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Abstract The protein profile of four types of traditional
rye breads formed on rye flours with the extraction rate of
100, 95, 85 and 70% and baked at 260 °C for 40 min was
investigated as a nutritional quality indicator. A fraction-
ation process was applied to discriminate high-molecular-
(HMW >3 kDa) and low-molecular weight compounds
(LMW <3 kDa) present in extracts of rye bread and its
crumb and crust. The content of soluble proteins, available
lysine, carbohydrates and total phenolic compounds was
analysed before and after ultrafiltration in both retentates
(HMW >3 kDa) and filtrates (LMW <3 kDa). The
dependence between sensory quality of rye breads and
composition on soluble proteins, available lysine, carbo-
hydrates and total phenolic compounds was provided.
Baking caused a decrease in rye bread protein content. The
content of available lysine was the lowest in crusts and it
was dependent on the rye flour extraction rate taken for rye
bread making. The SDS-PAGE analysis showed that the
primary structure of the rye bread proteins was modified in
the highest extent in the crust’s bread of all types. The
analyses of both retentates and filtrates after ultrafiltration
demonstrated that the most of carbohydrates and phenolic
compounds were incorporated into the HMW fraction
suggesting their conjugation with proteins due to the
Maillard reaction. Compounds able to react with Folin
Ciocalteu reagent were also detected in filtrates of crust’s
extracts (MW <3 kDa) from all breads indicating their
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distribution between LMW and HMW fractions. About
22.5,27, 11.2 and 46.8% of the phenol compounds forming
crusts of breads based on the flours with extraction rates of
100, 95, 85 and 70% were recovered in the corresponding
LMW fractions.The sensory analysis of the four types of
rye breads indicated for a high correlation between overall
quality of breads and their content of carbohydrates. The
highest correlation was noted for a rye bread formed on
flour with extraction rate of 95%. This finding suggested
that the content of carbohydrates as a substrate for Maillard
reaction has had an influence on palatability by consumers
of rye bread formed on flour with the extraction rate of
95% which had also the highest overall quality.

Keywords Rye flour - Bread - Protein profile -
Available lysine - Carbohydrates - Phenolics -
Sensory quality

Introduction

Nowadays, consumers are drawing more attention on the
quality and nutritional aspects of foods. Nutritionists
worldwide recommend consumption of cereal-based
products due to the nutritional health benefits, such as
improvement in regulation of blood glucose levels and
weight management, diminishing the risk of cardiovascular
diseases and certain types of cancer [1-4]. Secondly to
wheat, the most common cereal growing in Europe is rye
(Secale cereale L.). According to FAO web page (http://
www.faostat.fao.org), the production of this cereal is
approximately 15.7 million tonnes in the world, and this
account for almost 90% of its production in Europe.
Increasing consumption of rye-based products has been
noted due to the high nutritional quality regarded to amino
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acid composition of proteins which is inherently important
[5]. The cereal proteins contribute to the nutritional value
of the diet and they are integral and fundamental part of
food components. Nutritionally, they are the good source
of energy and its amino acids are essential for growth and
maintenance. Functionally, they affect the physicochemical
and sensory properties of various foods. Recently pub-
lished data indicate that rye and rye-based products
(including breads) are a good source of lignans, phytos-
terols and phenolic compounds that are biologically active
and posses antioxidant properties (mainly they are good
free-radical scavengers, reducing agents, potential com-
plexers of prooxidant metals and quenchers of the singlet
oxygen formation) [6, 7]. Rye-based products are also an
excellent source of dietary fibre including fructans and
f-glucans. Moreover, rye contains the highest amount of
pentosans amongst cereals [8].

Baking process results in the formation of Maillard
reaction products that influence the nutritional value of
cereal-based products. Our previous study had shown that
Maillard reaction took place during rye bread making and
formation of newly formed compounds, overall antioxidant
capacity and the final appearance and taste of breads were
dependent on the flour extraction rates taken for dough
formulation [9, 10]. The flavour of rye-based products is
derived from raw material as well as processed-induced
changes [11]. According to Heinio et al. [12], the flavour of
rye flour is mild and rather independent on rye cultivar;
however, different milling fractions of rye possess different
sensory perception that can be dependant on the phenolic
compounds contents. It was highlighted that the outer layer
of the rye grain had the strongest flavour and had an
influence on processing of rye grain. Moreover, the rye-like
flavour is strengthening during the sourdough fermentation
process [13]. On the other hand, during the baking process,
free amino acids and free sugars are the main substrates for
flavour precursors of bakery products strictly related to
Maillard and caramelisation reaction [14]. The free amino
acids are also precursors of iso-alcohols [15] that contrib-
ute to sourdough fermented bread flavour and form pyra-
zines, pyrroles and furfurals during bread baking [16].
Liukkonen et al. [1] indicated that the profile and con-
centration of bioactive compounds in rye could be modu-
lated by such factors like milling and fractionation of grain,
sourdough fermentation and baking. The key priorities for
consumers are healthy aspects of foods, nutritional quality
and sensory quality. Scare information is available on the
impact of rye bread making on the protein profile and no
information exists in relation to the systemically study
performed simultaneously in rye bread and its crumb and
crust formulated on flour with different extraction rates.

The aim of this work was to show how the protein
profile of rye breads based on the flours with different
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extraction rate is modified during its making process and
to gain insight in to the chemical events responsible for
determining the overall quality of the food. Beside the
analysis of the electrophoresis pattern of the proteins
constituting flours, doughs, bread slices, crumbs and
crusts, the content in protein, available lysine, carbohy-
drates and total phenolic compounds was investigated in
whole samples and fractions obtained by ultrafiltration
employing filtration devices with cut off of 3 kDa. Links
between sensorial profiles and nutritional quality were
searched.

Materials and methods
Chemicals

All the reagents were of analytical grade. Bicinchoninic acid
(BCA) solution, bovine serum albumin (fraction V), sodium
dodecyl sulphate (SDS), N-¢-acetyl-L-lysine, phenol reagent
(90%), p-(+) glucose, cupric sulphate pentahydrate and
ferulic acid were supplied by Sigma (Sigma Chemical Co., St.
Louis, MO, USA). o-Phthaldialdehyde (OPA) was purchased
from Fluka (Buchs, Switzerland). f-Mercaptoethanol and
disodium hydrogen orthophosphate anhydrous were supplied
by Merck KGaA (Darmstadt, Germany). Sulphuric acid
(98%), Folin—Ciocalteu’s reagent, sodium carbonate and
methanol were form POCh (Gliwice, Poland). Water
was purified with a MilliQ system (Millipore, Bedford,
MA, USA).

Materials

Four types of traditional rye bread formed on rye flours
with the extraction rate of 100, 95, 85 and 70% were baked
in a pilot scale bakery following the process shown in
Fig. 1. Salt and baker’s yeast used in the formulation of
bread dough were purchased from a local food manufac-
turer. For each type of bread, the sourdough starters were
prepared from the respective type of flour. Four loafs of
each type of bread were obtained. Baking process was
performed in duplicate. Breads were cut into slices about
1-cm thick. Crust and crumb were separated by hand.
Samples were freeze-dried, ground and sieved though a
60-mesh screen. Powdered samples were stored in poly-
ethylene bags at —20 °C until analysis.

Sample preparation

Exactly 50 mg of rye flour with the extraction rate of 100
or 95, 85 and 70%, and respective dough and bread as well
as its parts (crust and crumb) were solubilized with 1 mL
of SDS buffer (0.5% SDS, 0.05 M Na,HPO,) for 1 h at
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36% of rye flour
64% of water

Fermentation 48 h, 28 °C

Sourdough starter making

U

Sour making
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rye flour (300 g)

yeasts (10 g)
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ﬂ sour (800 g)

rye flour (600 g)
salt (20 g)
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Fermentation 30 min, 28 °C

Dough Making

{

Cutting dough into pieces (350 g),
Shaping into loaf
Dough rising at 28 °C for 45min.

U

Baking in electric oven at 260 °C for 40 min

Fig. 1 Simplified flow diagram of rye bread making process

room temperature followed by mixing on vortex for 60 s in
each 15 min. Next, samples were centrifuged at 13,200g
for 10 min in a Beckman GS-15 R centrifuge (Beckman
Instruments, Inc., Palo Alto, CL, USA) at room tempera-
ture. The supernatants were collected for the determination
of soluble protein contents and SDS-PAGE analysis. After
that samples obtained as above described were fractioned
for further chemical characterisation.

Soluble proteins (SP) assay

The content of soluble proteins in rye breads’ samples was
determined using BCA protein assay according to Smith
et al. [17]. Aliquots of 50 pL of blank, standard, or
appropriate diluted sample were added to 1.4 mL of BCA
solution (BCA: CuSO, x 5H,0, 50:1, v/v). The mixture
was incubated at 37 °C for 30 min. Then, the absorbance
was read at A = 562 nm. The data were expressed as
mg protein/g d.m. employing calibration curve of bovine
serum albumin within the range of 0.01-1 mg/mL. All
measurements were performed in triplicate.

SDS-PAGE analysis

Sample preparation was optimised to achieve a maximum
solubilisation of the protein fraction using SDS buffer (0.5%
SDS, 0.05 M Na,HPO,, pH 6.9) [18]. For SDS-PAGE
analyses, rye bread samples were diluted with sample buffer
and aliquots of 32.5 pL were mixed with 5 pL. of DTT
(0.5 M) and 12 pL of NuPAGE® LDS sample buffer (4x)
(Invitrogen, Barcelona, Spain) and heated at 100 °C for
10 min. Samples were loaded (20 pL) on a 4-12% linear
gradient polyacrylamide NuPAGE® Novex Bis-Tris pre-
cast gel. A continuous buffer system (NuPAGE® MES SDS
running buffer, Invitrogen) was used. Gels were run for
50 min at initial current of 120 mA per gel at a constant
voltage of 200 V and stained using Colloidal Blue Staining
Kit (Invitrogen). Marker proteins were trypsin inhibitor
(21.5 kDa), carbonic anhydrase (31 kDa), lactate dehydro-
genase (36.5 kDa), glutamic dehydrogenase (55.4 kDa),
bovine serum albumin (66.3 kDa) and phosphorylase B
(97.4 kDa), f-galactosidase (116.3 kDa) and myosin
(200 kDa). After proteins separation, the gels were stained
using the SilverQuest  Silver Staining Kit following the
manufacturer’s instructions.

Fractionation procedure

Supernatants (500 pL) obtained after extraction with SDS
buffer (see sample preparation section) were subjected to
ultrafiltration employing filter devices with membranes of
3 kDa cut off (Microcon, Ym-3, Millipore) and centrifu-
gation at room temperature, 14,000g for 30 min. Fractions
constituted by compounds with molecular mass higher than
3 kDa were retained (retentate) whilst fractions possessing
compounds with mass below 3 kDa were filtered (filtrate).
Next, both the retentates and filtrates were dissolved with
SDS buffer up to 1 mL in volumetric flasks and the protein
content of each fraction was determined according to the
BCA protein microassay [17]. The protein content of whole
and fractionated samples is presented in Table 1. Filtrates
and retentates were subjected to analysis of the available
lysine, carbohydrates and total phenolic compounds.

Available lysine assay

The content of available lysine was measured through the
reaction of OPA with free amino groups as was described
by Goodno et al. [19] and modified by Ramirez-Jimenez
et al. [20]. The OPA reagent was prepared by dissolving
16.4 mg OPA in 2.5 mL of methanol followed by the
addition of 25 mL 0.1 M borate buffer (pH 9.5), 400 pL of
10% (v/v) p-mercaptoethanol and 5 mL of 20% aqueous
SDS solution. The OPA reagent was made up to 100 mL
with deionised water. Samples were dissolved to obtain
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Table 1 Protein content of rye flours, doughs, bread slices, crumbs
and crusts, and percentage of protein recovery after ultrafiltration
process in high-molecular weight fractions (HMW >3 kDa) and low-
molecular weight fractions (LMW <3 kDa) of four kinds of rye
breads and their respective flours and doughs

Sample (%) Protein HMW fraction LMW fraction
content* percentage percentage of
(mg/g d.m.) of recovery recovery
Flour 100  54.69 + 1.58* 99.07 1.99
95 57.15 £ 0.79* 89.39 0.91
85 54.11 £ 043 88.82 1.92
70 49.60 + 1.49° 84.01 0.45
Dough 100 62.82 + 1.22* 107.23 5.64
95 67.75 + 2.50° 95.25 3.55
85 60.23 £ 1.97° 101.09 3.54
70 5741 + 1.71¢ 86.44 2.88
Slice 100 30.85 & 2.32%° 91.56 12.89
95 36.33 £+ 1.83° 83.80 12.78
85  33.33 & 0.90°¢ 83.51 11.01
70 28.64 £+ 0.34% 77.96 13.20
Crust 100 31.55 + 0.42* 76.55 21.03
95  38.41 £ 0.04° 72.54 22.36
85 33.73 £ 0.66° 69.89 23.10
70 2874 +0.32¢ 59.45 24.92
Crumb 100 4529 + 2.84" 96.38 12.30
95 48.14 £+ 1.02* 80.82 14.04
85 43.41 £ 0.50* 81.79 10.93
70  48.08 + 1.85% 76.06 11.56
Average 85.08 10.52

*Data represent mean values (n = 3) with standard deviation of the
measurements

Means marked with the same letter in each batch are not significantly
different (P > 0.05)

0.01 mg of protein per millilitre. Protein amino groups were
determined by reacting 0.25-50 pg of protein sample with
3 mL of OPA reagent, incubated at 25 °C for 2 min.
Subsequently, the fluorescence was read at 340 and 455
excitation and emission wavelengths, respectively.
N-g-acetyl-L-lysine was used as a standard and a calibration
curve was prepared with concentration ranged from 10 to
250 uM. All measurements were carried out in triplicate
and the data were expressed as g of N-g-acetyl-L-lysine/g
protein.

Determination of carbohydrates content

Carbohydrates content was determined in filtrates and
retentates by means of phenol-sulphuric assay described by
Dubois et al. [21] with some modifications. Briefly, 500 pL
of sample was added to 500 pL of phenol solution (5%, v/v)
and mixed, then, 2.5 mL of sulphuric acid was added and
stirred for 30 s. The mixture was left for 10 min at room
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temperature followed by incubation in water bath at 30 °C
for 20 min. After vortexing, the absorbance was read at
490 nm (Shimadzu, UV-160 1PC, Japan). A calibration
curve of glucose in concentration ranging from 0.10 to
1.38 mM was prepared. All measurements were done in
triplicate and expressed as mg glucose/g d.m.

Determination of total phenols content

Content of total phenolic compounds (TPC) in filtrates and
retentates was determined according to Shahidi and Naczk
[22]. Exactly 0.25 mL aliquot of blank, standard, or sample
was mixed with 0.25 mL Folin—Ciocalteu reagent aqueous
solution (1:1, v/v) and 0.5 mL of saturated sodium car-
bonate (Na,CQOj3) solution and 4 mL of water. The mixture
was allowed to stand at room temperature for 25 min and
then it was centrifuged at 4 °C, 2,000g for 10 min.
Absorbance of clear supernatants was measured at 725 nm
using a spectrophotometer (UV-160 1PC, Shimadzu,
Japan). The calibration curve of ferulic acid (0.03—0.5 mg/
mL) in SDS buffer was constructed and data were
expressed as mg ferulic acid equivalents/g protein.

Evaluation of sensory quality

For evaluation of differences in sensory characteristics of
four kinds of rye breads, the quantitative description
analysis (QDA) was performed [23, 24]. According to the
standardized procedure ISO/DIS 13299 [25], sensory panel
developed the vocabularies of the sensory attributes in the
round-table session. For determination of sensory charac-
teristic, slices of appropriate rye bread were presented to
the panelists in three-digit coded plastic containers covered
by lids in random order. The panelists evaluated the
intensity perceived for each single attribute on unstructured
10-cm line scale verbally anchored to each end. Simulta-
neously, the overall quality of rye breads was assessed
using the same scale where unstructured graphical scale
was anchored on both the ends: 0 referred to ‘dislike’ and
10 referred to ‘like’. The results from the linear scale were
converted to numerical values (from O to 10 units) using
computerized system (Analsens System, IRZiBZ PAN,
Olsztyn, Poland). The sensory analysis of all samples was
done in duplicate preceded by an introductory session.
Each panelist was provided with spring water to cleanse
their plate between tasting. The assessments were con-
ducted in the sensory laboratory room fulfilled the
requirements of the international ISO standards [26].

Statistical analysis

Data were subjected to one-way analysis of variance
(ANOVA) to test statistical differences in sensory data as
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well as content of soluble proteins, available lysine, car-
bohydrates and total phenolic compounds in four kinds of
rye bread and their respective crust and crumbs. Treatment
means were compared using Fisher’s least significant dif-
ference test. Principal component analysis (PCA) was
performed to describe the variance amongst all sensory
data obtained. A multiple regression analysis was used to
determine the relation between sensory quality (overall
quality) and content of proteins, available lysine, carbo-
hydrates and total phenolic compounds. Statistical analyses
were performed using software package STATISTICA
(statSoft Inc., v. 7.1, Tulsa, OK, USA) for Windows using
PC-Pentium with the level of significance set at 95%.

Results and discussion
Soluble proteins (SP) content

Table 1 shows the protein content of flours, doughs, slices,
crumbs and crusts. No statistically significant differences
amongst the protein values of flours (P > 0.05) with
extraction rates of 100, 95 and 85% were found while the
value detected for the flour with 70% extraction rate sig-
nificantly differed form the rest of the samples. For all
analysed rye doughs, a significant increase (P < 0.05) in
protein content was observed after sourdough fermentation
process. The data are in agreement with the results obtained
by Tukkanen et al. [27]. This behaviour could be due to the
activity of endogenous cereal enzymes during fermentation.
Simultaneously, the yeast addition might also alter the total
content of proteins of the dough. Moreover, statistically
significant differences in protein values (P < 0.05) amongst
dough samples were found. The protein content of the rye
dough based on a flour with extraction rate 95% was
statistically the highest (P < 0.05) amongst the samples.
Following the baking process, the protein content of the
whole bread decreased about twofold. A similar finding was
found by baking of wheat bread by Singh [18]. Values
detected in crumbs were of the same order of magnitude
amongst the samples (P > 0.05).

The decrease in protein content during baking may be
ascribed to Maillard and cross-linking reactions; and also,
diminished content of proteins after baking was dependent
on the composition of the flour used for bread making, and
a direct reflection on what happened in the dough, because
fermentation step may be the key point for protein solu-
bilisation and because of that baking process of rye bread
decreases the availability of soluble proteins. Moreover,
higher values were recorded for crusts and this could be
due to the formation of complexes with functional groups
able to react with alkaline copper II to produce copper I

which easily react with BCA solution. It is worth to men-
tion that no difference in content of soluble proteins in all
analysed crusts was noted. In addition, aggregation process
induced by dehydration on the surface of the food exposed
to high temperatures may occur. Further investigation was
performed to confirm this hypothesis and to gain insight in
to the chemical events responsible for the changes in pro-
tein values caused by bread making process.

SDS-PAGE analysis

Figure 2 shows SDS-PAGE migration patterns corre-
sponding to flour, dough, slice, crust and crumb of rye breads
based on the flour extraction rate 100% (A), 95% (B), 85%
(C) and 70% (D). The major proteins in rye kernel are
secalins that could be divided into four groups: high-
molecular weight secalins with molecular weight 100 kDa,
sulphur-poor w-secalins with molecular weight 50 kDa and
sulphur-rich y-secalins with molecular weight 40 or 75 kDa
[28]. Bands having these molecular weights can be observed
in the flour samples. The molecular mass distribution of
flours’ protein was with the agreement with data reported by
Hartmann and Koehler [29].

To the best of our knowledge, no previous studies on
protein profile by SDS-PAGE analysis of rye breads,
crumbs and crusts have been published and so they are of
interest. The composition on individual proteins of the
flours was greatly modified during both fermentation and
baking processes. The number of protein bands with
molecular weights lower than 40 kDa increased after fer-
mentation while some of the bands having molecular
weights of around 66 kDa decreased after fermentation.
Data supported the occurrence of proteolysis during fer-
mentation. In contrast, a low number of protein bands were
observed in bread samples when compared with those
found in the corresponding flours. Few and fainted bands of
proteins were detected in bread crusts. Data seem to indi-
cate that during thermal processing of the dough alterations
in protein structure due to the Maillard and protein cross-
linking reactions might take place. This could be due to the
formation of aggregates or protein cross-linking connected
with the formation of disulphide bonds resulting in the
formation of high-molecular weight insoluble material [18,
31]. The formation of high-molecular weight molecules by
both pathways have been previously documented [18, 30,
31]. Molecules possessing molecular weights higher than
200 kDa cannot enter into the gel and hence may not be
detected under SDS-PAGE conditions assayed in the
present paper. Samples were fractionated and submitted to
further chemical analyses to gain insight into the protein
structure modification resulted during the bread making
process.
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Fig. 2 Modifications in protein
profiles in four kinds of rye
flours with the extraction rate of
100% (a), 95% (b), 85% (c) and
70% (d) and after dough
preparation and baking process
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Fractionation results
Available lysine content

Figure 3 shows data on the available lysine of those frac-
tions containing compounds possessing molecular weight of
>3 kDa (retentates). The content of available lysine found
in retentates of the four rye flours ranged from 0.35 to
0.38 g N-¢-acetyl-L-lysine/g protein. No statistically sig-
nificant differences (P > 0.05) in available lysine content
amongst the analysed rye flours were noted. However,
Mustafa et al. [32] showed that the highest content of lysine
determined by EZ:faast' method was noted for rye bran and
the milling process caused decrease in content of this
essential amino acid. Next, dough making process caused
the release of available lysine. Statistically significant

@ Springer

Slice 100%

e

Slice 85%

Crumb 100%
Flour 95%
Dough 95%
Slice 95%
Crust 95%
Crumb 95%

5
2
3
[}

Crust 100%

200 kDa
116.3 kDa
97.4 kDa

66.3 kDa
55.4 kDa

o

36.5 kDa
31kDa

21.5kDa

Crust 85%
Flour 70%
Dough 70%
Slice 70%
Crust 70%
Crumb 70%

Standard

116.3 kDa
97.4 kDa

66.3 kDa
55.4 kDa

36.5 kDa
31kDa

21.5kDa

increase in available lysine of 80.1, 82.7, 52.4 and 36.3%
was found for dough obtained from flours with the extraction
rates of 100, 95, 85 and 70%, respectively, and that was
strongly dependent on the flour extraction rate employed for
bread formulation. The highest increase was noted for dark
flours (100 and 95%) as this may be due to a higher ash
content that results in more minerals and micronutrients
necessary for lactic acid bacteria growth [33], which mul-
tiply the concentration of amino acids [34]. Mustafa et al.
[32] highlighted the fact that after bread making, the content
of lysine increased when compared with the respective flour
which was in agreement with our results. Nevertheless, in
crust the availability of lysine was drastically limited. In
comparison to slices, the available lysine content decreased
6.2-, 20.7-, 19.7- and 31.3-fold in 100, 95, 85 and 70%
crusts, respectively.
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Data supported the occurrence, fundamentally in bread
crusts, of chemical events compromising lysine availability
such as cross-linking of protein and Maillard reaction [35].
Moreover, flours with different extraction rates used for
baking influenced the availability of lysine in crusts which
was 3.7-, 3.6- and 6 times higher for whole meal bread
crust when compared with 95, 85 and 70% bread crusts,
respectively.

Content of carbohydrates

Figure 4 shows the content on carbohydrates incorporated
to the fractions containing compounds with molecular
weight higher than 3 kDa. The content of carbohydrates was
dependent on the composition of the rye flour used for bread
making. The results showed that dough making process did
not cause statistically significant changes in carbohydrate
content, whereas baking process did. As can be observed
baking process induced incorporation of carbohydrates to
the fractions containing compounds with molecular weight
higher than 3 kDa. The content of carbohydrates in the high-
molecular weight (HMW) fraction increased 3.72-, 3.65-,
4.3- and 3.8 times for 100, 95, 85 and 70%, respectively,
after baking process. The analysis of the fractions demon-
strated that the most of the sugars was incorporated to the
high-molecular fraction suggesting their covalent binding to
the protein by Maillard reaction. This finding was supported

by other authors who have pointed out the same hypothesis
investigating different biological activities of high and
LMW isolate Maillard reaction products [36].

Total phenolics content

The content of total phenolic compounds forming the
fractions with molecular weight >3 kDa is shown in
Fig. 5. The highest content of phenolic compounds were
noted for flours with the extraction rate of 100 and 95%
which was in accordance with Andreasen et al. [37] where
86% of ferulic acid were found in rye bran in comparison
to different milling fractions. The data demonstrated the
benefits of the fermentation stage during rye bread making
since TPC content in dough based on flour extraction rate
100, 95, 85 and 70% was higher about 16.3, 11.1, 58.7 and
15.5%, respectively. Moreover, the content of total phe-
nolic compounds in slices was strongly dependent on flour
extraction rate used for baking. Similar observation was
noted for crumbs. Baking process caused big alterations in
TPC mainly in crust, where the content of compounds able
to react with Folin—Ciocalteu reagent increased 1.7-, 2.1-,
1.7- and 3.8 times when compared with the respective
slices. This may be due to the formation of Maillard
reaction products able to perform this reaction or binding
of polyphenols to the protein backbones; and also, a high
correlation (r = 0.86) between content of TPC present in
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flours used for bread preparation and crusts were observed.
Thus, flour used for rye bread making determined the
content of total phenolics in crusts. Further characterisation
of total phenolic compounds present in rye breads showed
that after fractionation 22.5, 27, 11.2 and 46.8% of rye
crust 100, 95, 85 and 70%, respectively, belongs to com-
pounds with low-molecular weight fraction (MW <3 kDa)
(Fig. 6). It can be concluded that fractions, those formed by
free phenol and phenol—protein conjugates, may contribute
to the overall antioxidant capacity of the rye breads.

@ Springer

Sensory evaluation

Quantitative descriptive analysis is commonly used for
evaluating sensory quality of cereal products [12, 38].
For four types of rye breads based on rye flour with
extraction rate of 100, 95, 85 and 70%, the QDA pro-
cedure elicited attributes which have influence on overall
sensory characteristic of rye breads. In this study, 18
attributes related to the appearance (2 attributes), odour
(4 attributes), taste (6 attributes) and texture (6 attributes)
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Fig. 6 Folin reactivity of 100% -~

fractions of samples containing
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weight lower than 3 kDa 90% -
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(HMW) 80% -
70%
60% -
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40% -
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20% -
10% -
0%

Bread crust 100%

Table 2 Definitions of sensory attributes used for sensory evaluation
of rye breads by QDA analysis

Attributes Definitions
Appearance
Colour Visual impression of crumb colour from
light to dark
Porosity Visual impression of crumb porosity
Odour
Cereal Aromatic impression of
typical cereal-based products
Rye bread Aromatics associated with rye grain
with typical rye-like flavour
Acidic Aroma of acidic of fermented products
Sweetness Typical sweet aroma refers to sucrose
Taste
Cereal Taste sensation elicited of cereal-based products
Acidic Taste sensation evoked by citric acid diluted
in water (1%)
Salty Fundamental taste sensation elicited of sodium
chloride diluted in water (0.8%)
Sweet Fundamental taste sensation similar
to sucrose diluted in water (1.5%)
Rye bread Taste sensation elicited of rye grain
typical rye-like flavour
Aftertaste Residual taste sensation following

the consumption of rye bread

Bread crust 95%

Bread crust 85% Bread crust 70%

Table 2 continued

Attributes Definitions

Texture (by finger)

Springiness Degree of springiness after pressing
a finger into crumb
Flexibility Response to stretching

Texture (mouth feeling)

Mastication Degree of perceived resistance while
chewing the sample

Adhesiveness Degree of adhesiveness while
chewing the sample

Gumminess Degree of gumminess perceived
while chewing the sample

Moistness Amount of moisture perceived in contact

with the oral cavity

Overall sensation in the terms like
and dislike product

Overall quality

Anchoring points: odour/taste: none, very intensive; texture: low—
high (while chewing sample 10 times)

of rye breads were selected and thoroughly defined for
profiling (Table 2). The mean sensory ratings for each
rye bread samples and ANOVA are presented in Table 3.
The thorough analysis of rye bread sensory attributes
indicated that statistically significant differences in
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Table 3 The sensory attributes of four types of rye bread

Attributes Rye bread

100% 95% 85% 70%
Appearance
Colour 8.0° 7.8° 4.6 1.3*
Porosity 3.9 3.7 3.4 5.0°
Odour
Cereal 7.1° 6.3 4.8*° 3.7°
Rye bread 7.7° 6.5° 4.8° 2.9°
Acidic 4.7° 4.0 3.8*P 2.4
Sweet 3.1% 3.0° 2.2° 1.4
Taste
Cereal 7.0° 6.1°° 4.9%b 3.8
Acidic 4.6° 4.0 3.9%P 2.1%
Salty 228 1.8° 2.1% 1.8%
Sweet 2.4 2.2% 1.9% 1.2%
Rye bread 7.2° 6.7°° 5.4° 3.0°
Aftertaste 6.1° 5.2 5.0%° 4.1
Texture (by finger)
Springiness 1.9° 2.1° 3.92P 5.1°
Flexibility 1.2° 1.3 1.5° 1.8
Texture (mouth feeling)
Mastication 4.6* 4.6* 4.5% 4.8*
Adhesiveness 6.5*° 6.9° 6.3*° 4.9
Gumminess 5.0% 5.8% 5.0% 4.2%
Moistness 6.4° 6.4° 6.1° 4.1%
Overall quality 6.6™° 7.1° 5.5%0 4.9

Mean descriptive analysis ratings was performed on an 0-10
unstructured intensity scale (N = 10; two replicates)

Means in each row followed by a different letter are statistically
significantly different in respect of each attribute of rye bread
(P < 0.05)

colour of four types of rye breads were noted and cor-
respond to different flours used for baking. Further
analysis of sensory attributes showed statistically signif-
icant differences between breads based on flour with the
extraction rate of 100 and 70% in relation to cereal, rye
bread and acidic odour. However for sweet odour as well
as for sweet and salty taste, no differences between four
breads were noted. In case of texture, statistically
important were springiness, adhesiveness and moisture
which were correlated with the pentosans content in
flours with extraction rate 100-85% as these compounds
are mainly present in the outer layer of rye kernel [39].
The average overall quality of scores for rye breads
based on flour extraction rates 100, 95, 85 and 70% are
also presented in Table 3. Data indicated that bread
based on flour with the extraction rate 95% is more
palatable for consumers.
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Fig. 7 Principal component analysis (PCA) scores (a) and loadings
(b) of sensory data for investigated rye breads

Chemical composition versus preference of rye breads

To find a link between chemical composition and sensory
profile of rye breads for evaluation of which group of
compounds could be responsible for the preference of rye
breads, the regression equation (Eq. 1) was made.

y=19.629 — 0.131x; — 0.0103x, + 0.261x3 (1)

where y refers to overall quality, x; refers to available
lysine content, x, refers to carbohydrate content and x3
refers to total phenolic compounds content.

Statistical analysis indicated a high correlation between
sensory quality of rye breads with contents of these com-
pounds, which could be confirmed by high coefficient of
regression (R* = 89.29). Moreover, the results were sub-
jected to student’s ¢ test which showed that the highest
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influence on overall quality had the content of carbohy-
drates (P = 0.028). The data suggested that the flavour
compounds produced during the baking process are pos-
sibly the most essential for the flavour of rye bread, and
they are mainly formed during the heat treatments as a
result of the Maillard reaction and caramelisation progress.
Moreover, recently our group showed also a link between
sensory profile of rye breads and their antioxidant prop-
erties which were dependent on the type of flour taken for
bread making [10]. Nevertheless, the perceived sensory
flavour of rye products depends on the combined effects of
the volatile compounds as well as their relative propor-
tions, and it is dependent on applied processing technique
[16]. The data obtained from QDA method (18 attributes
and 4 products) were subjected to PCA. Two principal
components were extracted (PC1 and PC2) and together
explained 98.33% of the total variance (Fig. 7). PCl1
explained the majority of the variations comprising
95.41%, while 2.92% was for PC2. The attributes
responsible for colour, odour (cereal, rye bread, acidic,
sweet), taste (‘cereal’, acidic, sweet, ‘rye bread’ and
aftertaste) and texture (springiness, flexibility, adhesive-
ness and moistness) had a high loading (>0.9) in PCI.
Thus, these attributes had a profound effect on the varia-
tion in the sensory quality of rye bread samples.

Conclusion

The data demonstrate that baking process of rye bread
according to traditional recipe greatly affects its nutritional
aspects. The protein quantity and quality is modified during
baking by Maillard reaction and interaction with phenolic
compounds modifying the protein nutritional quality within
other protein properties. The content of available lysine,
carbohydrates and total phenolic compounds is affected by
the thermal processing. Loss of available lysine seems to
be the main alteration affecting the protein fraction of all
analysed breads. The nutritive value of bread crust was
markedly lower than that of crumb or whole bread which
was in agreement with Friedman [40] and which could be
due to the differences in the rate of temperature changes as
well as moisture content in the different parts of bread.
Moreover, the formation of newly formed compounds able
to react with Folin—Ciocalteu reagent was strongest in crust
and dependent on flour extraction rate used for bread
making. A relationship between sensory overall quality and
content of carbohydrates has been noted suggesting the
influence of formed compounds during Maillard reaction
and sensory perception of rye breads.

According to our data, rye flour with extraction rate of
95% may be used for producing a high quality rye bread.
Nutritional and sensorial quality of the rye breads are

fundamentally determined by the occurrence of the inter-
action between free amino groups forming the polypeptide
chains of rye proteins with both carbohydrates and phe-
nolic compounds during bread making process. Therefore,
the overall quality of the food can be optimised by an
effective control of the technological process including,
milling, fermentation and baking being the later the most
critical step of the process.
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