
DSC parameters

Onset temperature of starch gelatinization (°C), T, 56.4-59.8 5714+ 1.0° 5874+073 582+083 575+1.0%
Peak temperature of starch gelatinization (°C), Tp 57.6-65.3 627 £09° 6444052 6404+072 63.1+132

Conclusion temperature of starch gelatinization (°C), T 69.2-76.6 729+242 7404+13b 747+122 722418P

Gelatinization enthalpy (J-g 1), E

gel 4.7-7.9 58+082 64+09° 57+08P 654072

The values in the table are given in the min-max range and average values & standard deviation;
a, b—homogenous groups obtained by the t-Tukey’s test at p < 0.05. Data with the same superscript alpha-
bets in columns are not significantly different (p > 0.05); n = 3.

3.1.2. Amylograph Properties

The results of the amylograph and DSC tests are presented in Table 3. The amylograph
maximum peak viscosity (APV) ranged from 410 to 940 AU. It was found that only the
type of flour had a statistically significant impact on the values of the above parameter.
The low-extract rye flour samples were characterized by a significantly higher value of
the APV (on average, of 579 AU) compared to high-extract rye flour (on average, of
478 AU). This indicates the significantly lower activity of amylolytic enzymes in low-extract
rye flour than in the high-extract rye flour samples. This is due to the greater share of
particles originating from the outer parts of the grain in high-extract rye flour, which were
characterized by a higher content of amylolytic enzymes compared to particles originating
from the endosperm [32]. Also, the study by Michalska et al. [7] showed that suspensions
from rye flour samples with an extract of 70% were characterized by a significantly lower
maximum peak viscosity than suspensions from flour with an extract above 90%. In our
study, the impact of the year of flour production was not significant. Rye flour samples
produced in 2019 and 2020 were characterized by a similar level of APV (average 510 and
547 AU, respectively).

The initial temperature of starch gelatinization (T1) was in the range of 50.5-58.0 °C.
In the earlier study by Stepniewska [9], a low-extract rye flour samples with a low extract
content were characterized by a Ty coefficient in the range from 51.5 to 54.0. Our study
revealed that only the type of flour had a significant impact on the analyzed parameter
(Table 2). The low-extract rye flour samples were characterized by a significantly lower
T; compared to high-extract rye flour (on average, 53.1 and 54.7 °C, respectively). The
observed differences are probably connected to differences in the starch structure, e.g.,
granule size [33], the share of amylose and amylopectin [34], phosphorus content [35],
the length of the amylopectin side chains [36], and differences in the molecular weight of
starch [37]. Our study showed that the rye flour samples produced in the 2019 year were
characterized by a Ty of a similar level to the rye flour samples produced in the 2020 year
(on average, 54.2 and 53.5 °C, respectively).

The final temperature of starch gelatinization (TF) ranged from 67.5 to 83.0 °C. More-
over, above 90% of the study rye flour samples were above the optimal parameters for
rye flour, which are characterized by an optimal baking quality, i.e., 65-69 °C [38]. The
low-extract rye flour samples were characterized by a higher TF (on average, 72.2 °C)
compared to high-extract rye flour (on average, 70.0 °C). However, the differences were not
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statistically significant. Also, the effect of the flour’s rye year of production on the value of
the TF was statistically insignificant.

3.1.3. Differential Scanning Calorimetry (DSC)

The gelatinization temperatures of the rye flour samples were also analyzed using
DSC (Table 3). Statistical analysis showed that the type of flour and its year of production
had a significant impact on all the parameters obtained from the DSC curve (Table 2).
According to Kaur et al. [39], the gelatinization temperatures determined by the DSC
test depend on the structural and thermal stability of the crystalline region of rye starch.
Starch characterized by less stable crystalline regions could absorb water rapidly and
gelatinize easily compared to starch that possesses crystalline regions that are thermally
and structurally more stable.

The onset temperature of starch gelatinization (T,) was in the range of 56.4 to 59.8 °C
(Figure 1). A similar range of the T, was characteristic of low-extract rye flour in the
earlier study by Stepniewska [9]. In the current study, the low-extract rye flour samples
were characterized by a significantly lower T, than the high-extract rye flour samples
(on average, 57.1 and 58.7 °C, respectively). According to Fredriksson et al. [40] and
Elgadir et al. [41], the T, determined in the DSC test is related to the share of amylose in
starch. The studies conducted by the above-mentioned authors showed significant negative
correlations between the initial starch gelatinization temperature and the amylose content,
which means that during the gelatinization of starch with a lower amylose content, more
heat should be supplied, which affects the increase in the starch gelatinization temperature.
Our study showed that flours produced in 2019 and 2020 were characterized by a very
similar T, (on average, 58.2 and 57.5 °C, respectively).

O 65 -

:060—

o 55

S

= 50 -

= 45

5

=40 -

;035—

g 30 -

%25

B 20 -

g

515

Z

s 10 -

& 5 -

§ o

- AN OOV OV O O OOV OV OV OV OV O OO O OO0 OO O O O ©
3 TTIT T I T T T TS99 99g99q99g9q
=1 — AN N <K O O = ANH H O O = AN <H O O — NN Hh <t O O
O _ - A A DT T T T T T~ 112121 TTTITIT T

Figure 1. The onset temperature of starch gelatinization for the studied rye flour samples; the sample
codes refer to the flour types H (high-extract) and L (low-extract), the numbers from 1 to 6 indicate
subsequent batches of flour samples, and the numbers 19 and 20 indicate the year of flour production
(2019 and 2020, respectively).

The peak temperature of starch gelatinization (Tp) and the conclusion temperature of
starch gelatinization (T.) were in the range of 57.6 to 65.3 °C and 69.2 to 76.6 °C, respectively.
Similar to the temperature T,, the low-extract rye flour samples were characterized by a
significantly lower Tp, and T. compared to the high-extract rye flour samples (on average,
Tp was 62.7 and 64.4 °C and T, were 72.9 and 74.0 °C, respectively).

Research conducted by Sasaki [42] showed that the amylose content of starch has
a significant impact on the T.. The above studies have shown that there is a negative
correlation between the T. and amylose content. This may suggest that the differences in
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the T, between the tested low-extract and high-extract rye flour samples are related to the
different shares of amylose in the starches contained in these flour samples.

The gelatinization enthalpy was in the range of 4.7 to 7.9 ]‘g_l (Table 3, Figure 2).
The low-extract rye flour samples were characterized by significantly lower gelatinization
enthalpy compared to the high-extract rye flour (on average, 5.8 and 6.4 J-g~!, respec-
tively). Additionally, the flour samples produced in the 2019 year were characterized by
significantly lower gelatinization enthalpy compared to the flour samples produced in the
2020 year (on average, 5.7 and 6.5 ]-g !, respectively). The differences in the gelatinization
enthalpy might result from differences in the amylose and amylopectin content [41,43,44],
the shape of the starch granules, the share of large and small granules [45] as well as
differences in the fat content present in the starch granules [46].
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Figure 2. Gelatinization enthalpy of the tested rye flour samples (sample codes as in Figure 1).

3.2. The Parameters Related to the Pentosan—Pentosanolytic Complex
3.2.1. Pentosan Content

The results of the pentosan content and swelling curve parameters are presented in
Table 4 and Figure 3. Statistical analysis revealed that the type of flour had a statistically
significant impact on the total pentosan content (TPC), water soluble pentosan content
(WSPC) and water insoluble (WIPC) pentosan content (Table 2). The impact oof the flour’s
year of production was not significant. The TPC was in the range of 4.57 to0 9.61% d.m.
(Figure 3). The low-extract rye flour samples were characterized by a TPC of a lower
level compared to the high-extract rye flour samples (on average, 5.92 and 8.67% d.m.,
respectively). In the study conducted by Banu [47], low-extract rye flour samples obtained
in a laboratory mill were characterized by a lower TPC, i.e., in the range of 2.36 to 2.85%
d.m. However, in our previous research [48], wholemeal rye flour samples from industrial
mills were characterized by a TPC in the range of 8.3 to 13.4% d.m.

The WSPC and WIPS were in the range of 3.14 to 4.74% d.m. and 0.89 to 5.29%
d.m., respectively (Figure 3). In our earlier research [25], 10 high-extract rye flour samples
obtained from industrial mills were characterized by a WSPC and WIPS in the range of
2.60 to 4.3% d.m. and 4.40 to 6.10% d.m., respectively. According to many authors [49-51],
pentosans affect the properties of starch related to its ability to swell and gelatinize, and
to its susceptibility to the action of amylolytic enzymes. These compounds surround
the starch granules and, together with amylose, create a film covering the surface of
the swollen granules, thus limiting the access of water and amylolytic enzymes to the
starch, even at low concentrations, delaying its gelatinization process. In our opinion,
probably as the content of pentosans increased, the amount of water available for the
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starch in the gelatinization process decreased, which delayed and limited the swelling of
the starch granules and resulted in an increased gelatinization temperature. A significant
positive correlation between the pentosan fractions and the initial temperature of starch
gelatinization determined in the amylographic and DSC tests was also observed in our
study. Similar relationships were demonstrated in studies conducted by Santos et al. [52],
in which soluble pentosans isolated from wheat grains were added to wheat flour, and in
studies conducted by Arif et al. [50], in which insoluble pentosans isolated from wheat
grains were added to wheat flour. Also, research conducted by Grossmann and Koehler [53]
showed that pentosans increase the gelatinization temperature of rye starch. However,
Gudmundsson et al. [54], adding soluble pentosans isolated from rye grain to wheat
flour, did not find that these compounds significantly influenced the starch gelatinization
temperature. These contradictory results obtained by the above-mentioned authors might
result from differences in the functional properties of the soluble pentosans used in the
studies and may be related to the different origins of the pentosans, their molecular weight,
and their degree of branching [55]. Our study revealed that the year of production of the
flour had no significant impact on the value of the TPC, WSPC, and WIPC.

Table 4. The parameters related to the pentosan content in the tested rye flour samples.

Flour Type Year of Production
Quality
Range Low High
Parameter 8
Extract Extract 2019 2020

TPC (% d.m.) 4.57-9.61 5924+ 0.62° 86740582 72641172 732+ 1.822
WSPC (% d.m.) 3.14-4.74 353+0.16° 4174+043% 3.89+£048% 3.80+£044%
WIPC (% d.m.) 0.89-5.29 2384071 44740622 378+083% 348+1572
Swelling curve parameters

V3o (AU) 175-700 223 +34° 540 £812 391 £177°2 372 +180?
Vg (AU) 145-600 191+ 37° 4354+76% 309 +£1392 317 £ 1462
FVy 95-385 142 £ 41° 280+ 462 187 £ 75P 235 +862
(logVsr — logFV,,)-1000 41-261 136 £ 62° 190 £48° 208 £30° 117 £ 49°

The values in the table are given in the min-max range and average values average + standard deviation;
a, b—homogenous groups obtained by the t-Tukey’s test at p < 0.05. Data with the same superscript alphabets in
columns are not significantly different (p > 0.05); n = 3. The abbreviations (codes) are described in Table 2.
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Figure 3. Pentosan content: total (TPC), water soluble (WSPC) and water insoluble (WIPC) in the
studied rye flour samples (sample codes as in Figure 1).

3.2.2. Swelling Curve Parameters

The conducted study showed that the flour type significantly impacted all the param-
eters obtained from the swelling curve test (Table 2). The first parameter obtained from
the swelling curve was the initial viscosity at 30 °C (V3p), which depended on the ability
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of the flour’s ingredients (mainly pentosans) to swell, dissolve, and bind water during
dough production. A high V3, value indicates the ability of rye flour ingredients to bind
water quickly and strongly [25]. In our study, the V33 was in the range of 175 to 700 AU
(Table 4, Figure 4). For comparison, in previous studies, high-extract rye flour samples were
characterized by a V3 in the range of 175 to 845 AU [25], while in other studies, wholemeal
rye flour samples were characterized by an initial viscosity in the range of 230 to 670 AU [48].
Statistical analysis showed that the low-extract rye flour samples were characterized by a low
V30 compared to high-extract rye flour (on average, 223 and 540 AU, respectively).
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Figure 4. Viscosity obtained from the swelling curve test: initial (V3p), when the sample reached 42 °C
(V42) and final after holding the suspension at 42 °C for 30 min (FV,) obtained from the swelling
curve test for the studied rye flour samples (sample codes as in Figure 1).

The viscosity of the samples after reaching a temperature of 42 °C (V) ranged from
145 to 600 AU (Figure 4). The study conducted by Banu [56] revealed that laboratory
low-extract rye flour samples were characterized by a viscosity V4, in a narrow range,
as in the current study, i.e., 120 to 140 AU. Similar to the viscosity V39, low-extract rye
flour was characterized by a significantly lower value of the V4, compared to high-extract
rye flour (average value of 191 and 435 AU, respectively). Statistical analysis did not
show a significant impact of the year of flour production on the values of the V3g and
V4. Suspensions from the tested rye flour samples produced in 2019 and 2020 were
characterized by similar levels of V3y and V4, (average V3g: 391 and 372 AU as well as Vy:
309 and 317 AU, respectively).

The final viscosity after holding the suspension at 42 °C for 30 min (FVy), depend-
ing on the content and properties of the pentosans, as well as the degree of enzymatic
degradation [57], ranged from 95 to 385 AU (Figure 4). The low-extract rye flour samples
were characterized by a significantly lower FV4, compared to the high-extract rye flour
samples (on average, 142 and 280 AU, respectively). The flours produced in 2019 also
had a significantly higher FV4, value compared to the rye flour samples produced in 2020
(on average, 187 and 235 AU). Similar to the previous study by Stepniewska et al. [48], a
significant positive correlation was found between all the viscosity indicators read from
the swelling curve and the TPC, WSPC, and WIPC. Also, a study conducted by Autio
et al. [58] revealed significant correlations between the Vs, V4, and TPC. It should be
noted that the viscosity of the rye flour suspension is significantly influenced not only
by the content of pentosans but also by their molecular weight and degree of branching.
With the same pentosan content, suspensions made from flour containing pentosans with
a higher molecular weight and a greater degree of branching are characterized by higher
viscosities when examining the swelling curve [59,60].

The changes in viscosity during 30 min of holding the suspension at 42 °C, determined
as the differences in the logarithms of the viscosity decrease at 42 °C, allowed for an
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indirect assessment of the activity of the enzymes that degrade pentosans [25,61]. The rate
of decrease of the suspension viscosity is interpreted as an indicator of the decomposition
of soluble pentosans, both those present in flour and those formed in the bread baking
process as a result of the transformation of insoluble pentosans into a soluble form [56]. It
is unfavorable for rye flour to be characterized by a high value of the logarithmic decrease
in viscosity at a temperature of 42 °C and also a high initial viscosity at 30 °C. Such
parameters are usually characteristic of flour with a high content of pentosans, which
undergo numerous transformations during kneading, fermentation, and in the first phase
of baking. Insoluble pentosans are mainly transformed into a soluble form. Soluble
pentosans, both present in flour and those formed as a result of transformations, undergo
acid hydrolysis [59,62]. If the hydrolysis of soluble pentosans is too intense, the dough
becomes too intensively loosened during fermentation due to a decrease in dough efficiency
related to a reduction in the ability of pentosans to bind water [63]. Although rye flour
has high pentosanolytic activity, the conversion of insoluble pentosans into a soluble form
during dough kneading and fermentation occurs to a greater extent; however, this process
does not have a positive impact on the quality of bread. This is mainly caused by too high
a degradation of soluble pentosans, which adversely affects the volume of bread and the
crumb structure. In flour characterized by the optimal activity of enzymes, there is an
appropriate ability to bind water, because the content of soluble pentosans increases, as well
as a decrease occurring in the amount of soluble pentosans with a high molecular weight
and an increase in the amount of soluble pentosans with a low molecular weight [64].
During moderate hydrolysis of pentosans, the water remaining from their hydrolysis is
available for starch, which has a positive effect on its swelling and gelatinization process.
This has a positive effect on the elasticity of the dough, increasing the dough’s ability
to retain carbon dioxide and increasing the bread’s volume [15,65]. In our study, the
logarithmic decrease in viscosity at 42 °C was in the range of 41 to 261 (Table 4). For
comparison, in the study conducted by Autio et al. [58], the values of this parameter
for suspensions obtained from wholemeal rye flours were in a lower range, i.e., from
37 to 104. The observed differences could result from differences in the activity of the
amylolytic enzymes of the tested rye flours. Rye flours were characterized by a falling
number ranging from 200 to 324 s (Table 3), while in the research by Autio et al. [58], the
research material was rye flour samples with a falling number in the range of 95 to 200 s.
The statistical analysis showed that the type of flour and the year of production of the
flour had a statistically significant impact on the values of the logarithmic decrease in
viscosity (Table 2). According to Dornez et al. [66], the enzymes that decompose pentosans
are unevenly located in the grain and their content increases from the middle part of the
endosperm to the outer parts of the grain. Therefore, high-extract rye flour samples, due to
the greater share of particles originating from the outer parts of the grain, are characterized
by higher activity of pentosanolytic enzymes than low-extract rye flour samples. This was
confirmed in our study, in which the suspensions obtained from high-extract rye flour
samples were characterized by a significantly higher average value of the logarithmic
decrease in viscosity compared to the suspensions from low-extract rye flour samples (136
and 190, respectively) (Table 4). Salmenkallio-Marttila and Hovinen [67] revealed that the
value of the logarithmic decrease in viscosity is influenced by the weather conditions during
the growth and harvesting of the grain from which the flour was produced. The study
conducted by the above authors demonstrated that the rye flour suspensions obtained from
grain harvested in a cold and rainy summer were characterized by higher values of the
logarithmic viscosity drop than suspensions made from flour obtained from grain harvested
in a sunny and dry summer. Our study showed that flours produced in the 2019 year
were characterized by, on average, a significantly higher value of the discussed parameter
compared to flours produced in the 2020 year (208 and 117, respectively) (Table 4). This
proves that the activity of the pentosanolytic enzymes in rye flour produced in the 2019
year was significantly higher than in the 2020 year.
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3.3. Bread Characteristic

The quality parameters of rye bread are presented in Table 5. The bread yield was in
the range of 145 to 156%. The statistical analysis revealed a significant impact of the type
of flour and production year on the above parameters (Table 2). Due to the lower dough
yield, determined based on the water absorption of flour, the bread made from low-extract
rye flour was characterized by a lower yield compared to the bread from high-extract
rye flour (on average, 148 and 153%, respectively). Also, significantly higher yields were
characteristic of the bread from flour samples produced in the 2019 year compared to
the 2020 year (on average, 151 and 149%, respectively). The conducted study showed a
significant correlation between the bread yield and all the parameters read from the DSC
endotherm and swelling curve as well as the content of all the pentosan fractions (Table 6).
Similar to the present study, a significant correlation between the bread yield and total
pentosan content was demonstrated in our early study [48].

Table 5. Quality traits of rye bread obtained from tested rye flour samples.

Flour Type Year of Production
Quality Range L Hieh
Parameter ow 13
Extract Extract 2019 2020
Bread yield (%) 145-156 148 £ 2P 153 £ 22 151+ 3P 149 £ 22
Specific bread volume (cm3/100 g) 152-233 193+ 772 171 £13P 178 + 122 186 £21°
Bread crumb moisture (%) 45.3-51.0 464 +0.6° 484 +152 476 +1.62 472 +152
CHj4 (N) 37.8-90.7 451 +51°P 66.1 162 579+ 1352 53.3+18.12
CH7, (N) 54.1-115.0 63.1+6.1P 79.2 £17.82 68.6 +9.82 73.8£19.02
CHy, — CHyg (N) 3.9-29.0 18.0 £ 5.62 13.1+74P 10.7 +£52P 204 +4.72

The values in the table are given in the min—-max range and average values average + standard deviation; a,
b—homogenous groups obtained by the t-Tukey’s test at p < 0.05. Data with the same superscript alphabets
in columns are not significantly different (p > 0.05); n = 3. CHps—bread crumb hardness 24 h after baking,
CHy;—bread crumb hardness 72 h after baking, CHy, — CHps—increase in bread crumb hardness after 2 days
storage of bread.

The specific bread volume (SBV) was in the range of 152 to 233 cm®/100 g. A significant
impact on the SBV was only related to the type of flour (Table 2). The bread from the low-
extract rye flour samples was characterized by a significantly higher SBV than the bread
from the high-extract rye flour samples (on average, 193 and 171 cm®/100 g, respectively),
whereas in the study conducted by Pejcz et al. [68], rye bread from the low-extract and
wholemeal flour was characterized an SBV of the levels 267 and 184 cm®/ 100 g. In the
present study, the bread from flour samples produced in the 2019 year was characterized
by a lower SBV than the bread from flour samples produced in the 2020 year, but the
obtained differences were statistically insignificant. The SBV correlated significantly with
all the parameters read from the swelling curve and all the pentosan fractions (Table 6).
Also, in our previous study [48], there were significant relationships between the volume
of rye bread and the content of soluble pentosans, the initial viscosity determined from
the swelling curve, and the value of the logarithmic decrease in viscosity at 42 °C. No
significant correlation was found between the bread volume and the falling number and
amylograph parameters (Table 6). This means that the content of pentosans and the activity
of the enzymes that degrade these components have a greater impact on the volume of
rye bread from currently produced rye flours than the properties of starch related to the
susceptibility to the action of amylolytic enzymes and its ability to swell and gelatinize
evaluated by traditional methods such as the falling number and amylograph test. Similar
to the earlier study by Stepniewska et al. [9], it has been shown that from the methods used
to assess the starch properties, the DSC parameters allow to a greater extent prediction
of the rye bread volume than the falling number and amylograph test. Among the DSC
parameters, a significant correlation was observed only between the SBV and the onset
as well as peak temperature of starch gelatinization (r = —0.729 and —0.710, respectively;
Table 6).
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Table 6. Pearson’s correlation coefficients between the quality parameters of rye flour and rye bread (coefficient values at the level of p < 0.05 and p < 0.01 * or NS if
there was no significance).

Parameters FN Tp APV To Egel TPC WSPC WIPC V3o Vi FVy, Log BY SBV BCM CHyq CHy, ICM
SC NS —0.634 * NS —0.690 * NS —0.895 * —0.734 * —0.828 * —0.895* -0.871* —0.834* —0.434 —0.795* 0.676 * —0.581* —0.689 * —0.584 * NS
FN NS 0.761 * NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
Tr —0.447 0.824 * NS 0.567 * 0.586 * 0.562 * 0.684 * 0.636 * 0.510 0.592 * 0.759 * —0.729 * 0.474 0.611 * 0.404 —0.520 *
APV NS NS —0.429 NS —0.454 NS NS NS NS NS NS NS NS NS NS
T, NS 0.671* 0.663 * 0.582* 0.786 * 0.744* 0.589 * 0.714* 0.759 * —0.664 * 0.592* 0.648 * 0.425 —0.563 *
Egel NS NS NS NS NS NS NS NS NS 0.435 NS NS NS
TPC 0.674 * 0.971* 0.886 * 0.861* 0.823 * 0.436 0.786 * —0.660 * 0.531* 0.681* 0.615 * NS
WSPC 0.485 0.852* 0.858 * 0.756 * 0.516 0.610 * —0.732* 0.423 0.790 * 0.642 * —0.409
WIPC 0.773* 0.740 * 0.724* NS 0.737 * —0.549 * 0.493 0.551 * 0.521 NS
V3o 0.988 * 0.909 * 0.563 * 0.780 * —0.746 * 0.591 * 0.796 * 0.658 * NS
Vi 0.951 * 0.478 0.716 * —-0.726 * 0.535 0.792* 0.692 * NS
FVgp NS 0.599 * —0.589 * 0.486 0.658 * 0.662 * NS
Log 0.562 * —0.664 * NS 0.605 * NS —0.743
BY —0.636 * 0.653 * 0.644 * 0.425 —0.552*
SBV NS —0.865 * —0.737 * NS
BCM NS NS —0.495
CHyy 0.905 * NS
CHy, NS

NS, not significant; SC, starch content; FN, falling number; Tj, initial temperature of starch gelatinization; APV, amylograph peak viscosity; T,, onset temperature of starch gelatinization;
Egel, gelatinization enthalpy; TPC, total pentosan content; WSPC, water soluble pentosan content; WIPC; water insoluble pentosan content; V3, the initial viscosity at 30 °C; Vo,
viscosity when the sample reached 42 °C; FV , final viscosity after holding the suspension at 42 °C during 30 min; Log, logarithmic decrease in viscosity at 42 °C; BY, bread yield; SBV,
specific bread volume; BCM, bread crumb moisture; CHyy, bread crumb hardness 24 hours after baking; CHy7,, bread crumb hardness 72 hours after baking; ICM, increase of bread
crumb hardness after 2 days storage of bread.
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The bread crumb moisture (BCM) ranged from 45.3 to 51.0%. Rye bread from whole-
meal rye flour samples tested by Buksa et al. [69] was characterized by crumb moisture in a
narrower range, i.e., 43.0 to 48.0%. In the present study, only the type of flour had a signifi-
cant impact on this quality of bread parameter (Table 2). The bread from the low-extract
rye flour samples was characterized by a statistically lower BCM compared to the bread
from the high-extract rye flour samples (on average, 46.4 and 48.4%, respectively). The
effect of the flour’s year of production was not significant (Table 2). In the study conducted
by Buksa et al. [69], the BCM was mainly controlled by the level of pentosan content (TPC).
Also, in the present study, a significant correlation between the BCM and TPC (r = 0.531;
Table 6) was observed. This study revealed a significant positive correlation between
the BCM and all the viscosity indices read from the swelling curve (Table 6). Similarly,
concerning the specific bread volume, the traditional parameters used to determine the
baking quality of rye flour, such as the falling number and maximum amylograph peak
viscosity, are not sufficient to predict the BCM (Table 6). The present study revealed that
the initial (T1) and onset (T,,) temperatures of starch gelatinization are good parameters for
the prediction of the BCM. The correlation coefficients between the BCM, Ty and To were
statistically significant (r = 0.473 and r = 0.592, respectively; Table 6).

The bread crumb hardness 24 hours (CHy4) and 72 hours (CHy,) after baking ranged
from 37.8 t0 90.7 N and from 54.1 to 115.0 N, respectively. Based on the conducted research,
it was shown that the type of flour had a statistically significant impact on the above quality
parameter of bread (Table 2). Bread from low-extract rye flour samples was characterized
by significantly lower CMjp4 and CMy, values (on average, 45.1 and 63.1, respectively) com-
pared to bread made from high-extract rye flour (on average, 66.1 and 79.2, respectively).
Similar to the early study conducted by Stepniewska et al. [9], a significant correlation of the
CHpy4 and CHy, with the starch content was found (r = —0.689 and r = —0.584, respectively;
Table 5). Also, a significant correlation between the CHy4, CH7, and all the swelling curve
parameters (r ranged from 0.657 to 0.796; Table 6) and the TPC, WSPC, and WIPC (r ranged
from 0.521 to 0.790; Table 6) was revealed. The relationship between the bread crumb
hardness and the content of pentosan was previously demonstrated by Buksa et al. [69]
and Li et al. [64]. The present study also found a significant correlation between the CHyq4
and CHy; and the initial and onset temperature of starch gelatinization. Similar to the SBV
and BCM, no significant relationships were found between the CHj4 and CHy, and the
traditional parameters were used to determine the baking quality of rye flour, such as the
falling number and maximum amylograph peak viscosity (Table 6).

The increase in the bread crumb hardness during the storage of the bread was in the
range of 3.9 to 29.0 N. Statistical analysis showed that the type of flour and the year of
flour production had a statistically significant impact on the discussed quality parameter
of bread (Table 2). The bread from the low-extract rye flour samples was characterized
by a significantly higher increase in bread crumb hardness compared to the bread made
from the high-extract rye flour samples (on average, 18.0 and 13.1 N, respectively). This is
probably due to the higher content of pentosans in high-extract rye flour than in low-extract
rye flour (Table 4). Pentosans, through their interaction with starch, play an important
role in the process of bread staling, which is mainly caused by starch retrogradations.
According to Santos et al. [52], pentosans inhibit the rate of unfavorable changes that occur
in bread during its storage, which may result from the formation of starch complexes
with these compounds. However, according to Biliaderis et al. [18], pentosans limit starch
retrogradation because they hinder the process of combining amylose and amylopectin
into ordered (crystalline) structures. Gudmunsson et al. [54] found that an important
feature of pentosans that affects starch retrogradations is their ability to absorb a significant
amount of water. According to Courtin and Delcour [63], pentosans, by limiting the
access of water to starch, influence its slower retrogradations, because starch suspensions
containing less water during heating lose the crystalline structure to a lesser extent. The
present study showed that the bread made from rye flour samples produced in the 2019
year was characterized by a lower increase in the crumb hardness during storage of the
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bread compared to the bread made from flour samples produced in 2020 year (on average,
10.7 and 20.4 N, respectively). The study revealed a significant correlation between the
discussed quality parameters of bread and the logarithmic decrease in viscosity as well as
the initial temperature of starch gelatinization and onset temperature of starch gelatinization
(r=—-0.742, r = —0.520 and r = —0.562, respectively; Table 6).

3.4. Comprehensive Assessment of the Baking Quality of Flour Using Principal Component
Analysis (PCA)

Principal component analysis (PCA) was used to comprehensively examine the impact
of the type of flour and the year of its production on the technological and quality indicators
discussed above regarding the baking properties of the flour and the obtained bread
samples (Figure 5). All the indicators discussed above were taken into account in the PCA
analysis. The two main components identified (PC1, and PC2) explained 91.02% of the
variability (Figure 5a). PC1 accounted for 82.19% of the variability, which consisted mainly
of the Ty, To, Tp, as well as the V3g, Vi, TPC, BY with negative values (left part of the
graph) and the SC as well as the SBV with positive values (right part of the graph). PC2
explained much less, 8.83%, of the variability and was most strongly positively associated
with the SC and also negatively associated with the FV4, and WIPC.
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Figure 5. PCA and cluster analysis of technological parameters of rye flour samples: (a) PCA loading
plot of two principal components, PC1 and PC2, (b) score plot presenting analyzed samples in terms
of PC1 vs. PC2, and (c) cluster analysis. Blue lines in (a) indicate active data included in the PCA
analysis; points on graph (b) in the dark blue loops are isolated due to the similar values of the
examined indicators; explanations: sample codes in chart (c) refer to the flour types H (high extract)
and L (low extract), numbers 1 to 6 indicate subsequent batches of flour samples, and numbers 19
and 20 year of flour production, 2019 and 2020, respectively; codes of other indicators as in Table 1.
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According to the above interpretation of the obtained results, the PCA and cluster
analysis (Figure 5) confirmed the greater impact of the type of flour than the year of its
production on the quality parameters of the tested flour and bread samples. The indicator
values for the high-extract flour could be separated from those for the low-extract flour
(Figure 5b,c). Most of the tested indicators placed next to each other on the negative side of
the graph (Figure 5a) confirm the existence of the significant mutual correlations shown in
Table 6. These indicators are inversely proportional to the starch content, which may mean
that a higher starch content of flour may have a positive effect on the baking properties of
the flour and extend the storage time of the bread made from it. This may be related to the
lower crumb hardness, gelatinization temperature range, and pentosan content.

4. Conclusions

The tested rye flour samples were varied in terms of both the properties of the starch—
amylolytic complex and the content of pentosans and their properties as determined
indirectly using the swelling curve test. The greater impact on the baking quality of rye
flour was related to the type of flour rather than the year of flour production. It was shown
that the properties of rye dough related to the content of pentosans can be characterized
based on the swelling curve test. Evaluating the baking quality of rye flour by the most
frequently used parameters, such as the falling number and amylograph maximum peak
viscosity, is not sufficient to assess the baking value of commercial rye flours produced from
currently cultivated varieties of rye grain, and this study should be supplemented by an
assessment of the properties of the pentosan—pentosanolytic complex. This study revealed
a significant correlation between the pentosan content (TPC, WSPC, WIPC), swelling curve
parameters, and quality parameters of rye bread, such as the specific bread volume, bread
crumb moisture, and bread crumb hardness. It was shown that assessment of the baking
quality of today’s commercially produced rye flours should include a swelling curve test,
together with the parameters informative regarding the starch-amylolytic system, such as
the initial and onset temperature of starch gelatinization. Such an assessment provides a
better way to determine the baking quality of the commercial rye flour and its suitability
for the production of good-quality rye bread.

Practical Application

The present research results will provide valuable information for both millers and
people assessing rye flour in bakeries regarding the relationship between the flour indexes
and the quality of rye bread. Due to our tests of the commercial quality of rye flour, it will
be easier to assess the baking value of the flour and its suitability for baking bread. It may
be difficult to directly assess the content of pentosans at milling and bakery plants, but
from the presented test results, an indirect assessment of the characteristics of rye dough
related to the content of pentosans can be carried out based on the swelling curve test, i.e.,
a test performed using an amylograph, a device commonly found among the equipment in
laboratories at mills and bakeries.
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