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Abstract: Rye is a later cereal compared to wheat and barley. The main use of rye in human nutrition consists in the pro-

cessing of grain to flour (dark and wholemeal) and in the baking industries in sourdough and bread making. During

the last fifty years, there has been a decline in the consumption of rye in the Czech Republic. Rye is a nutritionally inte-

resting cereal due to its high fibre content. The part of the review presents the development of consumption of rye and

rye products, nutritional significance of rye products, changes in the properties and content of rye grain components

during processing with a focus on the evaluation of the effect of milling on components and microstructure of rye flour.
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Production, consumption and processing of rye

Rye (Secale cereale L.) was grown in Europe a thou-
sand years BC, when it is genetically closely related
to wheat and barley (the tribe Triticeae) (Arendt and
Zannini 2013; Wrigley and Bushuk 2017). However, rye
is harder than wheat and barley. Rye was introduced
into Europe by the arrival of Germans, and particularly
of Slavs. This is the reason why rye has traditionally been
cultivated in Central, Northern and Eastern Europe
(Petr 2008; Delcour and Hoseney 2010; Poutanen 2014).

Rye production accounts for less than 1% of the to-
tal global cereal production; compared to wheat
the world rye production is only 3% (Arendt and Zan-
nini 2013). In the regions where rye is an important
cereal, or where it was a major bread making cereal
in the past like in Germany, Poland, Russia, Belorus-
sia, Ukraine and also in Bohemia and Slovakia, dark
sourdough rye bread has been made in different re-

gional varieties along with other rye products (Wrig-
ley and Bushuk 2017; Strassner 2020).

Rye flour is the basic ingredient of the bread recipe
when flour is not used in raw form but for the prepara-
tion of rye sourdough that is added to dough (Gobbetti
et al. 2014; Sedivy and Albrecht 2014; Brandt 2019).

As mentioned above, rye is cultivated also in the
Czech Republic, where its use as food is mainly asso-
ciated with traditional sourdough mixed 'rye-wheat'
or 'wheat-rye' bread (Sedivy and Albrecht 2014).
In the former bread the rye to wheat flour ratio
is higher than 50%, in the latter bread wheat flour pre-
vails but in both breads the sourdough is made of rye
flour only. Very similar kinds of bread are produced
in Austria, Slovakia and south-eastern Germany
(Strassner 2020). A wheat and rye flour mix has two
significant advantages. It can provide bread with at-
tractive sensory properties whose structure is also
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built of viscoelastic wheat gluten that is not formed
in rye flour (Wrigley and Bushuk 2017).

Rye is used for the production of crisp breads
(Knackebrot) (Camire 2002; Arendt and Zannini 2013),
flakes and cereal snacks (Perdon et al. 2020).

In the Czech Republic, similarly, like in other
countries where rye has been traditionally grown
and consumed, rye consumption was substantially
reduced, while wheat consumption has increased
in the last decades (in fact since the mid-20" century)
(Petr 2008; CZSO 2020). The Czech Republic is one
of the countries that have abandoned their tradition
to the largest extent in the last 50 years. Rye produc-
tion has been progressively and constantly decreasing
in the Czech Republic since 1961 (since the year when
the systematic recording of FAOSTAT data started).
Annual rye production was around 994 000 t in 1961
while in the seventies and eighties its production de-
creased almost to half of this volume. In 2000—-2008
rye production was a fifth of the production in 1961
and in 2016 a tenth (production of 104 000 t). It must
be noted that rye bread in comparison with wheat
bread and pastry brings evident health benefits.

Health aspects of rye

The intake of wholegrain cereal products is associat-
ed with a reduced risk of development of many civiliza-
tion diseases and health disorders: a reduction in the risk
of type 2 diabetes in adults, induction of the feeling of sa-
tiety and a decrease in the inclination to overeat (Kamal-
Eldin et al. 2007; Isaksson 2014 and others). Some cereal
fibres influence the conversion of cholesterol to bile ac-
ids in the liver; it can improve the large intestine func-
tion and decrease the concentration of some molecular
biomarkers which increase the colorectal cancer risk.
Some mechanisms behind the beneficial effects of fibre,
especially with regard to phenolic compounds, con-
sist in sorption and reduction of toxic substances from
the intestinal wall and their elimination by faeces (Bach
Knudsen and Leerke 2014). The Commission Regula-
tion (EU) No. 432/2012 lays down the admissible health
claims and conditions of use of the claims specifically for
rye fibre: 'Rye fibre contributes to normal bowel func-
tion'. This claim should be applicable only to foods with
high fibre content as set down in an appendix to Regula-
tion (EC) No. 1924/2006.

The Czech Republic is a country with a high fre-
quency of many civilization diseases, where the in-
creased intake of cereal fibre and products of lactic
acid fermentations occurring in traditional rye sour-
dough bread can have preventive effects (Kohout et al.
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2010). As mentioned above, the proportion of rye and
traditional bread in Czech food has substantially de-
creased. Therefore, it is essential to constantly accen-
tuate advantages of the consumption of rye, rye bread
and baked products and to support them by scien-
tific arguments.

We shall discuss in detail two aspects playing a cru-
cial role in this context: specific composition of rye
grain and specificity of the milling process of rye.

Chemical composition and changes during rye
processing

Chemical composition of rye grain is related to rye
variety, climatic and cultivation conditions, soil quali-
ty, etc. (Delcour and Hoseney 2010; Wrigley and Bush-
uk 2017). The basic composition of rye grain is similar
to the composition of other cereals. Starch is the main
component of rye grain and flour. The shape of rye
starch granules (lenticular and spherical) and their
size (A-type starch fraction 20-35 pm, B-type starch
fraction 5-10 pum) are similar to wheat starch gran-
ules. There are cavities or fissures in the central part
of larger rye starch granules. The temperature range
of rye starch gelatinization is lower than in wheat
starch. Starch granules of rye flour show a higher
level of enzymatic and mechanical damage compared
to wheat starch. Rye endosperm and flours contain
relatively less starch and proteins, but more fibre than
wheat (Cardoso et al. 2019).

The outer layer of endosperm, the aleurone lay-
er, is rich in bioactive compounds such as minerals
(phosphorus, potassium, iron, magnesium, zinc),
vitamins (B vitamins especially thiamine, riboflavin
and niacin, and vitamin E) and phenolic compounds
(polyphenols and phenolic acids), lignans, alkylres-
orcinols, sterols and stanols (McKevith 2004; Aura
2014). Bioactive cereal compounds such as phe-
nolic compounds (in particular flavonoids, isofla-
vones, and flavanones) are secondary metabolites
of the plants (Khan et al. 2020). These compounds
have protective health-promoting effects (preven-
tion of cardiovascular diseases, inflammation, glu-
cose intolerance and obesity). Phenolic acids in rye
are hydroxylated derivatives of benzoic and cinnamic
acids. Lignans can be found as a part of lignin poly-
mer or in free form as glycosides. Lignans are char-
acterized by oxysubstitutions on aromatic rings, they
contain cinnamic acid residues. 5-n-Alkylresorcinols
(i.e. 1,3-dihydroxy-5-n-alkylphenols) are amphiphi-
lic compounds with alkyl chains in the range of C15
to C25. Phytosterols chemically belong to the group
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of steroids; the saturated derivatives of sterols are re-
ferred to as stanols.

The fibre content in food can change during food
processing, either during bread making (baking) or ex-
trusion (Andersson et al. 2009; Mihhalevski et al. 2013;
Comino et al. 2016, and others). Common changes in-
clude an increase in the resistant starch content in ex-
truded or deep-frozen rye products and an increased
content of soluble P-glucan in extruded products
(Birkett 2007). A reduced content of soluble fibres such
as fructans and B-glucans was determined in sour-
dough and ripening dough (Sozer and Poutanen 2013).

In the preparation of rye dough the rye protein
does not make a viscoelastic structure of dough like
in wheat. However the cell wall polysaccharides have
a great influence on rheological properties of rye dough
and rye bread texture (Delcour and Hoseney 2010).

Wholemeal rye flour contains in dry matter 56—
70% (w/w) of starch, 8-13% of proteins, 2—3% of li-
pids, 2% of ash and 15-21% of total fibre (Kamal-Eldin
et al. 2007). Rye flour with a nearly 100% extraction
rate is produced in Finland and Denmark. In Swe-
den and Norway, similarly, like in Germany or in
the Czech Republic, rye flour with about 80% extrac-
tion rate is most commonly used (Strassner 2020).

Fibre content in the rye grain is highest among com-
mon cereals (Andersson et al. 2014). Arabinoxy-lans
(Arabi-noxylans) (both water-extractable and water-
unextractable ones) are the most important and typical
constituent of rye fibre (Andersson et al. 2009). Other
fibre constituents are cellulose, fructans, mixed-linkage
B-glucans and resistant starch.

Arabinoxylans along with proteins contribute
to the water-binding capacity in rye dough to the larg-
est extent since arabinoxylans bind water much more
strongly than proteins. Arabinoxylans, especially wa-
ter-soluble ones, contribute to higher binding capac-
ity of rye flour and higher dough viscosity (Delcour
and Hoseney 2010; Cardoso et al. 2019). Rye arabi-
noxylans, bound with proteins through ferulic acid
to the form of high-molecular-weight glycoproteins,
create the rye dough and breadcrumb structure. This
gel-like structure also causes slower starch retrogra-
dation and hence slower aging of rye-based products.
The high-molecular-weight rye proteins are not able
to create a three-dimensional flexible network, do not
provide a porous and supple structure of rye bread-
crumb and a high volume of the product in compari-
son with wheat proteins (gliadins and glutenins).

Rye dietary fibre and proteins (especially rye albu-
mins and globulins) are essential for human nutrition

and are responsible for the beneficial health effects
of rye bread with lower glycaemic load (Lappi et al.
2010; Rakha et al. 2013, and others). The effects of rye
fibre on health were studied in relation to the behav-
iour of its constituents in the human digestive tract
(Bach Knudsen and Lerke 2014). Water-soluble arabi-
noxylans and -glucans are partly digested in the small
intestine and heavily degraded in the large intestine
(Peredo-Lovillo et al. 2020). Rye fructans and fruc-
tooligosaccharides behave like prebiotics in the large
intestine and are fully fermented to short-chain fatty
acids in the large intestine (Andersson et al. 2014).
However, insoluble arabinoxylans, cellulose and lignin
are resistant to microbial degradation in the gut.

Mill processing and its impact on the flour micro-
structure and components

In human nutrition, rye is mainly used as a raw
material in the milling industry while white (light) and
especially dark bread flours are products of the stand-
ard milling process of rye (Godon and Willm 1998;
McKevith 2004; Andersson et al. 2014). The ash con-
tent of rye flour produced in Central Europe ranges
from 0.5% for white flour to 1.5% for very dark flour.
Wholemeal rye flours (ash content up to 2.0%, w/w
in dry matter) are also produced. The T 930 bread
flour with ash content up to 1.1% is the most com-
mon and most frequently used rye flour in the Czech
Republic. Besides flour, rye flakes or differently hy-
drothermally treated and fermented or roasted grains
are also produced. These products are mostly used
in particular types of bread and cereals.

The most commonly used method of rye milling
is based on the same principle as wheat milling (McK-
evith 2004). It is a process of repeated steps, so called
passages, consisting of disintegration and separa-
tion. Grains are wetted and tempered before entering
the milling process. The purpose of these operations
is to separate outer layers and germs and to extract
the endosperm. Whereas in wheat the separation
of the endosperm from outer layers is feasible with high
efficiency, in rye it is not possible to this extent. The rye
grains are thinner and more elongated than wheat and
the outer layers are more strongly attached to the en-
dosperm (Delcour and Hoseney 2010). The milling pro-
cess of rye is less friendly (more intensive) and consists
of a lower number of passages compared to wheat.

An example of such a process is the technology
of finely granulated wholemeal rye flour production
that is currently tested successfully in the Czech Re-
public in a special type of mill consisting of a special
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impact mill with the vertical shaft of rotation (Skfivan
et al. 2017). In the mill chamber the material moves
upward carried with the stream of air; disintegration
is performed by rotating steel segments ("hammers')
in several rows above each other and specially adjust-
ed inner housing of the mill. A screen with adjustable
mesh size is affixed to the upper side of the mill drum
and the material moves in the stream of air through
the disintegration space until the particles pass through
the chosen screen. It allows much finer disintegration
(granulation) of the outer layers without greater dam-
age to starch granules of the endosperm compared
to the standard milling process. The resulting very
fine wholemeal flours are easier to process compared
to common wholemeal flours, and subsequently
the bread has better sensory parameters (Drakos et al.
2017; Skiivan et al. 2017).

In the Czech Republic two kinds of rye flour have
traditionally been produced: white (light) rye flour
with 0.50-0.65% content of ash in dry matter, and
particularly, in the last decades when its production
has become quite dominant, bread rye flour with ash
content up to 1.10%. The colour of white rye flour,
whose extraction rate is 10-30%, is near to the col-
our of wheat flours. Bread flour (previously clas-
sified as T 930) has a typical greyish colour and its
extraction rate differs in relation to the level of white
flour production, most frequently being in the range
of 60-70%. The total extraction rate of rye flours
in the Czech Republic ranges from 75 to 80%. Espe-
cially bread rye flour contains a significant proportion
of arabinoxylans (up to 10%).

Rye grains generally have a higher activity of amyl-
ases than wheat grains, and therefore the starch gran-
ules are usually strongly damaged by enzyme activities
(Delcour and Hoseney 2010). Besides amylases, the ac-
tivity of proteases and xylanases is also higher com-
pared to wheat. The higher enzyme activity of amylases
plays its crucial role in the formation of rye sourdough.
The starch granules that were thermally and mechanical-
ly damaged during milling are more susceptible to enzy-
matic hydrolysis. The level of starch damage determines
the intensity of fermentation process, and at the same
time along with the high content of arabinoxylans it also
determines the character of rye dough and breadcrumb
(Génzle 2014).

The degree of starch granule damage influences not
only flour behaviour during sourdough ripening and
dough formation but also an important nutritional as-
pect. Greater damage to starch granules causes the fast
resorption of starch (glucose) into blood, which can
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moderately increase the glycaemic index (GI). However,
this increase in GI is fully compensated when darker
flours with high fibre contents, mainly wholemeal
rye flours, are used (Ludwig and Eckel 2002).

But the milling process when lighter flours are pro-
duced consists in more intensive removal of the grain
outer coating in the form of brans. This results
in higher GI values and is negatively reflected in other
nutritional characteristics like a decrease in the con-
tent of lysine which is generally a limiting essential
amino acid in cereals, a decrease in the content of ce-
real fibre, minerals and other bioactive compounds
(Andersson et al. 2014; Delcour and Hoseney 2010).

CONCLUSION

Rye is a harder cereal compared to wheat. During
the last twenty years, there has been a gradual decrease
in rye production in the food industry in the Czech Re-
public. Rye and rye products are an important source
of cereal fibre with proven health benefits. From a nu-
tritional point of view rye is more valuable than wheat
although rye also contains the protein called gluten that
is unsuitable for people with celiac disease. However,
rye is nutritionally beneficial for the population not suf-
fering from gluten intolerance. During the processing
of rye and rye flour, a number of physicochemical pro-
cesses occurs which lead to changes in the composition,
properties and availability of nutritionally and techno-
logically important components. Changes affect water
absorption of rye flour, structure and viscosity of dough,
quality and vyield, and glycaemic index of rye bread.
Production of flour with higher content of fibre and/or
wholemeal flour is a modern trend of milling processing
of rye. Non-traditional, modified mill equipment is often
used to produce wholemeal and dark rye flours with fine
granulation. This modification allows easier bioavail-
ability of rye fibre and other bioactive compounds, low-
er degree of starch damage and lower glycaemic index
of the product and sufficient substrate for fermentation.
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