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A B S T R A C T

Although research on rye bread quality and processing has been carried out for
over a century, a number of factors that determine both the stability of rye sour-

dough fermentation, and bread quality during storage are incompletely understood.
A descriptive sensory analysis comparing rye sourdough bread with wheat bread was

carried out. The results show that rye sourdough bread retains its quality properties
better during storage. This study provides insight into important aspects of sourdough
bread processing relating to quality issues and staling.

A laboratory rye sourdough process that simulates industrial processing was developed
and used to study the eUect of individual processing parameters on the quality and sta-
bility of rye bread. The microbiological and chemical processes that occur during sour-
dough fermentation were studied using traditional techniques as well as isothermal mi-
crocalorimetry. The latter technique provides transient growth rate proVles of lactic acid
bacteria (LAB) during sourdough fermentation and was applied, together with chromato-
graphic methods, to compare the growth characteristics of commercial starter cultures
and LAB isolated from both industrial and spontaneous laboratory sourdough. By ob-
serving heat production proVles and the transient formation of volatile compounds, sug-
ars, organic acids, and free amino acids during fermentation, we conclude that acidity
tolerance is a key factor aUecting the formation of microbial consortia during repeated
laboratory and industrial sourdough cycles. The essential carbon and nitrogen sources
did not become depleted at any point during sourdough fermentation and the maximum
speciVc growth rate of strains in sourdough was only a secondary growth limitation
factor. In addition, it was observed that the strains isolated from industrial sourdough
were sensitive to oxygen.

We also studied the eUect of bread processing on the content of soluble and insol-
uble Vber, as well as vitamers in bread. The content of thiamine (98-140 µg·100g−1

DM ),
nicotinic acid (57-210 µg·100g−1

DM ), pyridoxine (24-42 µg·100g−1
DM ), and riboWavin (50-80

µg·100g−1
DM ) in breads was found to be 40% lower than that in the raw materials. In

contrast, the content of nicotinamide increased tenfold during processing, presumably
due to microbial activity during sourdough fermentation. During rye sourdough pro-
cessing, the ratio of soluble to insoluble dietary Vber increased, along with total dietary
Vber. Those peculiarities of rye bread processing should be taken into account both
in the nutritional labeling of commercial products and when calculating the functional
compounds in bread based on the ingredients in the recipe.

Finally, we studied the stability of both rye sourdough bread and wheat bread during
storage. Sourdough bacteria were not seen to inWuence staling. Starch retrogradation
during storage was studied by NMR, X-ray diUractometry, and microscopically. 13C NMR

results show that the chemical structure of rye and wheat amylopectin and amylose
content are very similar; diUerences were found in the starch phospholipid fraction. The
degree of crystallinity of starch in breads, measured by X-ray diUraction, decreased with

vii



abstract

hydration and baking down to 3% and increased during 11 days of storage up to 21% in
rye sourdough bread and up to 26% in wheat bread. 13C CP-MAS NMR spectra demonstrate
that starch in rye sourdough breads crystallize in diUerent forms than in wheat bread.
We propose that re-crystallization of starch amylopectin and amylose in a hydrated form
causes a decrease in the availability of water during storage and the development of a
dry mouth feel during consumption. This eUect is less pronounced in rye sourdough
bread than in wheat bread due to matrix eUects.
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K O K K U V Õ T E

Kuigi rukkileiva kvaliteedi ja tootmisprotsessi uuringuid on teostatud juba pik-
ka aega, on mitmed tegurid, mis määravad nii rukkijuuretise kääritamist kui ka

leivakvaliteeti, siiani ebaselged. Antud töös teostatud kirjeldava sensoorse analüüsi tu-
lemused näitavad, et rukkileib säilib värskena kauem võrreldes nisuleivaga. Käesolev
dissertatsioon käsitleb rukkileiva tootmisega seotud tähtsaid aspekte, mis mõjuvad leiva
kvaliteeti, toiteväärtust ja säilivust. Antud töös uurisime individuaalsete protsessipara-
meetrite mõju rukkileiva kvaliteedile ja säilivusele väljatöötatud rukkileiva valmistamise
mudelprotsessis.

Juuretise mikroobne kooslus mõjutab suuresti rukkileiva lõppkvaliteeti. Erinevate juu-
retisebakterite mõju ja kääritamise vältel toimuvate protsesside uurimiseks kasutasime
nii kromatograaVlisi meetodeid kui ka isotermilist mikrokalorimeetriat. Viimast raken-
dati eesmärgiga võrrelda kommertsiaalsete starterkultuuride ning tööstuslikest- ja spon-
taanselt kääritatud juuretistest eraldatud piimhappebakterite kasvukarakteristikuid ruk-
kitaignas. Soojuse eraldumise proVilide ja vaheühendite (lenduvad ühendid, suhkrud, or-
gaanilised happed ja vabad aminohapped) tekke alusel kääritamisel järeldame, et kuna
süsiniku- ja lämmastikuallikate varud ei ammendu juuretise tsükli lõpuks, on happetalu-
vus määrav tegur, mis mõjutab mikroobikonsortsiumi väljakujunemist juuretise uuenda-
mise tsüklis. Huvitav on ka märkida, et tööstuslikus juuretisetsüklis prevaleerisid hapni-
kutundlikud mikroorganismid.

Uurisime ka valmistamisprotsessi mõju veeslahustuvate B-kompleksi vitamiinide ning
kiudainete sisaldusele leivas. Tiamiini, nikotiinhappe, püridoksiini ja riboWaviini kaod
küpsetamisel olid keskmiselt 40%. Nikotiinamiidi sisaldus suurenes aga mikroobide elu-
tegevuse tõttu taignas kümnekordselt. Lahustuvate ja lahustumatute kiudainete suhe
suurenes rukkijuuretise kääritamisel ning suurenes ka üldine kiudainete hulk. Leivatoot-
jad peaksid loetletud muutusi arvestama toote pakendite märgistamisel, eriti juhul kui
funktsionaalsete ühendite sisaldust leivas arvutatakse retsepti alusel.

Viimases uurimisetapis uurisime me nii rukki- kui nisuleiva säilivust mõjutavaid te-
gureid. Erinevad juuretisebakterid ei avaldanud mõju leiva vananemisastmele. Tuuma
magnettresonantsi (NMR), röntgendifraktomeetria (XRD) ning polarisatsioon valgusmik-
roskoopia abil uurisime tärklise retrogradatsiooni rukki-ja nisuleibades. 13C NMR analüü-
si tulemused näitavad, et rukki ja nisu amülopektiini keemiline struktuur ja amüloosi
sisaldus on sarnased; märkimisväärseid erinevusi leiti tärklise fosfolipiidide fraktsioonis
mõõdetuna 31P NMR abil. Tärklise kristallisatsiooni aste, mida mõõdeti röntgendifrakto-
meetria abil, vähenes taigna tegemisel ja küpsetamisel hüdratatsiooni ja geelistumise
tõttu kuni 3%-ni ning suurenes 11 päeva kestval säilitamisel kuni 21%-ni rukkileivas ja
kuni 26%-ni nisuleivas.

13C CP-MAS NMR spektrid näitasid, et vananenud rukkileivas sisalduv tärklis kristallub
erinevates vormides võrreldes nisuleivas sisalduva nisutärklisega. Me järeldame, et tärk-
lise amülopektiini ja amüloosi rekristallisatsioon hüdreeritud vormides vähendab maat-
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kokkuvõte

riksist vee kättesaadavust ning põhjustab “kuiva suu” tunde vananenud leiva tarbimisel,
mis väiksema vee sisalduse tõttu avaldub enam nisuleiva puhul.

x
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1
I N T R O D U C T I O N

Hundreds of different commercial sourdough breads are consumed in Europe. They
diUer in the type of Wour, other ingredients used, and the fermentation process and

technology used to make them.
Rye sourdough bread is a traditional food in the Baltic states, Denmark, Germany,

Poland, and in the European part of Russia; Its common consumption contributes to a
shared cultural identity. The continued popularity of rye bread can partially be attributed
to its original interesting Wavor and nutritional functionality. Rye breads are made from
rye sourdough using various recipes in large factories, artisan bakeries, and at home,
thus giving a wide variety of rye breads. Rye bread processing includes rye sourdough
fermentation, leavening, and baking. Frequently, scalding is also applied.

The structure of rye sourdough bread diUers from wheat bread due to a lack of gluten
and the importance of pentosans in dough structure formation. To achieve the distinct-
ive structure of rye bread, most production schemes include sourdough fermentation
which is not as important in determining the structure of wheat bread. Rye bread main-
tains its quality longer than wheat bread which explains why rye bread was prepared in
farmhouses only once every week or two. The stability of rye bread during storage was
a historically important factor compensating the more complex technology of rye bread
baking compared to that of wheat bread. This practical aspect helped to maintain the
tradition of baking rye bread.

Compared to the worldwide production of wheat (695,000 million tons in 2011/2012),
rye production is quite moderate (12,800 million tons) according to the FAOStat database
[1]. The amount of rye used for food and bread making compared to wheat follows the
same ratio. The production of rye reduced by about 2 times during the last 20 years while
rye supplied as a food has remained constant during the same period [1]. This suggests
that rye products, and particularly rye sourdough bread, continue to be consumed as a
traditional food.

Modern consumers are aware of the nutritional composition and health beneVts of rye
bread which include it being a good source of dietary Vber and water soluble vitamins.
This knowledge, together with cultural inheritance, supports the consumption of rye
sourdough bread and the expansion of rye sourdough consumption outside of traditional
areas.

In contrast to wheat bread, rye bread processing almost always involves sourdough
fermentation, and in several countries such as Estonia, also scalding. The sourdough
fermentation process acidiVes the dough which supports rye bread structure formation
by increasing both swelling and the solubility of pentosans [2, 3]. The lower pH also
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inhibits arabino-xylanase activity [4]. Although frequently used in the production of
wheat bread, sourdough fermentation is not necessary for structure formation due to
high gluten content in wheat Wour. In addition to lowering the acidity level, lactic acid
fermentation of Wour contributes to the Wavor of bread through the formation of volatile
aromatic compounds. Adding scalded Wour and yeast to sourdough before leavening
supports enhanced Wavor development within rye bread. The saccharides (maltose and
maltodextrins) formed from starch during scalding provide additional substrates for the
yeast during fermentation.

Usually, the amount of nutritional components in rye bread is reported based on the
composition of the ingredients used to produce the bread. However, rye bread making is
a complex process with its use of sourdough fermentation, scalding of the Wour, mixing
with other Wour (rye and wheat), adding yeast and other components, leavening, and
baking. These processes, together with natural variations of nutrients in biomass, aUect
both the precision and accuracy of estimating the nutritional composition of the Vnished
product based on the composition of the ingredients. The biochemical changes that occur
during bread processing aUect the content of vitamers and Vbers.

There have been attempts to combine the good baking properties of wheat with the
nutritional properties of rye. Triticale, the intergeneric hybrid between wheat and rye,
displays good growth yields, however, it has moderate baking properties [5], (Publication
VII) due to a lower quantity of pentosans than that in rye [6] and weaker gluten than
that in wheat [5].

Despite the long history of rye sourdough bread production the biomolecular and
physical processes that occur during processing and storage are poorly understood.

One major problem faced by the rye bread processing industry is the stability of the
rye sourdough fermentation cycle; Variations in the microbial consortia of sourdough
aUect the sensory properties of bread. However, the most critical commercial production
objective is staling. Although rye bread maintains its sensory properties better than
wheat bread, staling remains a big issue.

A consistent quality of sourdough used for bread making has been achieved by carry-
ing out the sourdough fermentation using regular backslopping over the years. Scalding
has also been applied to improve the Wavor, structure, and shelf life of rye bread.

This study provides insight into several crucial steps of this technologically complex
process that aUect the quality of the bread produced. The stability of the sourdough
composition, both microbial and chemical, is the most important factor aUecting the
bread quality. Preservation of sapor and freshness are important factors in bread quality
during bread storage. The high acidity of sourdough breads has been suggested to in-
hibit both bread staling and mold growth during storage. Bread staling has been mainly
related to starch retrogradation [7, 8], however, prior to this research there was a gap
in the literature relating starch retrogradation mechanisms to diUerences in staling rates
and quality degradation between rye sourdough and wheat breads. Using modern instru-
mental methods such as XRD and NMR, together with other methods, we studied starch
structural changes and their role in rye bread staling.

The experimental part of this doctoral work was performed at (I) the Competence
Center of Food and Fermentation Technologies (microcalorimetry, rheology, sensory
analysis, HPLC, GC-MS, LC-MS, microbiological studies), (II) the Department of Food Pro-
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cessing of Tallinn University of Technology (microscopy, texture), (III) the Department
of Materials Science and Centre for Materials Research at Tallinn University of Tech-
nology (crystallinity studies, XRD analyses), and (IV) the National Institute of Chemical
Physics and Biophysics (NMR analyses).
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2
L I T E R AT U R E R E V I E W

The overview presented below focuses on the elucidation of the biological, chemical
and physical processes that occur during bread making that aUect the rate of quality

degradation during storage.

2.1 sourdough fermentation

Dough fermentation and the production of sourdough breads can be traced back to an-
cient times. Most probably the Vrst leavened breads were sourdough breads. Sourdough
can be deVned as a mixture of Wour and water that is fermented with lactic acid bacteria
and yeast. Consecutive microbial re-inoculation of the microorganisms from a previous
batch of the sourdough cycle, termed “backslopping”, is used to maintain the microbial
Wora, which adapts and select to the applied process conditions [9]. Individual organisms
that form the sourdough consortia originate from the starter culture, Wour, fermentation
vessel, and the natural environment, including humans. A reproducible and controlled
composition of the sourdough, with stable activity is required to achieve consistent bread
quality [10].

Sourdough fermentation enhances dough properties by increasing the volume, im-
proving the texture, Wavour, and the nutritional value of the bread. Fermentation retards
the staling process of bread and protects bread from mould and bacterial spoilage [11–
13]. The low pH of rye sourdough increases the solubility and swelling properties of
rye pentosans and inactivates amylolytic and xylanolytic activity. These processes con-
tribute to an increase in the capacity of bread to bind water [3] and inWuence rye bread
structure during leavening and baking. Those peculiarities partially explain why rye
bread prepared with sourdough stales slower than wheat breads [2].

Sourdough is classiVed into 3 types [10, 14]: Type I is mostly used in small-scale
bakeries. It has a pH of about 4.0 and is fermented between 20°C - 30°C. Type II is
used in large-scale industrial bread processes which employ temperature above 30°C and
typically achieve a pH of 3.5. Type III is initiated with a drying tolerant LAB strains
belonging to the species Lactobacillus brevis and Lactobacillus plantarum. It is diXcult to
clearly classify between type I and type II sourdough mixes in Estonian bakeries, while
type III are practically not used in Estonia.

Adaptations of bacteria to a speciVc sourdough environment might include (I) a unique
central metabolism and/or transport of sourdough-speciVc carbohydrates such as maltose
and fructose, (II) an activated proteolytic activity and/or arginine deiminase pathway;
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(III) particular stress responses; and (IV) production of antimicrobial compounds [13].
As a result of the selective pressures exerted by the environmental conditions, cereal fer-
mentations are characterized by a comparatively stable association of Lactobacilli even
in aseptic conditions [15].

Rye domestic microWora may play a signiVcant role in the formation of microbial
consortia within the rye sourdough cycle. Rye Wour may contain bacteria in quantities
from 10 to 107 CFU·g−1, with LAB constituting only between 102 to 103 CFU·g−1 [16, 17].
LAB that become dominant in the sourdough cycle are strictly fermentative, acidophilic,
salt-tolerant, and have complex nutritional requirements for carbohydrates, amino acids,
peptides, fatty acids, salts, nucleic acids derivatives, and vitamins [18–20].

The technological parameters of the rye sourdough cycle diUer signiVcantly between
bakeries and thus cause variations in the microbial consortia of sourdoughs [21, 22]. The
most reliable and simpler method of initiation of dough fermentation is used in commer-
cial starter cultures to control speciVc properties [10]. For example, starters are used to
control gas formation ability, aroma, taste, rheological properties (IsernHäger and Co.
KG), or for speciVc bread recipes (rye-wheat mixed bread, mixed wheat bread, pastries
etc. (Ernst Böcker GmbH and Co. KG; Lallemand Inc.). However, commercially available
strains are not stable over a long term sourdough cycle and often cannot compete in
the long run with endogenous microWora in the Wour introduced during renewal cycles
[23, 24].

To understand the mechanisms that determine dominance of particular bacterial spe-
cies in repeatedly backslopped sourdoughs, the bacteria should be studied in their nat-
ural growth environment as the growth characteristics determined in artiVcial liquid
media and even in Wour extracts might be misleading.

Evaluation of the growth characteristics of individual bacterial strains in sourdough
is a complicated task because no precise method exists for microbial biomass quantiVca-
tion in both opaque media and in solid matrixes. The method of plating out might not be
quantitative or suitable for several species present in industrial sourdough [13]. In com-
plex food matrices, applying indirect methods such as measuring the total bacterial DNA,
RNAs, proteins [25] or the concentration of cell wall components, is often prohibitively
complicated. Alternatively, measuring metabolite concentrations and CO2 formation are
often used to estimate microbial growth during solid-state fermentation [26]. Although
the growth yields may depend signiVcantly on the growth conditions, parameters such
as oxygen consumption, CO2 formation, and the production of acid and heat provide valu-
able indicators for continuous on-line measurement of the microbial growth in the solid
state.

Metabolic processes of bacterial cells are accompanied by heat production which can
be monitored continuously using isothermal microcalorimetry (IMC) [27–29]. In IMC the
net heat Wow generated by any biological or non-biological chemical or physical pro-
cesses taking place within sourdough can be continuously measured at a constant tem-
perature in 4 - 96 parallel experiments, depending on the instrument. The measurement
of diUerent growth parameters in parallel with the heat production rate has made it clear
that the shape of the power–time curve is inWuenced by the type of metabolic activity
and can be related to diUerent physiological states of bacteria [27, 28, 30].
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To measure the growth of individual species in rye sourdough, culture independent
DNA based methods such as DGGE [23] and pyrosequencing [31] can be used. However,
the precision of DNA methods is insuXcient for dynamic studies of microbial fermenta-
tion. To study the stability of sourdough during a long sourdough cycle, a combination
of DNA based culture dependent and culture independent methods can be successfully
applied (Publication III).

The dominating species of rye sourdough microbial consortia are commonly presen-
ted as both homofermentative and heterofermentative LAB [15]. The heterofermentative
species produce lactate, ethanol, and acetate which are considered important for the de-
velopment of important sensory properties of rye breads. For the growth of LAB, sugars
(glucose, maltose, fructose etc.) act as sources of carbon, and amino acids or short pep-
tides and several vitamins are essential. Rye Wour is a good source of these components.
It contains 0.2-0.8 mg·100g−1 glucose, 0.3-0.6 mg·100g−1 fructose, 1.0-3.4 mg·100g−1

maltose, about 9 mg·100g−1 amino acids, and for vitamins between 280-330 µg·100g−1

B1, 130-200 µg·100g−1 B2, 400-1300 µg·100g−1 B5, and 160-400 µg·100g−1 B6 [32–34].
In addition, Wour enzymes are able to deliver additional sugars and amino acids/peptides
necessary for fermentation. The question arises if proteolytic and amylolytic activity
provides a growth advantage for LAB in the sourdough cycle.

2.2 rye sourdough bread as source of vitamins and fiber

Rye bread is a recommended part of our daily diet because it is a good source of vari-
ous biologically active substances, including dietary Vber and B-group vitamers [35–37]
due to the high extraction rate of rye Wour [35, 38] and the products of lactic acid fer-
mentation [17, 36]. Typically, commercially produced rye breads report the content and
composition of vitamins and Vber based on the composition of the ingredients used to
make the bread. However, this may result in incorrect estimations, mostly due to vari-
ations in the vitamins and Vber content, but also due to biochemical changes that occur
during processing. The enzymatic activities of Wour and lactic acid bacteria, as well as
thermal treatment applied during rye bread baking, may also aUect the concentration of
dietary Vber and B-group vitamers in rye bread.

2.2.1 Water soluble B-complex vitamins in bread

The vitamins in bread originate mainly from the raw materials. The extent of de novo vit-
amin synthesis by LAB and yeast during sourdough fermentation is not known, however,
the ability of LAB to synthesize the de novo vitamins is limited. In contrast, baker’s yeast is
auxotrophic only for biotin. The term vitamin refers to a number of vitamer compounds
with the same or similar biological activity as the respective vitamin. Unfortunately, the
list of vitamers in food is not complete. Several vitamers are derived from cofactors
as the result of enzymatic activities during food processing, storage, and digestion in
both the food matrix and digestive tract [39, 40]. The eXciency of this conversion var-
ies signiVcantly. In addition, some vitamers such as thiamine, riboWavin, nicotinic acid,
pantetheine, and pyridoxine which are very stable to degradation under physiological
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conditions can be inactivated during rye bread baking. On the other hand, the concen-
tration of some vitamers can increase at the expense of co-factors present in the raw
material due to enzymatic and microbial activities of Wour and sourdough bacteria

Vitamin B1 in cereals is present naturally as thiamin (90%) and its phosphorylated forms
(Figure 1) thiamine monophosphate (TMP), thiamine diphosphate (TDP) (2 - 10% of the
vitamin B1 pool) and thiamine triphosphate (TTP) [41]. Thiamine is relatively stable at
pH 2.0 – 4.0 up to the boiling point [38, 42]. Phosphorylated forms of thiamine in Wour
are more thermolabile [43]. The loss of B1 due to thermal breakdown during cooking
and baking can reach 20 - 50% [38, 44, 45]. Also, lactic acid fermentation can decrease
the thiamine content [43].

The average rye kernel contains between 280 – 400 µg·100g−1 of thiamine hydro-
chloride equivalents [32, 33] depending on the rye variety and growth conditions, espe-
cially soil type [44].

Vitamiin B2 is mostly present as riboWavin, Wavin mononucleotide (FMN), and Wavin ad-
enin dinucleotide (FAD) (Figure 1). RiboWavin can also be found in glycosylated forms in
some plants [46]. FMN and FAD can exist in free or protein bound states [42]. RiboWavin
is relatively heat-stable [43]. It has been reported that whole wheat dough fermentation
in the presence of yeast can enhance the content of riboWavin by up to 30%, while sour-
dough lactic acid fermentation without yeast did not result in any increase in the bread´s
riboWavin content [43].

Vitamin B3 is mostly present in food as nicotinic acid, nicotinamide, nicotinamide aden-
ine dinucleotide (NAD), and nicotinamide adenine dinucleotide phosphate (NADP) (Figure
1) and can be also synthesized in vivo from L-tryptophan. In mature cereal grains 85–90%
of the total B3 content exists in cofactor and tryptophan form, with the remainder being
present as free nicotinic acid and nicotinamide [47, 48]. The data on vitamin B3 activity
of “bound” forms are contradictory. According to Wall and Carpenter [49], bound forms
of nicotinic acid are not biologically available after cooking and only a small part of
NAD can be hydrolyzed by gastric juice into bioavailable forms. Sourdough fermentation
can increase the availability of bounded niacin subunits via acidiVcation and enzymatic
hydrolysis. Nicotinic acid is normally stable during baking [45].

Vitamin B5. The simplest vitamer in the vitamin B5 pool is pantothenic acid (Figure
1), which is a component of coenzyme A. Pantothenic acid has good heat stability at
pH 4.0-5.0 [42, 45, 47]. On the other hand, pantothenic acid contains a linkage which is
unstable under acid conditions and thus the stability during rye sourdough baking might
be lowered from that of wheat bread.

Vitamin B6 consists of six closely related derivatives of 2-methyl-hydroxypyridine in-
cluding pyridoxal, pyridoxine, pyridoxamine, and the respective 5´-phosphate forms. In
addition, some foods of plant origin may contain β-glycosylated forms of pyridoxine
[50]. In cereal grains, over 90% of the vitamin B6 is found in the bran and germ, and
75–90% of the B6 content of the whole grain is lost in the milling of wheat to low extrac-
tion Wour. Pyridoxine is more oxygen and heat tolerant than pyridoxal and pyridoxamine
[51]. During bread processing about two thirds of the pyridoxine pool is lost [43].
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Figure 1 – Structures of water-soluble B-complex vitamins. The vitamers with
restricted vitamin activity in humans are given in bold gray.
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Vitamin B7. Biotin content in rye and wheat whole meal Wours is 6-7 µg·100g−1 and 1.9
µg·100g−1, respectively. Rye whole meal bread contains 3.40 – 5.90 µg·100g−1 [32, 33].
The recommended daily intake is 20-35 µg·day−1 [52]. It is stable in solution at pH 4.9
[42].

Vitamin B9. Rye is also known as a source of folic acid and folate (B9). Folates (re-
duced metabolites of pteroylmonoglutamic acid) are a group of B9 vitamins responsible
for many human metabolic functions and cannot be sunthesized by humans [53]. The
recommended daily intake of folate is 200- 500 µg·day−1 and depends on age, the stage
of pregnancy, and lactation [52]. Rye whole meal Wour contains 60 – 85 µg·100g−1 folate
[32, 33, 53]. Kariluoto and coauthors [54] reported the contribution of yeast in folate syn-
thesis during rye sourdough fermentation. At the same time some folate can be utilized
by lactic acid bacteria. Baking losses of ∼ 25% have been observed [54]. Frozen storage
of rye bread can also reduce the folate concentration [53].

2.2.2 Dietary Vber

Dietary Vber (DF) is deVned as an indigestible complex of carbohydrates and lignin [55].
The health eUects of DF consist in reducing of risk of coronary heart disease, diabetes,
obesity and some forms of cancer [55–57]. The recommended daily intake of dietary
Vber is 25 g·day−1 for adult females and 38 g·day−1 for adult males [58].

The most commonly used methods for the determination of dietary Vber in cereals are
the enzymatic-gravimetric methods [59, 60] and the neutral sugar residue, uronic acid
residue, and Klason lignin method, also known as the Uppsala method [61]. The dietary
Vber content of typical rye bread (16 – 18 g·100g−1

DM ) is about three times higher than
that of white wheat bread (3.5 – 4.2 g·100g−1) [32, 33, 62–64]. The major reason for this
is that rye bread is usually made from whole grain rye Wour, while white wheat bread is
typically made from reVned wheat Wour.

Rye grain contains various Vber compounds including arabinoxylans (8 – 12%), fruct-
ans (4.5 – 6.4%), β-glucans (1 – 3%), and lignin (1 – 2%) [65–67]. The soluble (water
extractable) Vbers (SDF) present in rye grain are fructo-oligosaccharides 1-kestose (0.6%),
1,1-kestotetraose (0.3%), and 1,1,1-kestopentaose (0.3%) [67], water-extratable β-glucans
(1.2%) [68] and arabinoxylans (3.95 – 5.4%) [69]. Soluble dietary Vbers can act as prebiot-
ics, providing food for probiotic bacteria in the large intestine and colon [70, 71].

Enzymatic as well as thermal treatment can modify the ratio between soluble and
insoluble Vbers during bread making [72, 73]. Already during Wour hydration several
intrinsic hydrolytic enzymes of cereals are activated [62, 74]. Also, enzymes with β-
glycolytic activity from lactic acid bacteria [75] and yeast [76] can aUect the Vber com-
position during rye bread processing [63]. The degree of hydrolysis of Vbers aUects the
water binding and gas holding capacity of bread dough as well as bread structure and
behavior during storage [2, 77].
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2.3 physical processes in bread during baking and storage

2.3.1 Role of starch in bread staling

Bread after baking is a biochemically inactive multi-component food system in which
the sensory parameters reach an optimum shortly after cooling. Bread quality decreases
after this point with crumb Vrmness increasing and fresh Wavours are replaced by ones
associated with stale bread. The rate of bread staling depends on the recipe, technolo-
gical process employed, and the storage conditions.

Although the nutritional composition of wheat and rye is quite similar, the bread mak-
ing properties of those Wours diUer signiVcantly. In contrast to wheat gluten, rye pro-
teins (secalins, prolamins) as well as triticale secalins and high molecular weight (HMW)
glutenin subunits [78] cannot take part in the formation of starch-protein complexes
that have high gas retention. The function of gluten in rye sourdough bread is partly
taken over by water extractable pentosans (arabinoxylans). The optimal ratio of water
extractable pentosans (arabinoxylans) to starch in rye Wour is 1:20 to form an acceptable
rye dough [79]. Viscosity-enhancing, water-holding ability and the gelatinization poten-
tial of arabinoxylans and starch are important in both the baking and staling processes
[77, 79, 80]. The interaction of pentosans with starch has been suggested to play an
important role in retarding the starch retrogradation process [81]. Under low pH the
ability of pentosans to absorb water is enhanced. Enzyme activities are inhibited and the
water-binding capacity of starch is also enhanced [2]. A higher amount of dietary Vber
in rye sourdough bread than in wheat bread can explain the initial hardness of rye bread
[79]. At the same time, pentosans are suggested to act as plasticizers retarding starch
retrogradation and reducing staling [82]. The degree of hydrolysis of Vbers aUects the
water binding and gas holding capacity of bread dough as well as bread structure and
behavior during storage [2, 77].

The main factor which limits the shelf life of breads is staling, which is generically a
physical process in bread and other starch containing foods that reduces their palatabil-
ity. The precise mechanisms of staling are incompletely understood, and most theories
are related to changes in starch structure during baking and storage with the migration
of water within the macro- and microstructures of bread playing an important role. The
rate of staling depends on the bread recipe and storage conditions. Rye sourdough breads
contain about 42 – 44% water which is commonly higher than that found in wheat breads
(38 – 41%) with a water activity of around 0.95. During storage, water migrates from the
crumb to crust, which leads to a decrease in both the water concentration and activity
in the crumb [83] and softening of crust [84]. This, however, is not the main reason for
staling, which is generally related to starch retrogradation [7, 8]. Other bread compon-
ents such as gluten in the case of wheat bread, water-soluble proteins, oligosaccharides,
and lipids are involved in the staling process [85].

Native starch is presented in cereals and Wour as semi-crystalline granules consist-
ing of two types of α-(1→4)-glucan (Figure 2): branched (5-6% of α-(1→6)-linkages)
amylopectin and linear amylose with less than 1% α-(1→6) branched linkages [86]. The
molecular weight (MW) of amylopectin is 2.6 – 7.0 x 105 kDa and the degree of polymer-
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ization (DP) more than 10 000 [87, 88]. Amylose MW is 40 – 350 kDa and DP 500 – 5000
[89–91].

The properties of starch, including the ratio of amylose to amylopectin and water
content, depend on its botanical origin. The average content of amylose is 22 - 24% in
rye starch [90], which is a lower range than that reported in wheat starch (23 - 28%)
[87, 92]. The molecular weight of rye amylose is lower than that of wheat amylose
(220 kDa versus 260 kDa, respectively) [93]. The structure of the rye amylopectin is
reported to diUer from that of wheat; Wheat amylopectin displays a higher β- amylolysis
limit, longer average chain length, longer external chain length, and shorter internal
chain length than rye amylopectin [94]. Those structural peculiarities were related to
diUerences in the gelatinization and retrogradation parameters of wheat and rye starch.

Starch granules contain radial growth rings comprised of semi-crystalline regions of
∼140 nm thick shells separated by an amorphous zone of roughly the same thickness (Fig-
ure 2). The semi-crystalline rings contain 16 radiating clusters of amylopectin exterior
chains with the actual length of the double helices ∼6.65 nm interspersed within amorph-
ous lamellae of about 2.2 nm (amylopectin α-(1→6) branch points) [87, 92, 95–97]. The
amylose could be present in the granule amorphous zone either as lipid-complexed amyl-
ose or lipid-free amylose [98].

Typical cereal starches such as wheat and rye starches are classiVed according to XRD

pattern as an A-type crystalline structure (Figure 2) where double helices are densely
packed in a monoclinic lattice of 12 glucopyranosyl units with 4 water molecules [99].
B-type starch crystals, typically made by tuberous plants, are crystallized in a hexagonal
lattice with 27% hydration [87, 99–102] with water molecules being incorporated instead
of another double helix structure [102].

After swelling of the starch granules during dough making and gelatinization during
baking, the ordered semi-crystalline structure of the starch is disturbed and changed into
amorphous starch [103]. During bread cooling and storage the amylose and amylopectin
chains realign themselves and the crystalline structure slowly reforms [8, 88, 104, 105].
This process is termed starch retrogradation and is technologically important because of
the signiVcant changes in the properties of the crumb which in turn aUect its sensory
properties [106].
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Figure 2 – Structure and types of starch granule . Example of native rye starch
granules obtained by polarized light microscope (at the lower left corner) with typ-
ical Maltese cross pattern; schematic representation of the starch granules (on the
right). Semicrystalline and amorphous growth rings decomposed into amorph-
ous and crystalline lammellae consisted of amylopectin chains. (According to:
[92, 95, 100, 101, 105], and Publication VI).
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Much eUort has been spent attempting to decrease the rate of starch retrograda-
tion eUect during bread staling. Guarda and coauthors [107] studied the anti-staling
eUects of hydrocolloids (0.1 - 0.5% w/w Wour basis) sodium alginate and hydroxypropyl-
methycellulose (HPMC) on wheat bread. Hydrocolloids are able to increase water absorp-
tion, holding capacity and decrease the relative dehydration rate of the crumb during
bread storage. Although the use of HPMC (E464 according to EU labeling of food additives)
and sodium alginate (E401) is permitted in Europe, the maximum level of these additives
is limited by EC Regulation (EU No. 1130/2011) as quantum satis. It should be noted that
the above mentioned compounds or their derivatives are not typically used in Estonian
rye bread.

Hug-Iten and coauthors [108] observed that adding α-amylase enhanced the initial
Vrmness of starch gels and reduced the rate of Vrming of bread during aging. The anti-
staling eUect of this enzyme is based on the partial degradation of amylopectin, thus
hindering its crystallization. They also observed rapid formation of a partly crystalline
amylose network and the prevention of amylose rearrangements during aging. Improve-
ment of the shelf-life of wheat bran bread by addition of the enzyme mixture (α-amylase,
xylanase, lipase) by altering water migration between starch, protein and bran particles
during storage was observed by Katina et al. [109].

Addition of glycerol retarded starch retrogradation by aUecting the dynamics of the
molecular groups around the C6 region and acting as plasticizer [110]. At the same
time a rapid increase in bread Vrmness was observed, what suggests that the Vrming of
bread can be controlled by other events and not solely by starch retrogradation (i. e., local
dehydration of the matrix, gluten network stiUening, water distribution and migration).

Scalding - the mixture of Wour and hot water that is allowed to cool - is reported to
aUect the rate of staling of rye bread [7, 111]. Estonian bakeries usually scald 10-20% of
the rye Wour used for rye bread making and rye or barley malt is added before scalding
the Wour. This process increases the extent of starch and protein hydrolysis and enhances
the formation of aroma and Wavor during leavening and baking.
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A I M S O F T H I S D I S S E R TAT I O N

The main objective of this dissertation is to evaluate the factors that determine the
changes in the nutritional and sensory qualities of rye sourdough bread during pro-

cessing and storage. SpeciVc topics addressed are:

I Development of a laboratory rye sourdough model process.

II Characterization of the technological properties and aroma proVles of sourdough
bacteria isolated from industrial, spontaneously fermented laboratory sourdoughs,
as well as commercial strains.

III Analysis of the content of B-complex vitamins and dietary Vber in raw materials
and breads to evaluate the stability of these compounds during rye sourdough
bread processing.

IV Characterization of the structural changes of starch in rye bread during staling in
comparison with wheat bread.
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4
M AT E R I A L S A N D M E T H O D S

More detailed descriptions of the materials and methods applied are available in
the publications. The following sections are provided to make this material more

accessible.

4.1 materials

4.1.1 Microorganisms

The bacterial strains used in this study were (I) Lactobacillus plantarum L73 and Lb. brevis
L62 obtained as commercial freeze dried preparation from Lallemand Inc. (Montreal,
Canada); (II) Lb. helveticus N92, Lb. helveticus E96, Lb. casei N726, Lb. panis N915, Lb.
vaginalis N1113, Lb. vaginalis E1113 and Lb. pontis N131 isolated from an industrial sour-
dough cycle (Publication III) and (III) Lb. sakei 0E12-10, Lb. curvatus 0E12-11, Leuconostoc
citreum 3N18-10 and Lb. brevis 0E12-37 isolated from spontaneously started laboratory
rye sourdough (Publication III). Baker’s yeast suspension (20% DM) was provided by AS
Salutaguse Pärmitehas (Kohila vald, Estonia).

4.1.2 Ingredients used for bread making

Whole grain rye Wour R1800 (protein 8.6 g·100g−1; FN 140-180 s; fat 1.6 g·100g−1), dark
rye Wour R1370 (protein 8.2 g·100g−1; FN 170-210 s; fat 1.6 g·100g−1), Vne rye Wour R705
(protein 6.1 g·100g−1; FN 170-210 s; fat 1.1 g·100g−1), wheat Wour W700 (protein 11.8
g·100g−1; FN 250-320 s; fat 1.5 g·100g−1), steel cut rye grains (protein 9.5 g·100g−1; FN
120-150 s; fat 1.7 g·100g−1), were obtained from Tartu Grain Mill Ltd. (Tartu, Estonia).
Red malt (protein 7.65 g·100g−1; fat 1.65 g·100g−1; pH 4.0-4.3; Colour EBC 150-220) and
white rye malt (protein 11.2 g·100g−1; fat 2.91 g·100g−1, pH 6.0-6.3) were obtained from
Eesti Leivalinnase Ltd. (Võru, Estonia).

Sucrose, margarine (fat 80%), milk powder (fat 26%, moisture 4%) and salt for labor-
atory bread baking (Publication V, Publication VI, and Publication VII) were obtained
from a local market. Dark rye Wour (R1370) used for incubation and fermentation experi-
ments was irradiated in sealed 400 g plastic Stomacher bags at 10 kGy using a dosimetric
system GEX WinDose (Centennial, CO, USA).
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4.1.3 Commercial rye breads

A commercial rye bread and the raw materials used for its preparation were obtained
from a local bakery (Publication IV). Breads for comparative sensory analysis of wheat
and rye breads were obtained from a local market.

4.1.4 Starches

Wheat, corn, and potato starches, amylose from potatoes, and amylopectin from maize
were obtained from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Rye starch
used to study the structure and its role in rye bread staling was isolated according to
Verwimp and coauthors [112] (Publication VI, Publication VII). Rye Wour was suspended
in tap water and 0.5% NaOH in a 2:7:7 ratio, stirred for 60 minutes, and centrifuged at
3000 RPM for 10 minutes. The sediment was washed with water and centrifuged again.
The procedure was repeated 2 times, neutralized with 0.1 N HCl, and centrifuged. The
upper grayish layer was removed and the white starch was washed with water and cent-
rifuged again. The isolated starch was air-dried overnight and sieved trough a 250 µm
sieve.

4.1.5 Enzymes

α-amylase from Aspergillus oryzae, β-glucosidase from almonds, and potato acid phos-
phatase were obtained from Sigma-Aldrich and used for vitamin extraction.

4.1.6 Reagents

All reagents and standards used in this study were of analytical grade. More detailed
information of the content and suppliers of the reagents used can be found in the corres-
ponding publications.

4.2 methods

4.2.1 Isolation, identiVcation, and characterization of dominant rye sourdough bac-
teria

I Isolation and determination of lactic acid bacteria strains from industrial and
spontaneously fermented laboratory rye sourdough was made using repetitive
element palindromic polymerase chain reaction (Rep-PCR), denaturing gradient
gel electrophoresis (DGGE), and small subunit ribosomal ribonucleic acid gene
method (16S rDNA) methods.

II The substrate consumption proVles of individual LAB were determined with the
aid of API® 50 CH carbohydrate fermentation strips.
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III The growth of bacteria in both dough and MRS media was characterized by de-
termining the heat Wow using an isothermal microcalorimeter TAM III or optical
density in Bioscreen C plates. The dough was inoculated by mixing rye Wour with
the starter culture suspended in 0.5% NaCl at a 1:1 ratio (106-107 CFU·ml−1) or
with fermented sourdough (backslopping 1:10) in 400 ml plastic bags, mixed for
15 minutes at 100 RPM in a Stomacher 400 circulator.

4.2.2 Bread making

A laboratory process of sourdough bread making was developed to simulate industrial
conditions. This process was used to study the eUect of individual process parameters
on bread quality and is illustrated in Figure 3.

Starter bacterial culture, (106-107 CFU/ml), 
225 ml

Rye flour, 
225 g

Rye flour, 
240 g

Water, 
811 g

Fermented rye malt, 
16.5 g

Unfermented 
rye malt, 33 gScalded flour, 1100 g

Saccharification (67°C, 40 min)
Cooling to 27°C, 15 min
Moisture – 72 ± 2%

Sourdough, 450 g

Fermentation (30°C, 24h)
Moisture – 53 ± 2%

Dough, 2900 g

Fermentation (30°C, 24h)
Moisture – 53 ± 2%

Molding
(à 400 g)

Proofing
(45 min, 32°C)

Baking
10 min – 230°C
15 min – 200°C
15 min – 180°C
10 min – 150°C

Cooling
(ambient, 2.5 h)

Packing

Rye flour, 
1200 g

Yeast suspension (DM – 20%), 
30 g

Salt solution (28.5 g in 91.5 ml H2O), 
120 g

Backslopping
1:10

Figure 3 – Laboratory rye sourdough bread process Wow diagram.

To prepare the sourdough, 225 g of dark rye Wour and a bacterial suspension of the
chosen LAB strains (5×106 – 5×107 CFU·ml−1) in 0.5% of NaCl was mixed in a 1:1 ratio
in plastic bags in Stomacher 400 Circulator (Seward Ltd., Worthing, UK) for 15 minutes
at 100 RPM, closed hermetically, and then incubated in an Environmental Test Chamber
(Sanyo, Japan) at 32°C for 24 hours.

In the scalding process, 239.5 g of rye dark Wour was added into 810 ml of warm tap
water (55°C) in a 2 L temperature controlled kettle equipped with a refrigerating/heating
circulator (Julabo F25, Seelbach, Germany). After 15 minutes of mixing, rye white malt
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was added. This mixture was heated to 67°C for 40 minutes to allow for sacchariVcation
after which it was cooled down to 27°C.

Leavening was carried out in an Environmental Test Chamber (Sanyo, Japan) at 32°C
for 110 minutes. Afterwards the sourdough (450 g) was mixed with scalded Wour (1100 g),
rye dark Wour (1200 g), yeast suspension (30 g, dry weight 20%), salt solution (24%) and
mixed for 20 minutes at 100 RPM in a 5 L Bear Teddy dough mixer (Varimixer, Shreveport,
LA, USA). The dough was then molded into 400 g portions, put into baking molds (8.5 ×
15 × 9.5 cm), and proofed in the Environmental Test Chamber at 32°C for 45 minutes.

Baking of proofed dough pieces was carried out in a Self Cooking Center (Metos
System Rational, Weikersheim, Germany) as follows: 10 minutes – 230°C, 15 minutes –
200°C, 15 minutes – 180°C, 10 minutes – 150°C.

Cooling and packaging. The bread was taken out from the oven and cooled down
to room temperature in a laminar Wow cabinet under UV light (Telstar, Terrassa, Spain),
sealed aseptically into plastic bags and stored at room temperature.

Unlike laboratory rye bread process the industrial process includes large scale prepar-
ation of liquid rye sourdough (about 35% DM) with constant mixing. The renewing of the
industrial sourdough cycle (backslopping) was carried out by mixing a mother sponge,
rye Wour and water in a 10:36:54 ratio followed by fermentation at 33°C for 10 hours.

4.2.3 Analytical methods

I The dry weight of samples was measured by a Halogen Moisture Analyzer HR83.

II The water activity of bread was measured using a Water Activity Meter FA-st
LAB.

III The pH and total titratable acidity (TTA) of dough and bread samples were determ-
ined after suspension in water by a DL22 titrator.

IV Sourdough and bread samples were Vxed by freezing in liquid nitrogen, freeze-
drying, and grinding using a laboratory Waring blender HGBTWTS3 (particle
size <0.25 mm).

V Metabolite formation and consumption patterns for individual strains during sour-
dough fermentation were determined in freeze-dried sourdough samples by HPLC

(sugars, organic acids) using isopropanol (50%) extraction. Free amino acids were
determined by ultra HPLC using a AccQ·Tag derivatisation kit with AccQ·Fluor reagent
(Publication I).

VI The volatile compounds that form during dough fermentation were analyzed us-
ing SPME-GC-MS, using a method employing multiple headspace extraction (Public-
ation II). The volatile compound proVles found were identiVed by GC-MS in fresh
and stale (7 day old) model rye breads (1.000 g of bread crumb), using the same
GC-MS method parameters.
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VII Determination of total, soluble and insoluble dietary Vber in raw materials and
freeze-dried rye breads was carried out using an enzymatic/gravimetric method
with an assay kit from Megazyme International Ltd. with heat-stable α-amylase,
protease, and amyloglucosidase (Publication IV). Precipitated, washed, and Vltered
residues were dried and corrected for protein using a Kjeldahl method and for ash
by treating samples in a muYe furnace at 550°C for 10 hours.

VIII The concentrations of B-complex vitamers in raw materials and freeze-dried bread
samples were determined using an LC-MS isotope dilution assay method (Public-
ation IV). The samples were extracted in an ammonium format buUer (pH 4.4)
with and without an enzyme mix containing α-amylase, β-glucosidase, and acid
phosphatase.

4.2.4 Structure analysis

I The chemical structure of amylose, amylopectin and starch (dissolved in DMSO-d6)
were studied using 1H, 13C, and 31P NMR in a Bruker Avance III 800MHz spectro-
meter at 313 K.

II The texture of starch gels, dough and breads was determined using a Physica MCR
301 dynamic rheometer and a TA-XT2i texture analyzer.

III The eUect of baking on the properties of bread, structure of starch, and dough
was studied between (I) plates in a rheometer, (II) the object plate and cover-glass
in microscope, and (III) in 3 ml vials of microcalorimeter TAM III. The temper-
ature proVle (Publication V) corresponded to that employed in an industrial rye
sourdough baking process.

IV For staling studies, freshly baked breads were taken out from the oven and cooled
down to room temperature in a laminar Wow cabinet under UV light, sealed aseptic-
ally into plastic bags, and stored at room temperature for 11 days. The samples
were collected imminently after removal from the oven (0 h) and stored for 5
hours, and 11 days, the bread slices were Wash cooled in liquid nitrogen, freeze
dried, and ground (particle size ≈ 0.25 mm).

V The crystallinity of starches, Wours, and freeze-dried and ground bread samples
was studied using wide angle X-ray diUraction (XRD) measurements using an Ul-
tima IV X-ray diUractometer (Publication VI).

VI 13C CP-MAS NMR spectra of starch structure in starch standards, Wour, freeze-dried
dough and bread samples were obtained using a Bruker Avance II 600 MHz spec-
trometer (Publication VI).
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4.2.5 Sensory analysis

Descriptive sensory analysis was applied to characterize the bread quality and eUects
of staling. The panelists (n=9) were all employees of the Competence Center of Food
and Fermentation Technologies (CCFFT) and regular bread consumers. All of the panel-
ists had completed general sensory analysis training. Descriptive attributes as well as
deVnitions and reference materials for descriptive sensory analysis were developed and
reVned through group work sessions (n=2). The samples were described for selected
aroma, Wavor, and texture attributes that were considered important in staling dynamics.
Following structure attributes – springiness, crumbliness, adhesiveness, softness, moist-
ness as well as aroma and taste attributes such as typical bread aroma, sour, sweet, and
foreign aroma were estimated. Each attribute was rated using a 15-point scale, where 0
= none and 15 = very strong.

The partial least squares regression (PLS-R) method was used to correlate the results of
sensory analysis with physical parameters (moisture, pH).

The XL Stat (AddInSoft, New York, NY, USA), Unscrambler (Camo Software, Norway),
Multivariate Analysis Add-in for MS Excel (Centre for Chemometrics, University of Bris-
tol, UK) software packages were used in sensory data analysis.
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5
R E S U L T S A N D D I S C U S S I O N

The results of this dissertation are presented and discussed in four sections. Each
section presents the results of one complete study.

5.1 sourdough fermentation and bread quality (publication i , pub-
lication ii , publication iii)

The peculiarities of sourdough fermentation, including cyclic fermentation, contribute
to the Vnal bread quality and stability during storage.

We studied the growth of LAB and formation of metabolites and aroma compounds
during the fermentation of sourdough using isothermal microcalorimetry and HPLC (Pub-
lication I) and GC-MS with multiple headspace extraction (Publication II).

5.1.1 Determination of speciVc growth rates of sourdough bacteria

The speciVc growth rate in sourdough is an important factor that indicates if a bacterial
species has the capability to dominate in a sourdough cycle. Measuring the growth and
speciVc growth rate of individual bacteria in nontransparent culture media such as Wour
suspensions and dough is technically challenging. The plating out method turned out to
be too laborious and imprecise to quantify the dynamics of bacterial growth during sour-
dough fermentation. Calorimetric sourdough fermentation experiments were initiated
and methods were developed to calculate the speciVc growth rate. In parallel to calori-
metric measurements, substrate consumption and product formation were measured by
HPLC.

In total, 11 sourdough strains (Publication I, Table 1) were isolated from 7 month old
industrial sourdough, and spontaneous sourdough. Their growth in rye dough during
fermentation was characterized along with two commercial starters using measurements
of evolved heat, and by measuring the formation rate of sugars, organic and amino acids,
and volatile metabolites. To ensure that Wour bacteria did not partake in the fermentation
process, the dough was prepared from 10 kGy irradiated rye Wour.

The use of inoculation dough with low bacterial concentrations (105 – 106 CFU·g−1)
compared to those of commercial processes (108 - 109 CFU·g−1), enabled us to observe
both exponential growth and the maximum speciVc growth rates of individual strains in
rye dough using measurements of evolved heat in calorimetric vials (Publication I, Table
3). When we applied backslopping at a rate ten times higher than that employed in the
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industrial process, the exponential growth phase was not observed, as expected. This
rate may be diXcult to observe because: (I) it takes one hour before power-time curves
can be recorded because of the required stabilization time, and (II) a high inoculation
rate ensures that the pH is near the speciVc growth rate optimum.

Determination of speciVc growth rate using measurements of the heat evolved is con-
founded by the heat evolved by other processes. We found that enzymatic hydrolysis as
the Wour is hydrated during the Vrst hours of sourdough fermentation is the main factor
that reduces the precision of determining the speciVc growth rate. During incubation of
a sterile blank that was not inoculated, an increase in the concentration of amino acids
and sugars accompanied by heat production was observed (Publication I, Table 2). There-
fore, to obtain the power-time curves of the growth of bacteria, a hydration/enzymatic
hydrolysis blank was subtracted from the power-time curve.

The power-time curves of sourdough bacteria can be divided according to the shape
of the curve. We observed two clusters, one having two power maximums and the other
with a single maximum. All strains, with the exception of Leuconostoc citreum, display a
single maximum power curve (Figure 4, A and B) are homofermentative LAB species. All
strains that display a double maximum are heterofermentative strains (Figure 4, C and
D). Chromatographic analysis reveals that the Vrst maxima of heterofermentative strains
is probably caused by the reduction of fructose into mannitol, and acetate formation.
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Figure 4 – Power-time curves of sourdough samples inoculated with diUerent sour-
dough bacteria. A, C strains isolated from industrial sourdough and commercial
strains (dashed); B, D- from spontaneously fermented laboratory sourdough. The
bacteria in A, B are homofermentative and display a single maximum power curve.
The bacteria in C, D are heterofermentative with most displaying two power-time
maxima.
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The power-time curves were used to calculate the speciVc maximum growth rates
for diUerent strains and species. The results, provided in Table 3 of Publication I, show
that the strains with the fastest speciVc growth rates (Lactobacillus curvatus, Lb. sakei, Ln.
citreum), 0.83 – 0.93 h−1, were found from spontaneous sourdough that had been back-
slopped for 18 days (20°C, cycle time (tcycle) = 24h). The strains with the slowest speciVc
growth rates (0.45 – 0.48 h−1) were found from industrial sourdough that had been
backslopped for 7 months (30°C, tcycle = 24h). These Vndings suggest that the maximum
speciVc growth rate of strains in sourdough is a minor predictor of their stability in this
industrial sourdough cycle.

We found that the main reason that strains dominate is related to the acidity and
pH of the sourdough. Running in the spontaneous sourdough cycle, the initial pH after
the Vrst few backsloppings is relatively high and decreases with backslopping (cycle)
number. Therefore, the strains with high growth rate but low acid resistance dominate
in the Vrst stages of sourdough cycling. In later cycles the initial pH reaches a value of
5.5 with a Vnal pH of 3.8.

To explore the eUect of pH, we produced µ-pH plots (Figure 5) by converting the
power-time curves into speciVc growth rates (Publication I, Equations 7-11,) and to pH
curves using the accumulated heat and titration curve. Sourdough used for backslopping
in a ratio of 1:10 decreased the pH of the dough down to 5.5 which is lower than the
optimal pH for maximum growth for all strains studied. In addition, the µ-pH plots
reveal signiVcant diUerences in the speciVc growth rate and growth behavior of LAB

species in sourdough. The lactic acid bacteria isolated from spontaneous sourdough that
have higher speciVc growth rates at the onset (Lb. sakei 0E12-10, Lb. curvatus 0E12-11,
Ln. citreum 3N18-10) display lower speciVc growth rates than the “industrial” strains (Lb.
vaginalis, Lb. panis, Lb. pontis, and Lb. helveticus) at pH values less than 4.5, an acidity range
common within sourdoughs.

Long-term industrial sourdough cycling results in wash out of fast-growing in dough
species and domination of acid-tolerant LAB populations. Some acid tolerance in long
run industrial cycles was obtained at the expense of losing oxygen tolerance or perhaps
was lost due to contamination of the sourdough cycle with bacteria from either the en-
vironment or Wour. Interestingly, the pH tolerance and maximum speciVc growth rates
of commercial sourdough strains belonging to the species Lb. plantarum and Lb. brevis
was even higher than the industrial strains studied. It is not clear why these species did
not dominate in industrial sourdoughs. No evidence was found to relate this eUect to the
consumption of carbon or nitrogen because the analysis shows that in all cases the gluc-
ose, maltose and all essential amino acids were present until the end of the sourdough
fermentation (Publication I, Table 2; see also Section 5.1.2). It is interesting to note that
Lb. plantarum and Lb. brevis, in contrast to the industrial sourdough bacteria, had high
plating out yields under aerobic conditions. The results of aerobic and anaerobic fer-
mentation in Wour extract and MRS (Publication I, Table 3) suggest that oxygen is one of
the most important factors determining growth performance and the formation of bac-
teria consortia in sourdough. In contrast to commercial freeze dried starter cultures (Lb.
plantarum and Lb. brevis), the growth of industrial sourdough bacteria (Lb. helveticus N92,
Lb. helveticus E96, Lb. vaginalis N1113, Lb. vaginalis E1113 and Lb. pontis N131) appear to
be inhibited by the presence of oxygen. It is possible that the growth enhancing role of
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oxygen, with regards to Lb. plantarum and Lb. brevis, is more strongly pronounced than in
the oxygen phobic strains of industrial sourdough.
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Figure 5 – Relationship between speciVc growth rate and pH for various LAB

species. A, C strains isolated from industrial sourdough and commercial strains
(dashed); B, D- from spontaneously fermented laboratory sourdough. The bacteria
in A, B are homofermentative while the bacteria in C, D are heterofermentative.
The curves are derived from the data presented in Figure 4. Note that plots C and
D display multiple transitions.

In summary, the speciVc growth rate and pH tolerance are important characteristics
that determine if a strain dominates in a sourdough cycle, however, they are not the
only ones. The concentration of growth enhancing substrates such as oxygen, vitamers,
peptides, and nucleosides et cetera might also be important factors that determine strain
selection in a sourdough cycle.

5.1.2 Consumption and formation of metabolites (sugars, organic acids, volatile
compounds) during fermentation with individual LAB

In addition to power–time curves, the pH, concentration of organic acids and free amino
acids, sugars (Publication I, Table 2), and volatile compounds (Publication II, Table 1)
were measured at diUerent time points after dough mixing during the sourdough fer-
mentations.

The carbon sources glucose and maltose, as well as all amino acids essential for LAB

were not exhausted after 24 h of rye dough fermentation with sourdough bacteria. There-
fore, the increase in acidity is the most probable reason for the decrease in both the heat
Wow and in the speciVc growth rate (Publication I, Table 3). Acetate formation occurred
in heterofermentative species and was promoted by converting fructose into mannitol
and its subsequent use as an electron acceptor (Publication I, Chemical Equation 1). Ex-
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haustion of free fructose can be the reason for the occurrence of two maxima in the
power-time curves, observed in all heterofermentative species with the exception of Ln.
citreum (see Figure 4). Also, the aldehydes present in the dough can be used as electron
acceptors as they are converted into corresponding alcohols (Publication II, Table 1) due
to the reducing conditions of sourdough.

In addition to acetic acid, several volatile compounds important in rye bread Wavor
formation are synthesized during sourdough fermentation. Ethanol, formed by hetero-
fermentative bacteria Lb. brevis, Ln. citreum, Lb. vaginalis, Lb. panis), reacts during sour-
dough fermentation with acids to form esters such as ethyl acetate and ethyl hexanoate.
Acetate, in turn, reacts with alcohols forming ethyl-, hexyl- , and isopentylacetate. In
contrast with heterofermentative species, homofermentative LAB species (Lb. helveticus,
Lb. casei, Lb. sakei, Lb. curvatus) produce a low amount of esters. All homofermentative
species studied produce a considerable amount of 2,3-butanedione. Lb. helveticus sour-
dough strains were the only LAB studied that produced benzaldehyde.

5.1.3 Formation of volatile compounds during baking and staling

SPME-GC-MS volatile proVles were taken during sourdough fermentation, after bread bak-
ing, and after 7 days of storage. Laboratory rye breads were made according to the
model bread recipe (Figure 3) using sourdough prepared with individual lactic acid bac-
teria (Lb. helveticus N92, Lb. helveticus E96, Lb. vaginalis N1113, Lb. vaginalis E1113, Lb.
brevis L62, Lb. casei N726, Lb. panis N915, Lb. plantarum L73) as well as a control pro-
cessed without sourdough bacteria. Most of the compounds found were common to all
breads (see Table 1) and many of these are also found in sourdoughs (Publication II, Table
1). In addition to the compounds found in sourdough N,N-dimethyl-2-propanamin, 2-
butenal, 1,2-dichlorethane, 2-ethylfuran, 2,4,5- trimethyl-1,3-dioxolane, 2-methoxyfuran,
3-furaldehyde, furfural, acetylfuran, and dodecane were detected in the breads. On the
other hand, several compounds found in dough were not detected after baking in the
breads: 2-methylpropanol, 3-methylbutanol, 2-methylbutanol, 2-pentenal, 1-penten-3-
ol, 2-penten-1-ol (Z), 1-hexanol, 2-hexenal, 4-heptenal (Z), 2-heptenal (E), 2-heptanone,
2-octanone, 1-octen-3-ol, 2-nonenal, dimethyldisulVde, and dimethyltrisulVde. The in-
ability to detect these compounds in bread can be explained by (I) a decrease in the
concentration of the compounds below the detection limit due to their incorporation
into the bread matrix, (II) partial vaporization, and (III) chemical modiVcation during
the baking process [113, 114].

In some cases, volatile compounds were detected in bread. Diethylacetic acid, and
1-propen-2-ol acetate were found only in bread made with Lb. helveticus N92, propanoic
acid - in bread made with Lb. plantarum L73, propanal - in bread made with Lb. vaginalis
N1113, 3-pentanone - with Lb. vaginalis E1113, 3-butenoic acid ethylester and 2-ethyl-2-
hexenal - Lb. helveticus E96.

The diUerence in the aroma pattern of breads made by two diUerent groups of LAB:
homo- and heterofermentative bacteria were less signiVcant than in case of respective
sourdough. Regardless of this, three compounds were speciVc to breads made with ho-
mofermentative bacteria: 2-butenal, 2-phenyl-2-butenal, and phenylethylalcohol.
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Compounds Homofermentative strains Heterofermentative strains
A: Lb. helveticus N92 E: Lb. vaginalis N1113
B: Lb. helveticus E96 F: Lb. vaginalis E1113
C: Lb. casei N726 G: Lb. panis N915
D: Lb. plantarum L73 H: Lb. brevis L62

Blank A B C D E F G H

f s f s f s f s f s f s f s f s f s

2-methyl propanal + + + + + + + + + + + + + + + +
1-propanol? + + + + + +
acetic acid ethenyl
ester?

+ + + + + + + + + + + + + + + + +

2-butanone + + + + + + + + + +
N,N-dimethyl-2-
propanamine?

+ + + +

2-butenal? + + + + + + +
acetic acid + + + + + + + + + + + + + + + + +
1,2-
dichloroethane?

+ + + + + + +

2-ethyl furan? + + + + + + + + + + + + + + + +
2,4,5-trimethyl-1,3-
dioxolane?

+ + + + + + + + +

2-methoxyfuran? + + + + + + + + + + + + + + +
2-furanmethanol? + + + +
isoamyl acetate? + + +
acetylfuran? + + + + + + + + +
α-pinene + + +
acetic acid hexyl
ester?

+ + + + + + + +

phenylethylalcohol? + + +
2-octenal + + + +
heptanoic acid
ethyl?

+ + + + + +

nonanal + + + + + + + + + + + +
dodecane? + + + + + + +
carvone? + +
2-phenyl-2-
butenal?

+ + + + + + + + +

Table 1 – Volatile compounds proVle in fresh (0h, f) and staled (7d, s) model rye breads made
with sourdough prepared with diUerent LAB. The presence of a compound is marked by “+”.
Compounds found only in breads are labeled with ?. The following compounds were detected
under all conditions: ethyl acetate, 3-methyl butanal, 2-methyl butanal, L-Leucine methyl
ester, 1-pentanol, hexanal, 3-furaldehyde?, furfural?, styrene?, heptanal?, benzaldehyde, 2-
pentylfuran, hexanoic acid ethyl ester, benzacetaldehyde?, octanoic acid ethyl ester?.
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During staling, only a few changes in the aroma proVles were observed. The compar-
ison of aroma proVles of fresh bread and 7 day-old breads revealed that 2-acetylfuran
was released from the bread matrix in an amount detectable by SPME-GC-MS only after
staling. 2-acetylfuran has almonds, nuts, fermented aroma, milk, and sweet caramel-like
aroma [115] and is known to be a compound formed during baking as one of important
compound of the Maillard reaction [116, 117]. The other two compounds which apperar
in the volatile pattern during staling were α-pinene and phenylethylalcohol. The Vrst
has a dry woody odor characterized as a component of fruity juice and some ether oils
[118], and phenylethylalcohol has a Wowery odour and is considered a favorable bread
Wavor [119]. How the volatiles 2-acetylfuran, α-pinene, and phenylethylalcohol are re-
lated to the process of developing an “old bread” aroma is currently unknown, but could
be studied using GC-MS/olfactometry.

The aroma patterns of the industrial breads determined by SPME-GC-MS/olfactometry
were richer than those determined for model breads using individual strains. In ad-
dition to the compounds found in the model experiments using SPME-GC-MS a num-
ber of other compounds were identiVed using olfactometry: 2-propanone (acetone), 2-
butanone (ether), 2,3-butanedoine (butter), formic acid methyl ester, 1-hydroxy-2-pro-
panone, 1-penten-3-one (Vsh, pungent), 1-hexanol (resin, Wower), heptanoic acid (fatty,
frutty), 2,3-pentanedione and 3-hydroxy-2-butanone (cream, butter), ethyllactate (fruit),
and acetylpyrrole (nut, bread, walnut). It is probable, that most of those compounds were
also present in the laboratory sourdoughs but remained below the detection limit of the
method used to study the eUect of staling on aroma formation.

5.2 stability of dietary fiber and vitamers during rye bread processing
(Publication IV )

Due to the complexity of the analytical procedures for determining dietary Vber and
vitamins, the recipe based calculation of nutrient content in breads has become common
practice in the baking industry. However, sourdough fermentation, leavening with yeast,
and baking can all induce chemical changes that make the results of the calculations
erroneous.

5.2.1 Stability of dietary Vber during rye sourdough bread processing

The content of indigestible material might change during bread processing, especially
during fermentation and baking. The eUect of processing was studied by determining the
content of soluble and insoluble dietary Vber using the enzymatic-gravimetric method
in both the raw materials and breads prepared from these raw materials.

The results (Publication IV, Table 2), demonstrate that the content of total dietary Vber
during processing increases. An increase in total dietary Vber during bread processing
has been observed previously. Johansson and coauthors [120] observed an increase in
total dietary Vber in wheat and rye breads made from low extraction Wour and attributed
this to the formation of starch resistant to digestion during baking.

47



results and discussion

The ratio of soluble to insoluble dietary Vber increased during rye bread processing.
The measured concentration of soluble Vber was 3.4 and 2.6% of the dry matter (DM) in
rye bread and Vne rye bread, respectively. These measurements are signiVcantly higher
than the recipe based values (2.0% and 1.5% DM, respectively). The increase in soluble
dietary Vber content during bread processing can be explained by the partial conversion
of insoluble Vber into the soluble variety during rye Wour fermentation, scalding, leaven-
ing with yeast, and during the Vrst stages of baking. Such a redistribution of dietary
Vber forms by the activities of intrinsic enzymes in rye Wour (α–amylase, β–xylosidase,
α–arabinofuranosidase, β-glucanase, endo-xylanase and cinnamoyl esterase) was sug-
gested by Boskov Hansen and coauthors [62]. The enzymatic hydrolysis of non-soluble
arabinoxylan might improve the gas holding capacity of dough [80]; however further
hydrolysis of soluble arabinoxylan can decrease it. On the other hand, low pH values of
sourdough may inhibit this process. The tight correlation of this process with sensory
properties (provided in Figure 6) has yet to be demonstrated.

5.2.2 B-complex vitamers in cereal materials and rye bread

Many forms of processing, including sourdough fermentation, change the concentration
of vitamins in baked bread. In this study we measured the content of vitamers (thiamine,
riboWavin, nicotinic acid, nicotinamide, pyridoxine, pyridoxal, pantothenic acid) in both
raw materials (rye Wours, white and red rye malt, yeast) and in rye sourdough breads
produced from these raw materials. A method was developed that made use of LC-MS

with a stable isotope dilution assay combined with enzymatic treatment.
Enzymatic hydrolysis was carried out in combination with the process of extracting

the B-complex vitamers from the complex sample matrices using acid phosphatase, β-
glucosidase, and α-amylase. The use of these enzymes increased the concentration of
thiamine (10 - 55%), riboWavin (10 - 35%), nicotinamide (25 - 60%), and pyridoxal (40%)
due to conversion of respective cofactors (TTP, NADH, NADPH, NAD+, NADP+, PLP, CoA, FMN,
FAD) into the vitamin forms listed above (Publication IV, Table 3).

The content of B-complex vitamers in rye bread was calculated on the basis of the
recipes used to make rye breads (supplemented with our improved measurements of
the vitamer concentrations in the raw materials). In almost all cases, the recipe based
estimation of vitamer content was higher than those determined experimentally in the
Vnished product: thiamine 60%, riboWavin 20%, pyridoxal 150%, pyridoxine 60%, and
pantothenic acid 10%. The loss of thiamine, riboWavin and pyridoxine during thermal
treatment (baking) was similar to that reported earlier for breads [36, 43, 44].

In contrast to all other vitamers, the concentration of nicotinamide increased dur-
ing processing by ten times. To explore this eUect we compared the 10 kGy irradiated
control with a sample that underwent fermentation. In the control, the nicotinamide
concentration was constant during incubation (around 10 µg·100g−1

DM ). In contrast, the
concentration of nicotinamide increased to 600 µg·100g−1

DM in the sample that under-
went fermentation. In the same fermentation, nicotinic acid decreased from 500 to 80
µg·100g−1

DM (Publication IV, Table 3). The eUect can be explained by the conversion of
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nicotinic acid and/or NAD+ into nicotinamide by Lactobacilli over a series of enzymatic
reactions [121].

Interestingly, the concentration of pantothenic acid increased during the incubation
of Wour from 400 to 550 µg·100g−1

DM yet during sourdough fermentation it decreased from
400 to 225 µg·100g−1

DM (Publication IV, Table 3). Such drastic changes in concentration
were not observed during lactic acid fermentation for the other vitamers studied.

5.3 stability of sensory properties

5.3.1 EUect of sourdough fermentation

We studied the eUect of isolated bacterial species on the sensory properties of rye bread.
Rye breads were produced according to the model recipe (Figure 3). Sourdough breads
were prepared using isolated individual LAB or mixed suspensions of Lb. helveticus N92
+ Lb. vaginalis N1113, or Lb. plantarum L73 + Lb. brevis L62, or Lb. helveticus N92 + Lb.
panis N915. Rye model bread made with Lb. helveticus showed high springiness. Porosity,
adhesiveness, and sweetness are terms that best describe bread made using Lb. panis and
Lb. brevis + Lb. plantarum. We correlated the most important sensory parameters that
characterize the staling of model breads such as moistness, springiness, typical aroma,
typical taste, crumbliness, porosity, sweetness, “old bread” taste (foreign or oU-taste)
with measured parameters (pH, TTA, water content). The correlation shows that a cluster
of bread made without sourdough (Blank) or with Lb. vaginalis or Lb. casei strains had poor
sensory characteristics and are thus situated at the lower right corner of the PLS-R plot
(Figure 6, dashed).
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Figure 6 – Fresh and 7 day-old breads (labeled “7d”) sorted by pH and moisture
using the PLS-R method. The signs of samples correspond to moisture content (38-
43%) and pH (4.5-5.1). N92 is Lb. helveticus N92; E96 is Lb. helveticus E96; N1113 is Lb.
vaginalis N1113; E1113 is Lb. vaginalis E113; L73 is Lb. plantarum L73; L62 is Lb. brevis
L62; N915 is Lb. panis N915; N726 is Lb. casei N726; N92+N915 is Lb. helveticus N92 +
Lb. panis N915; N92+N1113 is Lb. helveticus N92 + Lb. vaginalis N1113; L62+L73 is Lb.
brevis L62 + Lb. plantarum L73.

The results of sensory analysis grouped according to pH show that breads in the
upper part of the graph are sourer and had a lower pH than those at the bottom. A
good correlation between pH and springiness was observed. According to Arendt et al.
[2] the correlation between acidity and the structure of bread can be explained by the
ability of rye pentosans to bind water and enhance the water-binding of starch due to
the inhibition of enzymatic activity under acidic conditions.

Fresh breads that have desirable properties such as sweetness, moistness, porosity,
adhesiveness, crumbliness, and a typical rye bread Wavor proVle, are positioned at the
rightmost part of graph (Figure 6). After staling, breads clustered into a more compact
group with comparable properties (“old bread” cluster). This clustering was independent
of the starter strains used.

These results suggest that our sourdough process, and probably most sourdough pro-
cesses, have a limited inWuence on rye bread staling. The choice of strain used to carry
out the sourdough fermentation does, however, have a signiVcant eUect on bread quality.

5.3.2 Comparison of sensory properties of wheat and rye breads during staling

Three diUerent rye sourdough and wheat breads were purchased from a local market to
characterize, by sensory analysis, the aging of breads during the 3 days before and 2 days
after the shelf life stated by the producer. The results show that products belonging to
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the rye sourdough cluster stale less signiVcantly than those of the wheat bread cluster
(Figure 7). A change was observed in many important quality indicators during bread
storage (springiness, softness, odor and Wavour intensity, and moistness). These changes
are more pronounced and signiVcant in wheat breads compared with rye breads.
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Figure 7 – Principal component analysis (PCA) of the sensory properties of breads
during storage. Rb1, Rb2, Rb3 – rye sourdough breads, Wb1, Wb2, Wb3 – wheat
breads, -3, -2, -1, +1, +2 indicates the age of bread in days relative to the expiry date.
The breads in parallel sessions are labeled with superscripts a and b.

Variation of parameters was higher in the case of wheat bread during storage, par-
ticularly during Vrst days. The changes in sensory parameters of rye breads were less
signiVcant. Also the rate of decrease of most important parameters like aroma, taste,
softness, and moistness was slower in rye breads than in wheat breads. The diUerences
can be related to low pH and high amount of dietary Vber as well as lower porosity of
rye breads.

5.4 structural changes of rye bread during staling (Publication V ,
Publication VI )

The results of our sensory analysis reported in the previous section reveal that wheat
breads stale more signiVcantly than those of rye. We followed up on this work by de-
termining to what extent diUerences in starch structure and behavior during baking and
storage could aUect the staling rate in wheat and rye breads.

5.4.1 Chemical structure of starch and content in dough and breads

The structure of rye and wheat starch was characterized by 13C NMR (Publication VI).
The spectra did not show signiVcant diUerences in the chemical structure or content of
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amylopectin between wheat and rye starch, and the amylopectin in both were found to
be similar to that of maize amylopectin. A highly ordered structure of amylopectin has
been proposed (Publication VI, Figure 5). The branching region in both rye and wheat
amylopectin takes 5 × 10 = 50% of the glucose units, and a ratio of about 2.5 medium
glucose cycle chains per ten branching glucose cycles was calculated (Publication VI).
While the chemical structure of rye and wheat amylopectin and amylose was very sim-
ilar, signiVcant diUerences are observed in the starch phospholipid fraction using 31P NMR

(Publication VI, Figure 6).
The amount of starch in wheat and rye breads was diUerent; 71 g in wheat and 63 g per

100 g of dry matter in rye breads (Table 2). This diUerence can aUect bread staling and
starch retrogradation more than the small diUerences observed in the starch chemical
composition.

Table 2 – Starch and water content in Wours and breads.

Sample Total starch Water content
g·100g−1

DM g·100g−1
sample

Wheat Wour (W550) 76.11 ± 1.01 12.6 ± 0.2
Rye Wour, wholemeal 61.23 ± 1.39 11.3 ± 0.2
Rye Wour, dark 65.96 ± 1.77 11.4 ± 0.2
Wheat dough 67.35 ± 0.64 41.4 ± 0.5
Wheat bread 71.20 ± 4.51 39.8 ± 0.7
Rye dough 64.15 ± 5.43 43.6 ± 0.8
Rye bread 63.30 ± 5.02 42.4 ± 0.5

5.4.2 Study of starch and dough characteristics using microbaking

To study the eUect of baking on the structural properties of dough and starch, a tem-
perature proVle was simulated on microscope slides, calorimetric vials, and between
rheometer plates. The water concentration of each specimen was set to that measured
in the rye dough (Table 2) and the temperature proVle to that measured in the middle of
the crumb in the industrial process (Publication V, Publication VI).

During microscopic observation, a loss of birefringence was observed in starch and
dough samples (indicated by a losses of the typical Maltese cross pattern) after baking
indicated the disordering of radial arrangement of starch molecules in the granule (Pub-
lication VI, Figure 1). The appearance and increase of intensity of longish structures
were observed in all starch and bread samples during cooling and storage. Those longish
structures were not found in amylopectin samples and may be related both to the leak-
age of amylose from starch granules and the crystallization of amylose [122]. Only in
the case of a pure amylopectin preparation, structures characterized by a Maltese cross
reappeared during storage. No visual diUerences were observed between rye and wheat
starch nor their respective dough during micro-baking on microscopic slides.
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5.4 structural changes of rye bread during staling

However, signiVcant diUerences in the behavior of rye and wheat starch and dough
were observed during microbaking in both the microcalorimeter and rheometer (Public-
ation V, Publication VI).

The storage modulus, G′, proVles of rye and wheat starch and dough micro-baking
were diUerent. The storage modulus of rye starch started to increase at a higher tem-
perature than that of wheat starch (45°C and 40°C, respectively) (Publication V, Figure
2). Further increase in temperature decreased G′ due to liquidation of the starch gel.
An increase in G′ within dough samples was observed at a higher temperature (around
65°C). This increase could be related to the eUects of protein denaturation in the dough
matrices. A further decrease in G′ in both doughs at 20°C may be explained by continu-
ous mechanical stress that alters the bread structure.

The thermal activity of micro-baked rye and wheat dough samples and starch suspen-
sions was measured (Publication V, Figure 3A). This work demonstrates that the heat
Wow (µW per gram of starch in sample) during the period of 2-48 h after baking is lower
in rye starch and rye dough compared to wheat starch and bread, respectively.

This might be related to diUerent rates or intensities of phase transition processes
(crystallization and glass transition) in rye and wheat dough after baking. Silverio and
coauthors [123] suggest that the heat Wow during the Vrst 5 h to 10 h is related to amyl-
ose crystallization, which is in good agreement with our microscopic observation that
longish structures form within the Vrst hours after baking.

5.4.3 Study of starch and bread structure using X-ray diUraction

To study the changes in the crystalline structures of starch and Wours during baking,
cooling and storage X-ray diUraction spectra of starches and freeze-dried breads were
measured. Rye and wheat starch spectra (Figure 8A) were very similar to that of amyl-
opectin which suggests that the amylose content and phospholipid composition have a
small eUect on the crystalline structure of starch. The X-ray diUraction pattern of corn
and potato starch were diUerent, however.
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Figure 8 – XRD spectra of amylopectin, starches, and breads. Subplot A: maize
amylopectin (1), starches from rye (2), wheat (3), corn (4), potato (5) and breads.
Subplot B: rye bread, 0 h (1), rye bread, 11 days (2), wheat bread, 0 h (3), wheat
bread, 11 days (4).
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The spectra of rye and wheat bread after baking and after 11 days of staling are sim-
ilar (Figure 8B). We observed that the crystalline patterns found in staled bread resemble
B-type potato starch. From XRD data we can conclude that during starch retrograda-
tion part of the water is removed from the bread matrix into the crystalline structures of
starch. Supposing that after gelatinization of starch during baking the amylose and amyl-
opectin starts to crystallize into hydrated forms (for example Vh or B-type) that contain
about 30% water [99] and about 50% starch, a considerable amount of water (15 g per
100 g of bread) can be removed from the crumb amorphous phase into the crystalline
starch structures during bread storage. Binding water from amorphous bread structures
into crystalline structures can explain the dry mouth-feel that appears in aged breads.
According to our XRD analysis, we Vnd an increase in the degree of crystallization of
starch from 3 to 21% for rye sourdough bread and from 3% to 26% for wheat bread dur-
ing 11 days of storage (Publication VI, Table 1). This corresponds to an amount of water
binding of about 3 g per 100 g of bread, which all together makes up about 7.5% of the
water. This is a considerable decrease in water concentration which can cause both a dry
mouth feel and an increase in bread Vrmness during storage.

To study the eUect of diUerent LAB strains (homofermentative and heterofermentative)
on the crystallinity of staled breads, rye model breads made with Lb. plantarum and Lb.
brevis were compared by XRD. No diUerence in relative crystallinity of rye breads made
using diUerent LAB strains was observed during storage (Publication VI, Figure 3). So the
eUect of sourdough on bread structural properties is not related to starch retrogradation,
but related rather to decreasing the pH and aUecting hydrolytic processes and water
holding capacity.

5.4.4 13C CP-MAS NMR spectra of rye and wheat breads during staling

The recrystallization of starch in hydrated forms was supported by 13C CP-MAS NMR spec-
tra of rye and wheat breads before and after staling (Figure 9).
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Figure 9 – 13C CP-MAS NMR spectra of amylopectin, rye and wheat breads. Rb – rye
bread, Wb – wheat bread.

Interpretations of the individual components: C1-A (102.9-103.2 ppm) – amorphous
region of amylopectin (branching points) and V-type single helix; C1-B (101.4-101.5
ppm) – double helices; C1-C (100.1-100.5 ppm) – double helices; C1-D (99.1-99.8 ppm)
– double helices; C1-E (96.4 – 97.7 ppm) – glucose units near α-(1→6) linkages within
the branched regions; C1-F (93.8 – 94.7 ppm) – associated with constrained linkages; C1-
G – 106.9-109.1 ppm- C1 of rye cellulose and mixed-linkage (1→3)(1→4)-β-D-glucans.

The peak A (103 ppm) in the C1 region is typical for the V-type single helix and
dominates in all NMR MAS spectra. Its relative intensity did not change during bread
baking. The decrease in signal intensity in the region related to the crystalline structure
(102-99 ppm, peaks B, C and D) and an increase in relative intensity of the broad peak in
the range of 98 - 96 ppm, which corresponds to a non-crystalline region, were observed
after baking. During staling, the area of this region decreased and that of the crystalline
region (101-99 ppm) increased. The MAS NMR spectra demonstrate that starch in rye
sourdough breads crystallize in somewhat diUerent forms than in wheat bread (region
C1 and C6 on the Figure 9).

During staling of rye bread, the appearance of a peak with maximums at 99.3 ppm
was observed. A similar peak appeared in wheat bread at 100.1 ppm. This suggests that
these breads display diUerences in starch retrogradation. Additionally, peak at 106.1 –
109 ppm (C1 – G) are observed only in rye Wour and bread, and not in starch. This
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is probably explained by the presence of mixed-linkage (1→3)(1→4)-β-D-glucans with
cellulose-like fragments in rye dark Wour [66, 124–126].

In addition, within C-4 some changes during baking were observed. However, like
those of C2, C3, C5 region, these could not be related to structural changes. NMR spectra
show changes during baking and storage also in the C6 region. The maximum shifted
from 62 to 61 ppm and restored in rye and wheat bread in slightly diUerent forms (Figure
9). In the protein/lipid region 35-10 ppm diUerences in wheat and rye spectra were quite
signiVcant. The diUerences can be related to transformations within the gluten structure
and/or formations of starch gluten complexes in the wheat breads.

Also, a diUerent amount of water can cause the diUerent rates of staling of rye and
wheat bread. The recrystallisation of starch amylopectin and amylose in a hydrated
form causes the decrease in availability of water during storage and the development of
a dry mouth feel during consumption. Taking into account the higher water and lower
starch content in rye bread compared to wheat bread (Table 2), the relative amount
of water which can be bound into the crystalline structures of starch in wheat bread
during retrogradation is larger. This, in turn, can explain the lower eUect of starch
crystallization on rye bread quality in comparison to wheat bread.
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Figure 10 – Water activity (aw) and moisture in rye bread crumb after baking
(Vrm line – water activity, dotted line – moisture).

The decrease in water activity expected in the case of co-crystallization into chem-
ically bound forms with amylopectin was not observed in this study (Figure 10). This
might be explained by the eUect of removing water on bread water activity in the non-
crystalline phase and/or parallel processes like glass transition occurring during staling.
Incorporation of water from the bread crumb into crystalline structures of starch during
bread storage will also increase the concentration of soluble chemicals in bread. This can
initiate transition from a rubber state into a glass state which might explain the increase
in Vrmness and storage module during bread staling.
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6
C O N C L U S I O N S

The main goal of this dissertation is to evaluate the factors that inWuence both the
nutritional makeup and sensory quality of rye sourdough bread during processing

and storage. The results of the study are summarized as follows:

I A laboratory rye sourdough process was developed, including a method for char-
acterization of individual lactic acid bacteria during sourdough fermentation us-
ing isothermal microcalorimetry.

II Lactobacillus helveticus was found to be present during all stages of propagation
and was the dominant strain in industrial rye sourdough. A number of dominant
lactic acid bacteria strains isolated from rye industrial and spontaneously fermen-
ted laboratory rye sourdough were characterized by their heat production and
metabolite production/consumption during sourdough fermentation.

III Oxygen availability and acidity are the most important factors that determine
the formation and stability of bacteria consortia in a sourdough cycle. The LAB

strains that dominate in the industrial sourdough cycle had better acid tolerance
but lower maximum growth rate and oxygen tolerance than species isolated from
a spontaneously started sourdough cycle.

IV SigniVcant diUerences are observed in the volatile proVles of dough fermented
with diUerent bacteria; However, these diUerences are equalized to a great extent
during baking.

V B-complex vitamins, with exception of B3, are mostly present in “simple” forms
in bread, and are partly degraded during processing. The content of dietary Vber
and vitamers in the ingredients used to make the bread and the Vnished product
can diUer signiVcantly and caution should be taken when calculating the nutrient
content of bread on the basis of the ingredients used to make it.

VI The ratio of soluble to insoluble dietary Vber increased during rye sourdough pro-
cessing by the activity of both endogenous Wour enzymes and lactic acid bacteria
enzymes during fermentation. This not only aUects the nutritional content but
also the sensory properties of rye bread.

VII The XRD, 13C NMR, 1H NMR, 13C CP-MAS NMR spectra reveal that the structure of
the carbohydrate backbone of rye and wheat starch are very similar. The rye
and wheat amylopectin has a very similar and highly ordered chemical structure.
DiUerences were found in the phospholipid structure by 31P NMR.
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conclusions

VIII The eUect of sourdough on bread structural properties is not related to starch
retrogradation, but related rather to decreasing the pH and aUecting hydrolytic
processes and water holding capacity.

IX After baking, starch recrystallization occurs with water incorporation into the
crystalline structure of starch forming B-type and V-type starch crystallites and
may be the main reason for bread staling. DiUerent proportions of water and
changes in starch Vne structure cause the diUerent rates of staling of rye and
wheat bread.
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ORIGINAL ARTICLE

Growth characterization of individual rye sourdough
bacteria by isothermal microcalorimetry
A. Mihhalevski1,2, I. Sarand1,2, E. Viiard1,2, A. Salumets1,2 and T. Paalme1,2

1 Competence Center of Food and Fermentation Technologies, Tallinn, Estonia

2 Department of Food Processing, Tallinn University of Technology, Tallinn, Estonia

Introduction

The production of sourdough bread can be traced back

to ancient times. Sourdough is a mixture of flour and

water that is fermented with lactic acid bacteria (De

Vuyst and Neysens 2005; Rosenquist and Hansen 2000).

Sourdough fermentation improves volume, texture, fla-

vour and nutritional value of the bread. It also retards

the staling process of bread and protects it from mould

and bacterial spoilage (Katina et al. 2002; De Vuyst and

Vancanneyt 2007; Hammes et al. 2005). Hundreds differ-

ent types of traditional sourdough breads exist in Europe.

They differ in the type of flour, additives, applied

technology and sourdough microbiota (De Vuyst and

Vancanneyt 2007). The latter consists from the specifically

adapted lactic acid bacteria (LAB) and yeasts (Corsetti

and Setanni 2007; De Vuyst et al. 2009).

Stable and reproducible composition and activity of

the sourdough microflora is indispensable to achieve a

constant quality of sourdough bread (De Vuyst and
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Abstract

Aims: The present work tests the feasibility of the isothermal microcalorimetry

method to study the performance of individual lactic acid bacteria during

solid-state fermentation in rye sourdough. Another aim was to elucidate the

key factors leading to the formation of different microbial consortia in labora-

tory and industrial sourdough during continuous backslopping propagation.

Methods and Results: Strains of the individual LAB isolated from industrial

and laboratory sourdough cycle were grown in 10 kGy irradiated rye dough in

vials of an isothermal calorimeter and the power–time curves were obtained.

Sugars, organic acids and free amino acids in the sourdough were measured.

The OD–time curves of the LAB strains during growth in flour extract or MRS

(De Man, Rogosa and Sharpe) broth were also determined. The maximum

specific growth rates of Lactobacillus sakei, Lactobacillus brevis, Lactobacillus

curvatus and Leuconostoc citreum strains that dominated in backslopped labora-

tory sourdough were higher than those of Lactobacillus helveticus, Lactobacillus

panis, Lactobacillus vaginalis, Lactobacillus casei and Lactobacillus pontis strains

originating from industrial sourdough. Industrial strains had higher specific

growth rates below pH 4Æ8. It was supposed that during long-run industrial

backslopping processes, the oxygen sensitive species start to dominate because

of the O2 protective effect of rye sourdough.

Conclusions: Measurements of the power–time curves revealed that the LAB

strains dominating in the industrial sourdough cycle had better acid tolerance

but lower maximum growth rate and oxygen tolerance than species isolated

from a laboratory sourdough cycle.

Significance and Impact of the Study: Isothermal microcalorimetry combined

with chemical analysis is a powerful method for characterization of sourdough

fermentation process and determination of growth characteristics of individual

bacteria in sourdough.
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Neysens 2005). Consecutive microbial re-inoculation, or

so called ‘backslopping’, of the micro-organisms from a

previous sourdough batch is used to maintain the

adapted microbial flora, which is selected in the process

applied (Häggman and Salovaara 2008). The consortia of

bacteria that develop in the sourdough during repeated

solid-state fermentations originate from the starter cul-

ture, flour, bakery environment or humans. Establish-

ment of a stable sourdough ecosystem is a consecutive

process correlating with acid stress and carbohydrate and

amino acid (AA) metabolism (Van der Meulen et al.

2007).

Evaluation of the growth properties of individual bac-

terial strains in the sourdough is a complicated task as

no precise method exists for microbial biomass quantifi-

cation in the solid state. The plating method is laborious,

requires synthetic media selection (Vera et al. 2009) and

might not be suitable for some fastidious lactic acid

bacteria species present in industrial sourdough (De

Vuyst and Vancanneyt 2007). In the case of a food

matrix like rye dough, the application of the indirect

methods measuring bacterial DNA, RNA-s, proteins

(Abd-Aziz et al. 2008) or the concentration of cell wall

components is quite complicated. Alternatively, measure-

ments of metabolites and CO2 formation are often used

for the estimation of microbial growth during solid-state

fermentations (Terebiznik and Pilosof 1999). Although

the growth yields may depend significantly on growth

conditions, parameters like O2 consumption, CO2, acid

and heat production provide a valuable tool for continu-

ous on-line measurement of the microbial growth in the

solid state.

Microcalorimetry has been used for the experimental

study of bacterial growth during the last 50 years

(Wadsö 2002; Braissant et al. 2010). The first experi-

ments were carried out with Streptococcus faecalis and it

was shown that the rate of heat production was coupled

with the rate of biomass increase (Forrest and Walker

1963). The measurement of different growth parameters

together with the heat production rate has made it clear

that the shape of the power–time curve is influenced by

the type of metabolic activity and can be related to the

different physiological states of bacteria (Gustafsson

1991; Wadsö 1997; Menert et al. 2001). Recently, iso-

thermal microcalorimetry (IMC) has been used as a uni-

versal tool for real-time evaluation of processes rates

during cell culturing (Fang and Hedin 2006; Kabanova

et al. 2009) including cell replication rates and effects of

biocides on microbial activity (Vandenhove 1998; Yi

et al. 2000; Fang and Hedin 2006; De San et al. 2007;

Von Ah et al. 2008; Wadsö and Galindo 2009). IMC

experiments are entirely passive. The specimen is not

disturbed during measurement and can be removed

from the calorimeter and evaluated by other means

(Wadsö 2002; Von Ah et al. 2008; Braissant et al. 2010)

such as determining the plate counts, acid and ethanol

concentrations, pH, etc. (Kabanova et al. 2009). All this

makes high throughput IMC applications useful in the

analysis of microbial processes in food, particularly dur-

ing anaerobic processes like cheese ripening and sour-

dough fermentation.

The technological parameters of rye sourdough bread

production differ significantly in different bakeries thus

causing variations in microbial consortia of sourdoughs

(Rosenquist and Hansen 2000; De Vuyst et al. 2009). To

understand the factors (mechanisms) that determine the

dominance of different bacterial species in different

continuously backslopped sourdoughs, the bacteria should

be studied in their natural environment of sourdough as

the growth characteristics determined in artificial liquid

media and even in flour extract might be misleading. For

example, it has been shown that starch and gluten in

hydrated flour are able to reversibly adsorb oxygen (Xu

2001; Joye et al. 2009) thus leading to low levels of

dissolved oxygen in dough.

Except for soils science (Wadsö et al. 2004; Oriol et al.

1987), very few attempts have been made to grow cells on

solid (or ‘semi-solid’) substrate in a microcalorimetric

ampoule.

The aim of the present work was to demonstrate the

feasibility of the IMC method for the study of perfor-

mance of individual lactic acid bacteria (LAB) during

solid-state fermentation in rye dough and to elucidate the

key factors leading to formation of different microbial

consortia in the laboratory and industrial sourdough dur-

ing continuous backslopping propagation.

Materials and methods

Bacterial strains used

The bacterial strains used in this work are listed in

Table 1. Strains belonging to the Lactobacillus helveticus,

Lactobacillus panis, Lactobacillus vaginalis, Lactobacillus

casei and Lactobacillus pontis species were isolated from

the industrial rye sourdough cycle, while strains belonging

to the Lactobacillus sakei, Lactobacillus brevis, Lactobacillus

curvatus and Leuconostoc citreum species were isolated

from the spontaneously started laboratory rye sourdough

(Viiard et al., in preparation). A local bakery supplied the

industrial sourdough sample. It was taken from a

6-month-old sourdough cycle with a backslopping

renewal of 1 : 10 every 10 h at 30�C. Laboratory sour-

dough was fermented at 20�C with a daily backslopping

of 1 : 10 during 18 days. The strains were maintained in

stock as 25% glycerol cultures at )80�C and re-cultivated
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anaerobically in MRS broth (Lab M, Bury, UK) 48 h at

30�C for the dough fermentation experiments.

Flours

The rye flour (type R1370) used for both the spontaneous

fermentation in the laboratory and in the sourdough pro-

cess in industry was derived from the same source, Tartu

Grain Mill Ltd (Tartu, Estonia). Part of the flour was irra-

diated in sealed 400-g-plastic Stomacher bags at doses 1, 4,

10 or 20 kGy using dosimetric system GEX WinDose (Cen-

tennial, CO, USA). The flour extract used in ‘‘Bioscreen’’

experiments was prepared from 10 kGy irradiated rye flour

by mixing with water in the ratio 1 : 2, incubating over-

night at +4�C and clarifying the extract by centrifugation.

Sourdough fermentation

The 10 kGy irradiated rye flour (150 g) and bacterial sus-

pension prepared from individual LAB strains (5 · 106–

5 · 107 CFU ml)1) in 0Æ5% of NaCl were mixed to a

1 : 1 ratio in Stomacher 400 Circulator (Seward Ltd,

Worthing, UK) bags for 15 min at 100 rev min)1. At least

three aliquots (c. 2Æ5 g) of the dough were transferred

into 3-ml microcalorimetric vials and incubated in the

Thermal Activity Monitor TAM III (TA Instruments,

New Castle, DE, USA) at 30�C. To test the effect of oxy-

gen on heat flow, the oxygen concentration was decreased

by removing air from vial headspace. The remaining

dough (about 400 g) was incubated in the stomacher bags

in the Environmental Test Camber (Sanyo Electric Bio-

medical Co. Ltd, Morigushi, Japan) at 30�C in parallel to

isothermal calorimetry analyses.

Analytical methods

Plate counts

For enumeration of bacteria, five grams of sourdough was

suspended in 45 ml of 0Æ5% NaCl solution and serial

dilutions were plated on MRS agar plates. Bacteria were

counted after 48 h incubation at 30�C in anaerobic and

aerobic growth conditions.

The power–time curves of dough samples were resam-

pled with a 5-min interval starting from 1 h after flour

hydratation using Thermal Activity Monitor TAM III (TA

Instruments).

The OD–time curves of the LAB strains during growth

in flour extract or MRS broth were determined using Bio-

screen C (Oy Growth Curves Ab Ltd, Helsinki, Finland)

at 30�C. At least three parallel measurements were per-

formed with 15-min intervals. To obtain anaerobic condi-

tions, the micro-plates with bacteria suspensions were

incubated for 15 min in a nitrogen atmosphere and sealed

in it prior to measurement.

Metabolite analysis

The concentration of sugars and organic acids in sour-

dough was measured from three parallel dough samples

after extraction of samples with 20 volumes of water – iso-

propanol mixture (1 : 1) and diluting the extract in ratio

1 : 10 with 0Æ008 N sulfuric acid (Rathburn Chemicals Ltd,

Walkerburn, UK). The latter was also used as the eluent in

HPLC (Waters, USA) analysis. The analysis was performed

at a flow rate 0Æ6 ml min)1 at 35�C using an Aminex HPX

87H column (BioRad, Philadelphia, PA, USA). A Refractive

Index Detector (Waters 2414, Milford, MA, USA) was used

for detection of disaccharides (sucrose + maltose), glucose,

fructose and mannitol, lactic acid and acetic acid.

Free AAs were analysed from three parallel freeze-

dried and powdered sourdough samples. The samples

(about 0Æ5 g) were homogenized with 5 ml water (Milli

Q, Millipore SAS, Molsheim, France), centrifuged and

supernatant was diluted with isopropanol (1 : 1). Ten

microlitres of homogenized and centrifuged samples were

filtered and derivatized with 70 ll of AccQ.Taq Ultra

borate buffer and 20 ll AccQ.Taq reagent (Waters),

heated at 55�C in a ThermoBlock TDB-120 (Biosan,

Riga, Latvia) and analysed by UPLC (Acquity�, Waters)

equipped with a PDA detector at 260 nm.

pH and acidity of sourdough were determined using

DL22 titrator (Mettler Toledo GmbH, Schwerzenbach,

Switzerland). For acidity measurement, 5 g of sourdough

sample was homogenized with 50 ml water using PT 2100

homogenizer (Kinematica AG, Luzern, Switzerland). Total

acidity was calculated as mmol NaOH required for

titration of 1 g of dry mass of dough up to pH = 8Æ5.

Table 1 Bacteria strains used in this work

Bacteria strains Source of isolation

Homofermentative LAB

Lactobacillus casei N726 Industrial rye sourdough

Lactobacillus curvatus 0E12-11 Spontaneously started

laboratory sourdough

Lactobacillus helveticus N92 Industrial rye sourdough

Lact. helveticus E96 Industrial rye sourdough

Lactobacillus sakei 0E12-10 Spontaneously started

laboratory sourdough

Heterofermentative LAB

Lactobacillus brevis 0E12-37 Spontaneously started

laboratory sourdough

Leuconostoc citreum 3N18-10 Spontaneously started

laboratory sourdough

Lactobacillus panis N915 Industrial rye sourdough

Lactobacillus pontis N131 Industrial rye sourdough

Lactobacillus vaginalis N1113 Industrial rye sourdough

Lact. vaginalis E1113 Industrial rye sourdough
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Dry weight of flour and dough was measured by Halo-

gen Moisture Analyser HR83 (Mettler Toledo). All data

presented are given per dry matter (DM).

Calculation of growth parameters

The specific growth rate of bacteria l is equal to:

l ¼ dX

dt � X
ð1Þ

where X is the amount of biomass. The biomass can be

measured directly as dry weight or indirectly:

X ¼ k �OD; X ¼ YXZ � Z; X ¼ YXZ � F

l
ð2Þ

where k is biomass calibration constant, YXZ is the bio-

mass yield based on production of Z (CO2, heat, acid,

etc.) and F is the rate of Z production (F ¼ dZ=dt).

The specific growth rate l can be calculated from OD–

time plot if k is constant as:

l ¼ d(OD)

dt �OD
ð3Þ

If the biomass yield YXZ is constant then specific growth

rate can be also calculated as:

l ¼ dðZÞ
dt � Z

¼ F

Z
ð4Þ

and if the both biomass yield YXZ and l are constant then

the specific growth rate can be calculated as:

l ¼ dðFÞ
dt � F

ð5Þ

where dZ ⁄ dt = F is production (flow) rate. Solving eqns

(1) and (3–5) we will derive:

Xt ¼ X0 � elt ODt ¼ OD0 � elt

Zt ¼ Z0 � elt Ft ¼ F0 � elt ð6Þ

The specific growth rate can be calculated from calori-

metric heat flow data as:

l ¼ lnðFtÞ � lnðF0Þ
t

ð7Þ

were F0 is the heat flow in starting and Ft in final expo-

nential growth point and t is the time between those

points.

In the current study, to determine the range of expo-

nential growth phase, the value lt was calculated from

power–times at 5-min intervals:

lt ¼
lnðFt � BtÞ � lnðFt�1 � Bt�1Þ

Dt
ð8Þ

where Pt is the total heat production rate of the sample

measured calorimetrically and Bt is the heat flow of back-

ground processes occurring in rye dough independent

from microbial growth.

If the lt values remained constant (STDEV < ±5%) at

least during one generation time, then the lt value was

considered to be equal to specific maximum growth rate

lexp.

Supposing that biomass yield based on heat accumula-

tion YXH remains constant, lt can be calculated also

according to formula (4) where Z is equal to accumulated

heat Qt which can be calculated as

Qt ¼ Qs þ
Z t

s

Ft dt ð9Þ

where Qs is the apparent accumulated heat for ‘first’

exponential point. If the lexp is known, then the Qs value

can be derived from formula (4) and:

lt ¼
Ft

Qt
ð10Þ

Equation (10) was used to predict of the behaviour of the

specific growth rate after the exponential growth phase.

In these calculations, it is assumed that the decrease in

growth yield was not involved in the decrease in specific

growth rate.

The specific growth rates from ‘Bioscreen’ data were

calculated as:

lt ¼
lnðODtþ1 � BOtþ1Þ � lnðODt�1 � BOt�1Þ

2Dt
ð11Þ

where BO is the OD background (OD of not inoculated

sample) at time-point t.

The heat yield based on acid formation YHA was calcu-

lated as:

YHA ¼
Qt � Q0

lact þ acet � lac0 � ace0
ð12Þ

where lact and lac0 designate lactate concentrations (mmol

per g flour) and ace0 and acet acetate concentrations. The

zero subscript indicates the start of fermentation, while t

indicates the end.

Concentrations of total acids At were calculated from

formula (12) using the average YHA values for hetero-

and homofermentative bacteria. With the corresponding

values of At, pHt values were obtained from titration

curve of rye flour using lactic acid.

The theoretical values of heat production of stoichiom-

etric equations were calculated according to standard

transformed Gibbs energies of formation for biochemical

reactants (Goldberg and Alberty 2010).
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Results

The heat production after hydratation of rye flours

The power–time curves of freshly mixed dough samples

prepared from nonirradiated and irradiated flour were

measured during incubation at 30�C in the microcalorim-

eter (Fig. 1). During the first 5 h of incubation, the spe-

cific heat flow curves of the dough samples coincided.

Later, the increase in heat flow of nonirradiated and

1 kGy irradiated flour was observed, while in case of 4,

10 and 20 kGy irradiated flours, the heat flow continued

to decrease (Fig. 1).

The heat flow behaviour of 0 and 1 kGy irradiated

samples can be explained by microbial growth. The initial

plate count of bacteria in the dough samples prepared

from nonirradiated flour was 105 CFU g)1 DM, while in

1 kGy irradiated samples, it was <200 CFU g)1. After 24-h

incubation, the plate counts were 1Æ8 · 108 and

4 · 105 CFU g)1 DM, respectively, which is close to the

detection limit assuming 2 pW per cell (James 1987).

The heat flow maximum in 1 kGy dough was lower

and detected 15 h later than in dough prepared from

nonirradiated flour (Fig. 1).

In 4, 10 and 20 kGy irradiated samples, the microbes

could not be detected even after week of incubation (not

shown).

Thus, based on the calorimetric and microbial data, the

irradiation of flour by 4 kGy was sufficient to prevent

microbial growth in dough for at least a week. The

increase in the irradiation dose up to 20 kGy had no

statistically significant effect on the heat flow curve. The

total heat produced during 24-h incubation by samples

prepared from 4, 10 or 20 kGy irradiated flour was

4Æ6 ± 0Æ4 J g)1 DM. The 10 kGy irradiated flour was

chosen to study the growth characteristics of different

isolates of lactic acid bacteria in sourdough.

Metabolite analysis of the dough prepared from the

10 kGy irradiated flour revealed that sucrose, fructosanes

and oligosaccharides as well as proteins were hydrolysed

during incubation by indigenous enzymes of the rye flour

(Table 2). After incubation for 24 h at 30�C, the fructose

concentration increased by 38 ± 1Æ7 lmol g)1 DM,

glucose by 45 lmol g)1 DM, while the concentration of

disaccharides (maltose + sucrose) decreased from 36 ± 1

to 28 ± 2 lmol g)1 DM. In addition, the concentration

of total free AA increased from its initial value of 21Æ40–

49Æ80 lmol g)1 DM (Table 2). According to standard

transformed Gibbs energies of formation for biochemical

reactants (Goldberg and Alberty 2010), the hydrolysis of

1,4-a-glucosidic linkages of maltose results in heat pro-

duction close to DGº¢ )20 and )29Æ5 J mmol)1 in case of

sucrose. This accounts for almost half of the produced

heat (20 · 45 + 29Æ5 · 38 = 1Æ9 J g)1 DM). The remain-

ing heat production might be related to breaking glyco-

sidic bonds in carbohydrates and peptide linkages in

proteins and peptides leading to the formation of about

28Æ4 lmol g)1 DM of AA (Table 2).

The heat production curves of the individual LAB in

rye dough

The 10 kGy irradiated flour was suspended in 0Æ5% NaCl

solutions containing strains of Lact. helveticus, Lact. panis,

Lact. vaginalis, Lact. casei, Lact. pontis, Lact. sakei,

Lact. curvatus or Leuc. citreum and was incubated in

microcalorimetric vials at 30�C. The power–time curves

of cultures were measured in the calorimeter, and the

background of the dough matrix heat flow was subtracted

(see Fig. 1). The resulting heat flow curves of different

strains are shown on Fig. 2. By shape of the curve, the

bacteria can be divided into two groups: with one

(Fig. 2a,b) and two (Fig. 2c,d) heat flow maximums,

which coincide with the division of LAB into homo- and

heterofermentative species.

The strains of the homofermentative species, Lact. sakei

0E12-10 and Lact. curvatus 0E12-11, which were isolated

from the laboratory 18 days backslopped sourdough had

the earlier and higher heat flow maximums than those of

Lact. helveticus N92, Lact. helveticus E96 and Lact. casei

N726 strains isolated from the industrial sourdough

which has been renewed by daily backslopping during

6 months.

Unlike homofermentative species, the representatives of

heterofermentative LAB had two heat flow maximums

(Fig. 2c,d). The height of the first maximum was about

1 ⁄ 3–1 ⁄ 2 from second maximum. The heat flow maxi-

mums were highest for Leuc. citreum 3N18-10 and

Lact. brevis 0E12-37 strains derived from spontaneously

started laboratory sourdough. However, both homo- and
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Figure 1 The power–time curves of rye dough prepared from

nonirradiated (0 kGy), 1, 4, 10 and 20 kGy irradiated flour.
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heterofermentative strains isolated from the industrial

sourdough (Lact. helveticus, Lact. panis, Lact. vaginalis,

Lact. casei and Lact. pontis) had higher heat flows at the

later stages of rye dough fermentation.

In parallel to power–time curves, the pH, organic acids,

AAs and concentration of sugars were measured in the

sourdough samples at different time-points after mixing.

The results revealed that inoculation of dough with lactic

acid bacteria did not exhaust available carbon sources

(maltose and glucose). In case of heterofermentative

species, fructose was converted into mannitol. Also, all

essential AAs were available in the dough at the end of

fermentation (Table 2). Thus, the decrease in pH (see

Table 3) was the most probable reason for the decrease in

the heat flow and the reduction in growth after the maxi-

mum.

The final acidities of sourdoughs fermented by different

individual bacteria remained in the range of

79–131 mmol acid per g DM and that of pH in range of

3Æ8–4Æ15 (Table 3). With the exception of Lact. brevis

0E12-37, the final acidities of sourdoughs prepared with

the individual industrial sourdough bacteria (Lact. helveticus,

Lact. panis, Lact. vaginalis, Lact. casei and Lact. pontis)

were higher than the final acidities of sourdoughs

prepared with Lact. sakei, Lact. curvatus and Leuc. citreum

strains isolated from the spontaneously fermented rye

flour. A statistically significant difference in the final acid-

ity values between homo- and heterofermentative species

was not observed. The increase in titratable acidity (mmol

NaOH g flour)1) correlated well with formation of

organic acids lactate plus acetate. The ratio of titratable

acidity to lactic + acetic acid formation in all sourdough

samples was 0Æ95 ± 0Æ24 mol mol)1 after 24 h of incuba-

tion.

The accumulated heat yield YHA values based on acid

formation (kJ mol acid)1) were calculated by determining

the concentrations of lactic and acetic acid in dough

immediately after completing the fermentation with indi-

vidual bacteria in calorimetric vials (Table 3). The average

heat yield YHA was 89 ± 8 J mmol acid)1 for homo- and

167 ± 22 J mmol acid)1 for heterofermentative species.

Those values were used for transforming the power–time

curves into the specific growth rate acidity (pH) plots

(Fig. 3).

The l–pH plots shown on Fig. 3 revealed the signifi-

cant differences in the growth behaviour of LAB species

in sourdough. The Lact. sakei, Lact. curvatus and

Leuc. citreum strains, which were derived from the labora-

tory spontaneous sourdough, had the higher specific

growth rate at the onset with a near neutral pH compared
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to ‘industrial’ strains. However, the strains of Lact. vagi-

nalis, Lact. panis, Lact. pontis, Lact. helveticus isolated

from the industrial sourdough clearly had higher specific

growth rates at pH values less than 4Æ8 units compared to

laboratory counterparts.

In parallel to the calorimetric determination of the

maximum bacterial growth rates in sourdough, the maxi-

mum specific growth rates for the same strains were

determined in MRS and sourdough extract using the

‘Bioscreen’ apparatus, which enabled a more direct

(optical density) measurement of specific growth rate.

The results showed that in conventional aerobic condi-

tions of ‘Bioscreen’ experiments, the industrial sourdough

strains Lact. helveticus N92, Lact. helveticus E96, Lact.

vaginalis N1113 and E1113, Lact. panis N915 and

Lact. pontis N131 strains had at least a twofold lower

maximum specific growth rate in rye flour extract or

MRS broth than measured calorimetrically in dough. In

the case of Lact. casei N726, Lact. brevis 0E12-37,

Lact. curvatus 0E12-11, Lact. sakei 0E12-10 and Leuc.

citreum 3N18-10 isolated from laboratory sourdough, the

specific growth rates measured in conventional aerobic

conditions coincided with those of measured calorimetri-

cally (Table 3). These results show that shaking and

exposure to oxygen in liquid media negatively affected

the growth of bacteria isolated from industrial sourdough

but not those isolated from laboratory sourdough.

The negative effect of oxygen on the growth of indus-

trial species in liquid media was confirmed in the experi-

ments carried out in anaerobic conditions using

‘Bioscreen’. All LAB tested showed maximum growth rate

comparative with corresponding values which were deter-

mined calorimetrically (Table 3). Generally, both homo-

and heterofermentative bacteria tested grew in anaerobic

conditions with the same rate or faster in MRS broth

than in flour extract.

In different from ‘Bioscreen’ experiments, the removal

of the air from headspace of calorimetric vials did not

Table 3 Characterization of LAB strains used for the sourdoughs inoculation. Bacteria numbers in sourdough after 24-h fermentation, titratable

acidity of sourdough after 24-h fermentation, pH of sourdough after 24-h fermentation, the heat yield per mol acid formed, the maximum

specific growth rates of individual LABs measured by IMC in rye dough or by ‘Bioscreen’ in MRS and dough extract

Strain

24 h 109

CFU g)1 DM

24 h acidity,

lmol g)1 DM 24 h pH

DHeat ⁄ (Dlac + Dace),

J mmol)1

lmax

dough, h)1

lmax

MRS, h)1

lmax flour

extract, h)1

Homofermentative

Lactobacillus helveticus N92* 0Æ41 103 3Æ95 99 0Æ62 ± 0Æ01 0Æ3 0Æ28

Lact. helveticus N92� 92 0Æ62 ± 0Æ01 0Æ65 0Æ65

Lact. helveticus N92� 107 3Æ97 88 0Æ58 ± 0Æ01

Lact. helveticus E96* 0Æ72 103 3Æ85 92 0Æ65 ± 0Æ03 0Æ35 0Æ31

Lact. helveticus E96� 78 0Æ66 ± 0Æ01 0Æ95 0Æ8

Lact. helveticus E96� 123 3Æ86 77 0Æ58 ± 0Æ01

Lactobacillus casei N726* 3Æ2 98 4Æ01 86 0Æ48 ± 0Æ01 0Æ43 0Æ45

Lact. casei N726� 86 0Æ48 ± 0Æ01 0Æ5 0Æ3

Lactobacillus curvatus 0E12-11* 2Æ1 87 3Æ94 100 0Æ84 ± 0Æ06 0Æ95 0Æ75

Lactobacillus sakei 0E12-10* 1Æ2 79 3Æ91 88 0Æ93 ± 0Æ01 0Æ83 0Æ68

Lact. sakei 0E12-10� 0Æ95 0Æ55

Average 89 ± 8

Heterofermentative

Lactobacillus panis N915* 8Æ5 112 3Æ91 140 0Æ46 ± 0Æ01 NG 0Æ31

Lact. panis N915� 176 0Æ46 ± 0Æ01 0Æ83 0Æ66

Lactobacillus vaginalis N1113* 2Æ7 122 4Æ01 133 0Æ53 ± 0Æ03 NG 0Æ2

Lact. vaginalis N1113� 151 0Æ53 ± 0Æ01 0Æ64 0Æ66

Lact. vaginalis E1113* 2Æ2 112 4Æ6 188 0Æ48 ± 0Æ01 NG 0Æ28

Lact. vaginalis E1113� 204 0Æ48 ± 0Æ01 0Æ3 0Æ4

Lactobacillus pontis N131* 0Æ68 114 4Æ05 172 0Æ45 ± 0Æ01 0Æ21 0Æ27

Lact. pontis N131� 168 0Æ44 ± 0Æ01 0Æ23

Lactobacillus brevis 0E12-37* 3Æ9 131 3Æ8 172 0Æ61 ± 0Æ02 0Æ68 0Æ78

Leuconostoc citreum 3N18-10* 2Æ5 94 4Æ15 181 0Æ83 ± 0Æ01 0Æ77 0Æ58

Leuc. citreum 3N18-10� 0Æ95 0Æ62

Average 167 ± 22

DM, dry matter; IMC, isothermal microcalorimetry.

*Aerobic incubation conditions.

�Anaerobic incubation conditions.

�24-h preincubated sterile dough, aerobic incubation conditions.
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have a positive effect on the LAB-specific growth rate

measured by IMC (Table 3). The absence of any effect

might be explained by incomplete removal of oxygen

from the system. The effect of oxygen on the growth of

sourdough bacteria requires a separate study.

To decrease the background effect of the dough matrix

on heat flow, the preincubation of rye dough during 24 h

at 30�C before bacterial inoculation was performed in

case of two Lact. helveticus strains. The dough preincuba-

tion reduced the background-related to enzymatic pro-

cesses in flour more than 10 times (see Fig. 1) and thus

significantly improved the preciseness of microbial heat

flow calculation in the exponential growth phase. The

maximum growth rates of Lact. helveticus N92 and E96

strains determined in the preincubated dough were

5-10% lower (lmax = 0Æ58 ± 0Æ01 h)1 for the both strains)

than corresponding values (0Æ62 and 0Æ65 h)1, respec-

tively) obtained without preincubation of dough

(Table 3).

Discussion

The measurement of bacterial-specific growth rate in

sourdough, the key factor determining the competitive-

ness of individual species of LAB, is not a trivial task.

Two different high throughput methods were used in this

work. Using the IMC, the specific growth rates of the

individual bacteria strains were measured in dough from

power–time curves while the measurements in ‘Bioscreen’

were based on OD–time plots in flour extract or MRS

broth.

The maximum specific growth rates of individual bac-

teria measured under external aerobic conditions in sour-

dough and those of flour extract or MRS broth were very

different – the maximum specific growth rates of several

sourdough bacteria strains in sourdough extract were only

half of that measured in dough (Table 3), whereas in

anaerobic conditions, the maximum growth rates deter-

mined by IMC in dough and by the ‘Bioscreen’ method

in MRS or dough extract generally were comparable.

The growth of industrial sourdough bacteria

(Lact. helveticus N92, Lact. helveticus E96, Lact. vaginalis

N1113, Lact. vaginalis E1113 and Lact. pontis N131)

appeared to be inhibited by oxygen. Their maximum

growth rates measured in ‘Bioscreen’ mixed wells in aero-

bic conditions were significantly lower compared with the

values obtained in anaerobic conditions or during micro-

calorimetric measurements. It can be suggested that dur-

ing solid-state fermentation in industrial dough similarly

to the fermentation in calorimetric vials, the sourdough
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bacteria were protected form the inhibitory effect of

oxygen by the dough matrix. The reversible sorption of

oxygen by dough starch and gluten leading to low levels

of dissolved oxygen in flour water slurry (Xu 2001) as

well as the anti-oxidative effect of flour (Michalska et al.

2007; Zielinski et al. 2007) has been demonstrated. The

later explains the growth of Lact. vaginalis and Lact. panis

in aerobic conditions in flour extract but not in MRS.

The results suggested that the oxygen is one of the

most important factors determining the growth perfor-

mance and formation of consortium of bacteria in sour-

dough and that growth characteristics in liquid- and

solid-state culture even with same nutritional composi-

tion may vary significantly. Therefore, it is important to

measure the growth in the ‘natural’ environment. The

plating-out method is laborious and because of the low

colony-forming efficiency of rye sourdough bacteria

might not work and indirect methods should be used. As

show the results, the IMC is the good choice for charac-

terization of growth of individual bacteria in rye sour-

dough.

The main problem with the IMC method was that the

specific growth rate l can be derived from power–time

curves only in exponential growth phase during which

both the growth yield and specific heat production rates

should remain constant [see formula (5)]. In the nonex-

ponential growth phase, the specific growth rate can be

derived from power–time curves if the biomass yield YXH

based on heat production remains constant[formula (4)].

As YXH probably decreases smoothly in the postexponen-

tial growth phase with decreasing pH, the real specific

growth rates remain lower than those calculated accord-

ing to formula (5). The calculation of specific growth rate

from the ‘Bioscreen’ OD–time plots, as opposed to the

IMC, was not restricted to exponential growth phase or

constant growth yield [eqns (1–3) and (5)]. The main

problem with the ‘Bioscreen’ measurements was that the

l of individual strains could not be directly measured in

an opaque dough environment and there was need to

assume that the growth characteristics of bacteria in flour

extract or MRS are similar to those in sourdough.

Analysis of the power–time curves obtained for hetero-

fermentative LAB revealed an intermediate decrease in

heat flow before reaching heat flow maximum (Fig. 2).

Such decrease was not observed in ‘Bioscreen’ experi-

ments where OD increased continuously and l after

achieving its maximum decreased continuously for all

strains studied (data not shown). The intermediate heat

flow decrease in samples inoculated with heterofermenta-

tive LAB might be because of a change in stoichiometry

of energy source utilization. During the first growth stage,

fructose, which was forming because of the activity of

indigenous flour enzymes (Table 2), was converted by

heterofermentative bacteria into mannitol, acetate and

lactate (Zaunmüller et al. 2006):

2Fructoseþ glucose! 2mannitolþ acetate�þ CO2

þ lactate� þ 2Hþ

�605 J ð2 mmol per acidÞ

Based on simplified thermodynamic calculations which

do not take into account biomass formation and based

on the values of free energies of substrates and products

formed (Goldberg and Alberty 2010), about )300 J per

mmol of acid (lactate and acetate) would be formed. In

the second growth stage, if fructose becomes a growth

limiting factor, the bacteria might smoothly switch to a

thermodynamically less favourable process, which is

accompanied with ethanol production:

Glucose! lactate�þ ethanolþ CO2 þ Hþ

�217 J mmol ATP�1ðor acidÞ

This is reflected by sharp up to 30% decrease in heat flow

(Fig. 2a,b) in the case of heterofermentative bacteria

(Fig. 2c,d) after the initial stages of fermentation.

In case of homofermentative species, lactic acid was pro-

duced from glucose and according to thermodynamic

data )100 kJ mol lactate)1 should be released:

Glucose! 2Lactate�þ 2Hþ �200 J mmol�1glucose

The average experimental values obtained for homo-

and heterofermentative LAB species were 89 ± 8 J mmol

acid)1 and 167 ± 22 J mmol acid)1, respectively. Those

are lower than the values predicted above as the energy

used for ATP formation (c. 36 J mmol)1) was partly used

for the biomass synthesis and was not released as a heat.

Using those accumulated heat yields as well as titration

curve, it was possible to convert the power–time curves

into specific growth rate to pH curves. Those curves

showed that bacteria Lact. helveticus N92, Lact. helveticus

E96, Lact. casei N726, Lact. vaginalis N1113, Lact. vaginal-

is E1113, Lact. panis N915 and Lact. pontis N131 isolated

from the industrial sourdough had lower maximum

growth rate values than the strains Lact. curvatus 0E12-11,

Lact. sakei 0E12-10, Lact. brevis 0E12-37, Leuc. citreum

3N18-10 isolated from the spontaneously fermented labo-

ratory sourdough. However, the industrial isolates showed

higher growth rate at low pH values (Fig. 3). This could

be explained by the difference of applied selection pres-

sure and its duration in these two microbial consortia.

The fast growing strains were dominating in the sponta-

neously started sourdough microbial population at least

for the first 3 weeks after the start, whereas the titratable

acidity of the spontaneous sourdough remained about

twofold lower than that measured in the industrial
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sourdough. The long-term selective pressure of decreasing

pH in industrial sourdough resulted in domination of an

acid-tolerant LAB population. In addition, the adaptation

of microbial population to the semi-anaerobic conditions

present in the industrial sourdough because of the high

water content and high volumes has occurred resulting in

the selection of the microbial consortiums unique to the

current industrial sourdough cycle conditions.

Conclusions

Isothermal microcalorimetry in combination with chemi-

cal analysis is one of most promising high throughput

methods for the comparative characterization of the per-

formance of individual species of bacteria in sourdough.

Measurements of the power–time curves of species of lac-

tic acid bacteria in sourdough revealed that the LAB

strains dominating in the industrial sourdough cycle had

better acid tolerance but lower maximum growth rate

and oxygen tolerance than species isolated from a ‘fresh’

sourdough cycle.
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Summary Profiles of volatile organic compound (VOC) produced by nine individual lactic acid bacteria (LAB) during

rye sourdough fermentation were compared by automated SPME and GC ⁄MS-Tof. The dough samples were

inoculated with individual strains, placed inside the headspace vials and incubated during next 24 h. The

production or loss of VOC-s was followed by adsorbing volatiles onto 85-m Car ⁄PDMS fibre in every 4 h.

Volatile profiles differed among LAB species and divided LAB into two main groups – hetero- and

homofermentative. Hetrofermentative LAB (Lactobacillus brevis; Leuconostoc citreum; Lactobacillus

vaginalis, Lactobacillus panis) showed high production of acetic acid, CO2, ethanol, ethylacetate, producing

also hexyl acetate, ethyl hexanoate and isopentyl acetate. Whereas homofermentative LAB species

(Lactobacillus helveticus; Lactobacillus casei; Lactobacillus sakei; Lactobacillus curvatus) produced a

considerable amount of 2,3-butanedione. Production of l-leucine methyl ester was unique for Lb. sakei,

Lb. casei and Lb. curvatus strains. Lb. helveticus was the only LAB that produced benzaldehyde.

Keywords Lactic acid bacteria, multiple headspace extraction, rye sourdough, solid-phase microextraction, volatile compounds.

Introduction

Sourdough is essential to rye bread by improving bread
quality in terms of delaying staling, improving taste,
texture, aroma and generally increasing shelf life (Ples-
sas et al., 2008). As rye does not contain enough gluten,
the structure of rye bread depends on the starch in the
rye flour, as well as other carbohydrates known as
pentosans (Wing & Scott, 1999).
Rye bread flavour is influenced by the recipe,

processing conditions and its starter culture composi-
tion. Lactic acid bacteria (LAB) are the main part of
sourdough starter. Although LAB are mostly responsi-
ble for the sourdough acidification, they also liberate
aroma precursors. It is, however, not fully clear to what
extent different LAB contribute to flavour formation.
The generation of odorants occures in sourdough

mainly because of enzymatic and microbial processes
during sourdough fermentation; however, some com-
pounds are already present in the rye flour (Kirchoff &
Schieberle, 2002).
Homofermentative LAB present in sourdough are able

to convert hexoses almost completely into lactic acid

(>85%), whereas heterofermentative LAB degrade hex-
oses into lactic acid, acetic acid, ethanol andCO2 (Hansen
& Schieberle, 2005). In addition, LAB liberate aroma
precursors, such as free amino acids, which concentra-
tions increase significantly during flour hydration
(Mihhalevski et al., 2010) and sourdough fermentation
(Hansen & Schieberle, 2005). The key degradation
reaction of amino acids during dough fermentation is
the Ehrlich pathway leading to formation of aldehydes or
the corresponding alcohols (Hansen & Schieberle, 2005).
The composition of volatile fraction of rye sourdough has
been found to consist of acetic acid, ethanol and volatile
compounds. In addition, the increased amounts of esters,
such as acetates, propionates, hexanoates, lactates and
octanoates, have been reported; also, (E)-2-butenal, (Z)-
3-hexenal, nonanal and heptadienal were characterised as
sourdough constituents (Kirchoff & Schieberle, 2002).
The number of aldehydes was lower in sourdoughs
fermented by heterofermentative LAB (Kirchoff & Schi-
eberle, 2002). Whereas the content of ethyl acetate as well
as hexyl acetate has been shown to be higher in rye
sourdoughs fermented with heterofermentative LAB
compared with sourdoughs fermented with homofermen-
tative LAB (Lund et al., 1989).
The aim of this work was to study the impact of

different LAB strains on volatile organic compounds
*Correspondent: Fax: +372 6 408 282;
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formation in sourdough and its significance on rye bread
aroma development using multiple headspace extraction
(MHE). MHE is originally a technique for quantifying
analytes in solid samples, which avoids matrix effect
(implying several consecutive extractions from the same
sample until no volatiles are present) (Ezquerro et al.,
2003), but is used for monitoring fermentation dynamics
in this study.
Although volatile compounds in rye sourdough have

been studied previously (Kirchoff & Schieberle, 2002;
Hansen & Schieberle, 2005), no data are available on the
dynamics of volatile compound patterns during dough
fermentation with single LAB strains. The 10 kGy
irradiated flour was used to prevent the influence of
indigenous flour LAB on aroma formation. A 24-h
fermentation at 24 °C without addition of yeasts was
used to simulate rye sourdough fermentation conditions
used in the local bakery.

Materials and methods

Microorganisms

The lactobacilli strains Lactobacillus helveticus N92,
Lactobacillus helveticus E96, Lactobacillus casei N726,
Lactobacillus vaginalis N1113, Lactobacillus panis
N915 were isolated from industrial sourdough. Lacto-
bacillus curvatus 0E12-11, Lactobacillus sakei 0E12-10,
Leuconostoc citreum 3N18-10, Lactobacillus brevis
0E12-37 were isolated from spontaneously fermented
rye flour. The bacteria were isolated and identified
based on 16S r-RNA sequence (Viiard et al., unpub-
lished) essentially as described by Van der Meulen
et al. (2007). The strains were maintained in stock as
25% glycerol cultures at )80 °C and re-cultivated
anaerobically in De Man, Rogos and Sharpe (MRS)
broth (Lab M, Bury, UK) 48 h at 30 °C for the
dough fermentation experiments (Mihhalevski et al.,
2010).

Chemicals and materials

Rye flour was purchased from Tartu Veski (Tartu,
Estonia) and irradiated at 10 kGy using dosimetric
system GEX WinDose (Gex Corporation, Centennial,
CO, USA). Helium, purity 5.5 (AGA Eesti AS, Tallinn
Estonia), was used as the carrier gas in the GC system.
Silica SPME fibre with 85-lm Car ⁄PDMS coating
(chosen according to Kaseleht et al., 2010) was obtained
from Supelco (Bellefonte, PA, USA). Fibre was condi-
tioned according to the manufacturer’s recommenda-
tions prior to its first use. Clear glass SPME crimp vials
(20 mL) with the polytetrauoroethylene (PTFE) ⁄ silicone
septa (20 mm) were purchased from Supelco. MilliQ
water (Millipore Corp., Molsheim, France) was used
whenever samples were prepared.

Sample preparation

Bacterial suspension (1–5 · 107 cfu mL)1) in 0.5%
NaCl was mixed with sterile rye flour (1:1) and mixed
for 15 min using a model 400 circulator stomacher
(Seward Ltd., Worthing, UK). For VOC analysis, 1 g of
sourdough was weighed in two parallels into 20 mL
headspace vial and sealed with the crimp cap. Nonin-
oculated sterile dough was used as control. First, VOC
analysis of dough was performed immediately after
sealing the vial and placing it in the autosampler tray
(about 15 min after flour hydratation and inoculation),
after which the sample vials were held sealed and
incubated at 24 °C on the sample tray for MHE. The
VOC was extracted by SPME technique from the vials
at 4, 9, 14, 20 and 24 h to monitor the changes in
sourdough VOCs during growth of nine different LAB
and a noninoculated control.

GC ⁄MS analysis

To analyse sourdough volatile compounds in the sample
vials, the SPME technique was adopted with an auto-
sampler CombiPAL (CTC Analytics, Zwingen, Switzer-
land) and GC ⁄MS-Tof (Agilent Technologies Inc.,
Santa Clara, CA, USA and Waters, Manchester, UK).
The volatiles adsorbed onto the SPME fibre during
20-min extraction were thermally desorbed 10 min at
260 °C in the injection port of an Agilent 6890 gas
chromatograph equipped with a DB-5MS column (J&W
Scientific, Folsom, CA, USA) with a 0.25 lm film
thickness, 30 m length and 0.32 mm inner diameter
(i.d.). Helium (1.7 mL min)1) was used as the carrier
gas, and the injector was in splitless mode for 10 min
using an inlet liner of 0.75 mm i.d. The detector
temperature was 200 °C, and for ionisation, electron
energy of 70 eV was used. The column temperature was
initially maintained at 35 °C for 3 min after injection
before increasing to 155 °C at a rate of 7 °C min)1 and
to 280 °C at a rate of 45 °C min)1 with a total run time
of 22.92 min. Volatile compounds were tentatively
identified by comparing their spectra and retention
indices with those present in the NIST05 library (NIST,
Gaithersburg, MD, USA) using MassLynx and Chro-
maLynx software (Waters). For intensity analysis, the
peak areas were integrated and compared using Mass-
Lynx software.

Results and discussion

Volatile formation in noninoculated rye sourdough

Comparison of SPME chromatograms of the noninoc-
ulated dough prepared from 10 kGy rye flour demon-
strated that chromatographic pattern changed during
24-h incubation (Fig. 1a, peaks 1–34, and b, peaks 1–34
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and peak 35). The change was the result of biological
and chemical processes in sourdough and removal of
volatiles by SPME fibre. Although the compounds
were repeatedly taken out with the fibre, the concen-
tration of several compounds like 3-methylbutanal
(peak 12), 2-methylbutanal (13), carbon dioxide (1),
acetaldehyde, ethanol (3), propanal (4), 2-methyl-
propanol (5), 2-butanone (7), ethyl acetate (9), acetic
acid (11), 1-penten-3-ol (14), (Z)-2-penten-1-ol (19)
increased in the vials during incubation. Compounds
that decreased during 24-h incubation were 2-propenal
(2), 2(3)-methylfuran (8), trichloromethane (10),
3-methylbutanol (15), 2-methylbutanol (16), (E)-2-
pentenal (17), 1-pentanol (18), hexanal (20), 2-hexenal
(21), 1- hexanol (22), 2-heptanone (23), (Z)-4-heptenal
(24), heptanal (25), (E)-2-heptenal (26), benzaldehyde
(27), 1-octen-3-ol (28), 2-pentylfuran (29), 2-octanone
(30), 2-octenal (32), nonanal (33), 2-nonenal (34). The
production of those compounds was less than the
amount transferred out with the fibre during repeated
sampling.

Volatile compound formation in dough inoculated by

individual LAB strains

Analysis of volatile peak intensities (Total Ion Count,
TIC) at different time points of SPME extraction during
24-h fermentation of rye dough inoculated with nine
different LAB was carried out. Both homofermentative
(Lb. sakei, Lb. casei, Lb. curvatus, Lb. helveticus E96
and Lb. helveticus N92) and heterofermentative (Lb. bre-
vis, Ln. citreum, Lb. panis, Lb. vaginalis) LAB strains
were used for inoculation. To determine the volatile
compound production profiles of studied LAB, the
10 kGy noninoculated dough incubation profiles were
subtracted from the profiles obtained for correspondent
inoculated dough samples. All the compounds tenta-
tively identified in dough are listed in Table 1.
Inoculation of dough significantly affected the SPME

volatile profiles in fermentation vials, for example 24-h
Lb.sakei (Fig. 1c, peaks 1–34 and peaks 35–40) vs. 24-h
blank (Fig. 1b). Appearance of hexanoic acid, by-
product of fatty acid biosynthesis, on chromatogram

(a)

(b)

(c)

Figure 1 Chromatograms of 10 kGy

irradiated dough at 0 and 24 hour (a and b).

Chromatogram of 10 kGy irradiated dough

after inoculation with Lb. sakei after 24 hours

(c). Peak numbers correspond to the

compounds in Table 1.
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was used as an indicator of growth start of LAB. As
growth rates of the inoculated LAB strains differ,
appearing of hexanoic acid on chromatogram was used
as starting point for comparative characterisation of
volatile compound formation during growth of individ-

ual species, for example during 14–19 h after inoculation
for Lb. panis and 19–26 h for Lb. helveticus N92
(Fig. 2).
The results obtained show that hexanoic acid,

1-hexanol, 1-pentanol, 2- and 3-methylbutanol,

Table 1 Profiles of volatile compounds formation during growth of individual bacteria in dough. ‘Peak’ presents the peak number in Fig. 1,

‘Control’ is noninoculated control prepared from 10 kGy irradiated rye flour. Compounds were either not detected (0), decreasing ()) or increasing

(+) during growth phase of corresponding lactic acid bacteria

Compound Peak Control

Heterofermentative Homefermentative

Lb. brevis Ln. citreum Lb. panis Lb. vaginalis Lb. sakei Lb.curvatus Lb.casei Lb.helv.E96 Lb.helv.N92

Carbon dioxide 1 + ++ ++ ++ ++ ++ ++ + + +

2-propenal 2 ) 0 0 ) ) 0 0 0 ) )

2-propen-1-ol 0 ) 0 ) + 0 0 0 0 0

Acetaldehyde 35 + ) ) ) ) ) ) ) ) + + ) + +

Ethanol 3 + +++ +++ +++ +++ + + + + +

Acetic acid 11 + ++++ ++++ +++ +++ +++ +++ + ++ +

Ethyl acetate 9 + +++ +++ +++ ++ ) ) ) ) )

Propanal 4 + ) ) ) ) ) ) ) + + + + +

2-methylpropanal 6 + ) ) ) ) ) ) + + ) + +

2-methylpropanol 5 + + + + + + + + + +

3-methylbutanal 12 ++ ) ) ) ) ) ) ) ) + ) ) ) +

3-methylbutanol 15 ) ) + + + + + + + + +

2-butanone 7 + ) ) ) ) + + + + +

2-methylbutanal 13 ++ ) ) ) ) ) ) ) ) ) ) ) ) +

2-methylbutanol 16 ) ) + + + + + + + + +

2-pentenal (E) 17 ) 0 ) ) ) + + + + +

1-pentanol 18 ) + + + + + + + + +

1-penten-3-ol 14 + ) + + ) + + + + +

2-penten-1-ol (Z) 19 + + + + + + + + + +

Isopentyl acetate 0 + + + + 0 0 0 0 0

Hexanal 20 ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

1-hexanol 22 ) ) ) ++ ++ ++ ++ + + + + )

2-hexenal 21 ) ) ) ) ) ) 0 ) ) ) ) ) + )

Hexanoic acid 39 0 ++ +++ ++ ++ ++ +++ ++ ++ ++

Hexyl acetate 0 ++ ++ + + 0 0 0 0 0

Ethyl hexanoate 0 + + + 0 0 0 0 0 0

Heptanal 25 ) ) ) ) ) ) ) ) ) 0 ) ) ) ) ) ) ) )

4-heptenal (Z) 24 ) ) ) ) ) ) ) ) ) 0 ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

2-heptenal (E) 26 ) ) + ) + ) ++ + + + +

2-heptanone 23 ) ) ) + + + + + + +

2-octanone 30 ) ) ) ) ) ) ) ) ) ) ) )

2-octenal 32 ) ) ) 0 ) ) ) 0 ) ) ) + + ) ) ) + ) ) )

1-octen-3-ol 28 ) + + + + + + + ) ) )

Nonanal 33 ) ) ) ) ) ) ) + + + + +

2-nonenal 34 ) ) ) ) ) ) ) ) ) 0 ) ) ) ) ) ) ) ) ) ) ) )

2(3)-methylfuran 8 ) ) ) ) ) ) ) ) ) )

2-pentylfuran 29 ) ) ) + + + + + + + + +

Trichloromethane 10 ) 0 0 0 ) 0 ) 0 0 )

Benzaldehyde 27 ) ) ) ) ) ) 0 ) ) ) ) ) ) ++ ++

Dimethyldisulfide 38 0 ++ + + + ++ ++ + + +

Dimethyltrisulfide 40 0 + 0 0 0 + + 0 0 0

L-leucine,met.ester 37 0 0 0 + 0 +++ +++ ++ 0 0

2,3-butanedione 36 0 0 0 0 0 + ++ ++++ + +

Unknown 9.27 31 ) ) + ++ ) ) ++ ++ ++ ++ +
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2-pentylfuran and dimethyldisulfide were produced and
2- and 3- methylbutanal consumed during growth of all
LAB species in sourdough (Table 1).
The production of alchohols suggests that so-called

Ehrlich aldehydes, including 2- and 3-methylbutanal,
originally present in the flour and additionally forming
during dough incubation were reduced by LAB into
corresponding alcohols: 2- and 3-methylbutanol (peaks
15 and 16), respectively. Taking into account also the
formation of hexanol and heptanol, it can be suggested
that dough environment with growth of LAB becomes
reducing (Vermeulen et al. 2007). Most probably, LAB
use the aldehydes present in dough as electron acceptors
in alcohol dehydrogenase reaction (EC 1.1.1.1) to
oxidise NADH produced in excess during the growth
of LAB. The ability to reduce aldehydes was more
pronounced for heterofermentative species than for
homofermentative.

Heterofermentive species

The aroma profiles of different species in sourdough
correspond well to division of LAB to homo- and
heterofermentative species. As expected, the inoculation
of dough with heterofermentative species using phos-
phoketolase pathway resulted in remarkable CO2,
ethanol and acetic acid production. Those compounds
were produced also by homofermentative species but at
much lower rate.
While reduction in aldehydes (2- and 3-methylbut-

anal, 2-hexenal, (E)-2-heptenal, hexanal, heptanal and
2-octenal) was more strongly expressed in hetero- than
homofermentative species, the reduction in acetalde-
hyde, propanal, 2-methylpropanal, 2-butanone into
corresponding alcohols was observed only in case of
heterofermentative species. The differences were prob-
ably owing to the higher alcohol dehydrogenase
activity and ⁄or higher surplus of reductive power
(NADH) during the growth of heterofermentative
species (Fig. 3).
Homofermentative species, instead of degrading,

produced (E)-2-pentenal and nonanal and also pro-
duced less 1-hexanol than heterofermentative species.
Production of esters like ethyl acetate, isopentyl

acetate, hexyl acetate, ethyl hexanoate was also specific
only to heterofermentative species. That is because of

the higher production of ethanol and acetate by hetero-
fermentative species (Fig. 4).
Our results show that there were no significant

differences in volatile compound formation profiles
within heterofermentative species studied.

Homofermentive species

All homofermentative lactobacilli produced 2,3-butan-
edione (particularly Lb. casei), which could not be seen
in case of heterofermentative species. This was also
observed by Hansen & Schieberle, 2005; who stated that
the content of diacetyl was higher in sourdoughs
manufactured with homofermentative compared with
heterofermentative cultures and was also higher in the
corresponding breads. Probably, the heterofermetative
bacteria lack pathway for diacetyl synthesis, or ⁄and the
redox potential is too high to allow oxidation of acetoin
(Fig. 5).
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Figure 2 Intensities (total ion count) of hex-

anal, 1-hexanol and hexanoic acid during 24

hours in homofermentative Lb. helveticusN92

and heterofermentative Lb. panis.

Figure 3 Reaction pathway of alcohols derived from aldehydes.

Figure 4 Reaction pathway for esters from alcohol and organic acid.

Figure 5 Reaction pathway of diacetyl from acetoin.

Volatiles produced by LAB in sourdough K. Kaseleht et al.1944

International Journal of Food Science and Technology 2011 Ó 2011 The Authors

International Journal of Food Science and Technology Ó 2011 Institute of Food Science and Technology

99 Publication II



Lb. sakei, Lb. curvatus and Lb. casei were producing
l-leucine methyl ester; however, a very small peak was
also found in heterofermentative Lb. panis.
L. sakei and L. curvatus strains were rather similar.

They were isolated from the first stages of spontaneous
fermentation of sourdough. These species had high
maximum specific growth rate in rye dough (0.8–
0.9 h)1) (Mihhalevski et al., 2010) and were unique in
producing considerable amount of l-leucine methyl
ester. The compound is probably derived by esterifica-
tion of leucine and methanol. The reasons for the
formation of l-leucine methyl ester are not clear. Also,
significant acetate production was observed in those
species compared with other homofermentative LAB.
Lb. helveticus E96 and Lb. helveticus N92 were dom-

inating strains in repeated cycle of industrial rye
sourdough in local bakery. Compared to other species
studied the Lb. helveticus was unique in producing
benzaldehyde. Benzaldehyde has been reported to be
produced from phenylalanine in Lb. plantarum (Groot
& de Bont, 1998). In addition, different from all the
other dough studied, 1-hexanol decreased in dough
inoculated with Lb. helveticus N92 strain. This might be
explained by the low extent of reduction in 1-hexanal to
1-hexanol compared with other strains.
Significant formation of l-leucine methyl ester was

observed for dough inoculated with the Lb. casei strain.
Also, the amount of synthesised 2,3-butanedione was
the largest among homofermentative LAB strains
studied.

Multiple headspace extraction of volatiles

The MHE ⁄SPME method presents certain drawbacks,
which limits its use for quantitative purposes. In case of
sourdough volatile analysis, MHE technique could be
used for quantification after the fermentation is stopped
or samples are fixed. Doing that we can loose the main
advantages of the technique: minimal processing of
samples and high throughput as well as ability to follow
dynamics of volatile formation during fermentation in
single vial.
During MHE of dough samples, the amount VOC

detected is the result of two processes: volatile formation
and headspace extraction. If the amount of extracted
volatile (GC peak area) remains constant in two
consequent measurements, it can be expected that
production rate between those two points is equal to
amount of extracted compound divided by time interval
between extractions. For different fermentations and
compounds, this point in different growth phases at
different biomass concentrations might be different. It
makes thus quantitative comparison of production rates
of different volatiles in different species difficult, and
process quantification using SPME method would be
possible using labelled internal standards.

In this study, the method conducted with automated
SPME-GC ⁄MS was used for semi-quantitative purposes
and to identify the volatile production profiles during
growth of different species of sourdough bacteria in
their natural environment and relate them to corre-
sponding chemical and biochemical transformations in
sourdough. The culture conditions during sourdough
fermentations in headspace vials were similar as possible
to those used in the bakery. The temperature used was
24 °C, although higher fermentation temperatures are
used in many bakeries. All those temperatures remain
probably in range of Arrhenius plot, which affect mainly
the specific growth rate but not other physiological
properties of the culture (Adamberg et al., 2003). To
follow the dynamics of the process, the fermentation
was started from lower cell densities and higher pH than
in industry. Low pH can cause the acid stress and affect
the both volatile production rate and extraction coeffi-
cient. Next subject to study would be aroma formation
in mixed cultures to answer the question if the aroma
profiles in mixed culture differ from the sum of
individual cultures.
The results of this study demonstrated that multiple

extractions from the same sample vial using SPME fibre
is a perspective high throughput method for characteri-
sation of volatile formation profiles of microorganisms,
in particular during fermentation in solid phase, like
dough. That is particularly because of the automatisa-
tion that allows analysing several different samples in
parallel and minimises human factor by allowing precise
sampling and less fibre damage.
Present work gives good qualitative information

about volatile formation and conversion processes
taking place in the headspace vial during dough incu-
bation and enables to see the differences between
different strains of lactobacilli. How the aroma profile
of sourdough bacteria affects the final sensory properties
of bread is the goal for another study. Multiple
headspace extraction in combination with sensory anal-
ysis is certainly perspective approach in such studies.
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Abstract

Aims: To assess the structure and stability of a dominant lactic acid bacteria

(LAB) population during the propagation of rye sourdough in an industrial

semi-fluid production over a period of 7 months.

Methods and Results: The sourdough was started from a 6-year-old freeze-

dried sourdough originating from the same bakery. A unique microbial

consortium consisting mainly of bacteria belonging to species Lactobacillus

helveticus, Lactobacillus panis and Lactobacillus pontis was identified based on

culture-dependent (Rep-PCR) and culture-independent [denaturing gradient

gel electrophoresis (DGGE)] methods. Three of the isolated Lact. helveticus

strains showed remarkable adaptation to the sourdough conditions. They

differed from the type strain by the ability to ferment compounds specific to

plant material, like salicin, cellobiose and sucrose, but did not ferment lactose.

Conclusion: We showed remarkable stability of a LAB consortium in rye

sourdough started from lyophilized sourdough and propagated in a large

bakery for 7 months. Lactobacillus helveticus was detected as the dominant

species in the consortium and was shown to be metabolically adapted to the

sourdough environment.

Significance and Impact of the study: The use of an established and adapted

microbial consortium as a starter is a good alternative to commercial starter

strains.

Introduction

The taste, aroma and texture of sourdough breads greatly

depend on starter cultures used for flour fermentation

(Salim-ur-Rehman et al. 2006; Corsetti and Settanni

2007). Rye sourdough cultures are mainly lactic acid bac-

teria (LAB) belonging to both homo- and heterofermen-

tative species. So far, the composition of microbial

communities of rye sourdoughs used in different coun-

tries has been characterized mainly based on phenotypical

traits (reviewed Hansen 2004; De Vuyst and Neysens

2005). Lactobacillus brevis, Lactobacillus plantarum and

Lactobacillus sanfranciscensis are the species that have

most frequently been isolated from rye sourdoughs. In

addition, Lactobacillus amylovorus, Lactobacillus panis,

Lactobacillus reuteri (Rosenquist and Hansen 2000) and

Lactobacillus fermentum (Weckx et al. 2010) have been

reported as dominating species in some rye sourdough

consortia.

Several factors, including process parameters, produc-

tion environment and type of flour, can affect the micro-

bial composition of sourdoughs (De Vuyst and Neysens

2005; Scheirlinck et al. 2007). Spontaneous fermentation

of flour is commonly used to make sourdough in

traditional bread making. Microbial consortia with

remarkably high stability develop in such sourdoughs
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during continuous propagation. This kind of associations

may endure propagation in the form of back-slopping for

years, in spite of nonaseptic conditions (De Vuyst and

Neysens 2005). According to the study by Van der

Meulen et al. (2007), it may take as short as 10 days to

establish a stable LAB consortium, but commonly it takes

much longer.

The tendency in the manufacture of sourdough breads

is to initiate fermentation by adding defined commercial

starter cultures with specific properties (De Vuyst and

Neysens 2005). Unfortunately, commercial strains are

often not competitive with endogenous microflora enter-

ing the sourdough back-slopping process from flour and

the environment of the bakery (Meroth et al. 2003; Sira-

gusa et al. 2009). Consequently, frequent renewing of the

sourdough cycling process is required. In our work, we

determined the composition of a lyophilized rye sour-

dough and monitored the dynamics of the microbial

population in an industrial sourdough made from the

lyophilized starter. The lyophilized sourdough aliquots

had been prepared from sourdough used for bread mak-

ing in the same bakery 6 years ago. The microbial com-

munity was monitored during 7 months of daily

propagation using both culture-dependent and culture-

independent approaches.

Materials and methods

Propagation and sampling of the sourdough

The sourdough was propagated in a large bakery (800 kg

of sourdough) in Estonia. The lyophilized starter used for

the inoculation of the new sourdough was prepared from

the sourdough of the same bakery 6 years before. It was

stored at �20°C in hermetically closed packages. The

renewal of the industrial sourdough cycle was started by

mixing lyophilized starter with rye flour and tap water in

the ratio of 10 : 36 : 54 and incubating for 24 h at 32°C.
The following four back-slopping renewals were

performed in the same ratio after 19, 12, 12 and 10 h of

fermentation. Routine industrial back-slopping was car-

ried out with the same mother sponge, rye flour and

water ratio of 10 : 36 : 54 (sourdough yield 250 kg

dough per 100 kg flour) and fermentation at 32°C for

10 h. Samples for chemical and microbiological analysis

were collected at the end of fermentations.

Determination of pH and total titratable acidity

To measure pH and total titratable acidity (TTA) of fer-

mented sourdough, five grams of sample was suspended

in 50 ml of distilled water. pH and TTA were measured

with Food and Beverage Analyzer D22 (Mettler-Toledo

International Inc., Columbus, OH, USA). The pH value

was recorded, and the acidity was determined by titration

using 0�1 N NaOH to final pH 8�5. TTA was expressed as

ml 0�1 N NaOH per 10 g of sourdough. All measure-

ments were performed in triplicate.

Enumeration of lactic acid bacteria

The number of colony forming LAB in sourdough sam-

ples was determined by plate counting. Five grams of

sourdough and 45 ml of 0�85% NaCl solution were

added to a sterile 50-ml centrifuge tube and mixed on a

vortex for 5 min. Series of decimal dilutions were plated

on MRS agar (LabM, Lancashire, UK) in triplicate. Plates

were incubated at 30°C in both aerobic and anaerobic

conditions for 48 h. The BD GasPak EZ System (Becton

Dickinson Microbiology Systems, Franklin Lakes, NJ,

USA) was used to create anaerobic environment.

DNA extraction

The Whatman indicating FTA MiniCards (GE Healthcare

Ltd., UK) were used for DNA extraction from isolated

colonies as described by manufacturer. DNA extracted

with this method was used for Rep-PCR analysis.

A modified phenol–chloroform method described by

Van der Meulen et al. (2007) and Camu et al. (2007)

was used to extract DNA directly from sourdough sam-

ples and pure LAB cultures for denaturing gradient gel

electrophoresis (DGGE) analysis and 16S rRNA gene

sequencing. The bacterial pellet obtained from 5 g of

sourdough or 1�5 ml of overnight culture was washed in

1 ml of TES buffer [6�7% sucrose, 50 mmol l�1 Tris–
HCl (pH 8�0), 50 mmol l�1 EDTA] and resuspended in

300 ll STET buffer [8% sucrose, 5% Triton X–100,
50 mmol l�1 Tris–HCl (pH 8�0) and 50 mmol l�1

EDTA]. A volume of 75 ll of TES lysis buffer contain-

ing 1170 U ml�1 mutanolysin and 100 mg ml�1 lyso-

zyme and 100 ll of proteinase K (2�5 mg ml�1) (all

enzymes from Sigma-Aldrich Co. LLC., St Louis, MO,

USA) was added, and samples were incubated at 37°C
for 1 h. After incubation, 40 ll of preheated (37°C)
20% SDS in TE buffer and a pinch of glass beads

(diameter 150–212 lm) were added. Samples were

mixed on vortex for 1 min and incubated at 37°C for

10 min, followed by incubation at 65°C for 10 min.

Two phenol–chloroform–isoamylalcohol (50 : 49 : 1)

extractions and one chloroform–isoamylalcohol (49 : 1)

extraction were carried out. DNA was precipitated from

the aqueous phase by adding 0�1 volumes of 3 mol l�1

sodium acetate and two volumes of cold 96% ethanol

and washed with 70% ethanol. The pellet was dried at

room temperature and resuspended in 50 ll of TE
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buffer (10 mmol l�1 Tris–Cl, 1 mmol l�1 EDTA, pH

8�0; AppliChem GmbH, Darmstadt, Germany).

Repetitive element palindromic PCR (Rep-PCR)

Rep-PCR (repetitive element palindromic PCR) with

primer (GTG)5 was performed essentially as described by

De Vuyst et al. 2002. For each sourdough sample, 40 col-

onies were analysed by Rep-PCR. Twenty colonies were

picked from one aerobically incubated plate and another

20 colonies from one anaerobically incubated plate. Col-

ony picking was performed successively from one sector

of the plate. PCR was carried out in 25-ll volume using

the following cycle: preliminary denaturation 6 min at

95°C; amplification in 30 cycles: denaturation 94°C for

1 min, annealing 1 min at 40°C, extension 8 min at 65°C
and final extension at 65°C for 16 min. Share of each

LAB fingerprint type among aerobically and anaerobically

selected isolates was calculated as the ratio of similar

fingerprints to the number of analysed colonies.

16S rRNA gene sequencing analysis

One to two representatives of each Rep-PCR fingerprint

group were subjected to 16S rRNA gene analysis. 16S

rRNA gene fragments were amplified using universal

primers 27f-YM (Frank et al. 2008) and 16R1522 (Weis-

burg et al. 1991) followed by column purification of the

amplified fragment with GeneJET PCR Purification kit

(Fermentas, Vilnius, Lithuania) and set up for sequencing

PCR using BigDye Terminator v3.1 Cycle Sequencing kit

as described by manufacturer (Applied Biosystems, Foster

City, CA, USA). The partial 16S rRNA gene sequences

obtained (approx. 700 bp) were compared with GenBank

database using the BLAST algorithm (National Center for

Biotechnology Information, USA).

Denaturing gradient gel electrophoresis (DGGE) analysis

For DGGE analysis, DNA was amplified using primers

F357GC and 518R as described by Gafan and Spratt

(2005). DNA was extracted directly from the sourdough

samples, pure cultures of identified LAB isolates and

10 kGy irradiated rye flour. Sterile dark rye flour type

R1370 (Tartu Grain Mill Ltd., Tartu, Estonia) was

obtained by c-irradiation at 10 kGy using a dosimetric

system GEX WinDose (Centennial, CO, USA). Polyacryl-

amide gel (8% acrylamide-N,N´-methylenebisacrylamide;

37�5 : 1) with a gradient from 35 to 70% of urea and

formamide (100% corresponding to 40% v/v formamide

and 7 mol l�1 urea) was used. Electrophoresis was per-

formed with the INGENYphorU system (Ingeny BV

International, goes the Netherlands) at constant voltage

75 V and temperature 60°C for 18 h. The gels were stained

with ethidium bromide and photographed with the Image-

Quant 400 system (GE Healthcare, Little Chalfont, UK).

Bands of interest were excised and DNA eluted by incubat-

ing in TE buffer overnight at 4°C. Eluted DNA was

reamplified using same primers without the GC-clamp.

DNA fragments obtained were cloned using InsTAclone

PCR Cloning kit (Fermentas) combined with the Transfor-

mAid Bacterial Transformation kit (Fermentas). Cloned

DNA fragments were sequenced using the M13 primer.

Determination of carbohydrate fermentation profiles and

proteolytic activity of Lactobacillus helveticus

Metabolic profiles of Lact. helveticus strains were deter-

mined with API 50 CH testing, and proteolytic activity was

studied with the API ZYM test (Humble et al. 1977) as

described by the manufacturer (bioMérieux, Marcy l’Etoile,

France). Skim milk agar was used to assess the ability of the

bacteria to hydrolyse casein (Marcy and Pruett 2001). The

test was performed at both 30 and 37°C in aerobic and

anaerobic conditions. Lactobacillus helveticus CH-1 (Chr.

Hansen, Hørsholm, Denmark) was used as a reference strain.

Results

Characterization of lyophilized starter and industrial

sourdough

The number of colony forming LAB in lyophilized starter

was 2 9 106 and 107 CFU g�1 in aerobic and anaerobic

conditions, respectively. The counts were approximately

two magnitudes lower compared with the freshly fer-

mented sourdough (Table 1). This may indicate that

freeze-drying and storage during 6 years had a negative

effect on the cultivability of LAB.

The industrial sourdough cycle was started by inocula-

tion with the freeze-dried sourdough at final LAB con-

centration of 106 CFU g�1 dough (Table 1). The number

of LAB in the sourdough increased to 109 CFU g�1

already 24 h after inoculation. During the following

7 months, the number of LAB stayed around

109 CFU g�1 (Table 1). Colony forming numbers were

generally 10 times lower on plates incubated in aerobic

conditions (Table 1).

Acidity of the renewed sourdough quickly increased to

20 ml 0�1 N NaOH per 10 g sourdough during the first

24 h of incubation (Table 1). The acidity slightly

decreased after third- to fifth-back-slopping step, presum-

ably due to decreased fermentation time. After 5 weeks of

back-slopping, the pH and TTA values of the industrial

sourdough were around 3�5–3�7 and 19–22, respectively
(Table 1).
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Microbial composition of the lyophilized starter and

industrial sourdough samples

The microbial composition of sourdough samples was

evaluated using Rep-PCR fingerprinting with (GTG)5 pri-

mer. Altogether 40 LAB isolates were analysed from each

sample, 20 of which were picked from aerobically and 20

from anaerobically incubated plates. Three to six finger-

print types per sample were detected among LAB isolated

in anaerobic conditions. LAB isolated in aerobic condi-

tions were represented by one to three fingerprint types

per sample. Fingerprint types of the aerobic isolates were

not unique and coincided with those of anaerobic isolates

(data not shown).

One or more representatives from each fingerprint

group (Fig. 1) were subjected to partial sequencing of the

16S rRNA gene (Table S1). Bacteria belonging to

Lact. helveticus, Lact. panis, Lactobacillus pontis and Lacto-

bacillus vaginalis species were identified among isolates

obtained from the lyophilized starter. Most of the ran-

domly picked isolates belonged to species Lact. helveticus

irrespective of incubation conditions (Table 2). Species

identified from the lyophilized starter were represented

by one (Lact. helveticus N92 and Lact. vaginalis N1113)

or two (Lact. panis N915, N1311 and Lact. pontis N139,

N131) fingerprint types (Fig. 1, Table S2).

Representatives of Lact. helveticus species were the

dominating aerobic isolates obtained from industrial rye

sourdough samples during the 7-month-long observation

period. They formed 17/20 to 20/20 of the isolates in

aerobic conditions (Table 2). The subdominant popula-

tion varied among the samples and consisted of LAB

belonging to species Lact. vaginalis, Lact. fermentum or

Lactobacillus paralimentarius.

Lactobacillus helveticus was also the dominating colony

forming species among LAB isolated in anaerobic

conditions. However, its proportion among colony form-

ing bacteria gradually decreased as it was replaced by

bacteria belonging to species Lact. pontis and Lact. panis

(Table 2). Representatives of Lact. vaginalis and Lactoba-

cillus casei were sporadically detected among the subdo-

minant population.

Three fingerprint patterns were detected for Lact. helv-

eticus species (N720, N92 and E96), two fingerprint pat-

terns for Lact. panis (N915 and N1311), Lact. pontis

(N139 and N131) and Lact. vaginalis (N1113 and N116)

species, and one fingerprint pattern for Lact. casei

(N726), Lact. fermentum (E112) and Lact. paralimentarius

(E712) species (Fig. 1). Lactobacillus helveticus bacteria

with N92 and E96 Rep-PCR profiles were isolated in both

aerobic and anaerobic conditions, and Lact. helveticus

N720 fingerprint type was from a single isolate from

sourdough sample obtained 5 weeks after the start of the

new sourdough cycle. Only Lact. helveticus N92 bacteria

were isolated from the lyophilized starter, and they were

also the dominating type among all Lact. helveticus iso-

lates in the industrial sourdough during 7 months of

propagation (Table S2).

PCR-DGGE fingerprinting of LAB in the lyophilized

starter and industrial sourdough samples

The culture-independent PCR-DGGE analysis was used

in parallel to plating and Rep-PCR fingerprinting to

Table 1 pH, acidity and bacterial counts in the samples of industrial sourdoughs after renewing. Standard deviations are shown with (±)

Number of back-slopping

propagations

Time from the start

of renewal pH

TTA

ml 0�1 N NaOH per

10 g sourdough

Aerobic LAB counts

CFU g�1

Anaerobic LAB counts

CFU g�1

0 0 h 4�79 ± 0�11 4�98 ± 0�43 8�91 ± 0�23 9 104 7�08 ± 0�07 9 105

1 24 h 3�63 ± 0�06 20�74 ± 0�48 1�95 ± 0�02 9 108 7�59 ± 0�04 9 108

2 43 h 3�53 ± 0�14 21�27 ± 0�15 4�27 ± 0�00 9 109 1�10 ± 0�01 9 109

3 55 h 3�54 ± 0�14 17�66 ± 0�09 2�40 ± 0�03 9 108 6�46 ± 0�08 9 108

4 67 h 3�54 ± 0�12 17�34 ± 0�38 2�82 ± 0�03 9 108 1�07 ± 0�01 9 109

5 77 h 3�66 ± 0�13 15�71 ± 0�27 1�29 ± 0�00 9 108 5�62 ± 0�07 9 108

40* 2 weeks ND ND 1�17 ± 0�05 9 108 ND

100* 5 weeks 3�67 ± 0�06 22�30 ± 0�56 4�57 ± 0�02 9 107 6�61 ± 0�05 9 108

250* 14 weeks 3�71 ± 0�01 18�89 ± 0�05 4�68 ± 0�06 9 107 1�10 ± 0�01 9 109

300* 16 weeks 3�63 ± 0�02 19�78 ± 0�07 1�29 ± 0�00 9 108 1�41 ± 0�01 9 109

350* 18 weeks 3�63 ± 0�04 21�30 ± 0�41 1�29 ± 0�00 9 108 6�92 ± 0�05 9 108

550* 34 weeks 3�53 ± 0�02 21�84 ± 0�30 3�31 ± 0�03 9 108 1�20 ± 0�00 9 109

600* 35 weeks 3�49 ± 0�02 21�28 ± 0�08 2�19 ± 0�02 9 108 1�41 ± 0�02 9 109

*Approximate numbers.

ND, not determined.
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characterize changes in the microbial consortium of sour-

dough. Preliminary PCR-DGGE analysis of the isolated

LAB revealed that bacteria identified as Lact. helveticus,

Lact. vaginalis and Lact. fermentum species produced a

single separately migrating band on the gel. Bacteria

belonging to Lact. panis, Lact. pontis and Lact. casei spe-

cies, however, showed multiple bands, possibly due to the

heterogeneity of 16S rRNA gene operons (Fig. 2). The

presence of one band in the control sample (10 kGy irra-

diated flour) indicated that plant genome can be ampli-

fied with the universal primers F357-GC and 518R.

Sequencing analysis of this band showed similarity to

mitochondrial cereal DNA.

PCR-DGGE fingerprinting of the freeze-dried sour-

dough starter and industrial sourdough samples revealed

a remarkable similarity in band patterns during the

whole 7-month period. Bands with positions corre-

sponding to the dominating LAB species Lact. helveticus,

Lact. pontis and Lact. panis were observed in all finger-

printing patterns. The PCR-DGGE band patterns also

showed no major changes in the microbial population

of the industrial sourdough during the 7 months of

propagation. Only the detectable appearance of

Lact. vaginalis and decrease in Lact. panis as a result of

daily propagation could be suggested based on the

DGGE analysis of the industrial sourdough (Fig. 2).

Identity of all bands was additionally confirmed by

sequencing analysis.

Metabolic profiles of Lactobacillus helveticus isolates

16S rRNA gene sequencing and PCR-DGGE analysis

determined Lact. helveticus as dominating species in the

lyophilized starter and industrial sourdough. However,

Lact. helveticus is used as a starter in the dairy industry

and is not generally known as a sourdough LAB. API 50

CH test was used to evaluate metabolic potential of the

Lact. helveticus isolates in parallel to Lact. helveticus CH-1

strain used in the dairy industry.

Three Lact. helveticus strains (Lact. helveticus N720,

Lact. helveticus N92 and Lact. helveticus E96) representing

different fingerprint groups were studied. All three strains

isolated in this study could ferment glucose, esculin ferric

citrate, saccharose, salicin and cellobiose (Table 3).
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Figure 1 Rep-PCR profile of fingerprint types

isolated from the industrial sourdough

samples. A 1-kb DNA ladder is used as

reference in the first lane.

Table 2 Frequency of different species isolated from the lyophilized sourdough starter and the industrial sourdough samples from MRS plates

incubated in aerobic (+) and anaerobic (�) environment. Share of each LAB is given as number of identified isolates per 20 analysed colonies

LAB species

Lyophilized 77 h 5 weeks 14 weeks 18 weeks 34 weeks 35 weeks

+ � + � + � + � + � + � + �

Lactobacillus helveticus 19 15 18 2 18 17 20 13 17 9 20 3 20 3

Lactobacillus panis – 3 – 2 – – – 7 – 4 – 6 – 2

Lactobacillus pontis – 2 – – – – – – – 4 – 11 – 15

Lactobacillus vaginalis 1 – – – – – – – 2 3 – – – –

Lactobacillus reuteri – – – 14 – – – – – – – – – –

Lactobacillus casei/paracasei – – – 1 – 3 – – – – – – – –

Lactobacillus fermentum – – 2 – – – – – 1 – – – – –

Lactobacillus paralimentarius – – – – 2 – – – – – – – – –
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Maltose and mannose were fermented by Lact. helveticus

E96 and N720, but not by the N92 strain representing

dominating fingerprinting group of the sourdough. The

Lact. helveticus N720 also fermented galactose and N-ace-

tyl glucosamine. None of the three Lact. helveticus iso-

lated from the rye sourdough could ferment lactose,

contrary to Lact. helveticus CH-1 strain, which fermented

lactose, mannose, fructose, glucose and galactose.

We determined the proteolytic activity of Lact. helveti-

cus N92, E96 and N720 strains and the reference dairy

strain Lact. helveticus CH-1 using skim milk agar test and

API ZYM test panel. Skim milk agar test showed that

only the reference strain CH-1 was able to hydrolyse

casein (Table 4). None of the strains had trypsin or

a-chymotrypsin activity. The activity of specific arylamid-

ases that catalyse the hydrolysis of N-terminal amino acid

from peptides, amides or arylamides differed among the

tested strains (Table 4).

Discussion

Lactobacillus helveticus was the dominant LAB species in

the lyophilized starter and industrial sourdough samples.

Unlike Lact. panis (Wiese et al. 1996) and Lact. pontis

(Vogel et al. 1994) also detected among dominant LAB

population of the studied sourdough, Lact. helveticus is

not a common sourdough LAB. It is often found in fer-

mented milk products and is used as a cheese starter cul-

ture (Slattery et al. 2010; Broadbent et al. 2011). So far,

Lact. helveticus has been isolated from Sudanese sorghum

sourdough (Hamad et al. 1997), traditional wheat or

wheat–rye sourdoughs of East-Flanders region in Belgium

(Scheirlinck et al. 2008) and some commercial starters

(Moroni et al. 2010). The metabolic profiles of Lact. helv-

eticus isolated from sourdough in our work significantly

differed from those determined for type strain and the

dairy starter.

Lb
. h

el
ve

tic
us

 N
72

0

Lb
. p

an
is

 N
91

5

Lb
. p

an
is

 N
13

11

Lb
. p

on
tis

 N
13

9

Lb
. p

on
tis

 N
13

1

Lb
. v

ag
in

al
is

 N
11

13

Lb
. v

ag
in

al
is

 N
11

6

Lb
. f

er
m

en
tu

m
 E

11
2

Lb
. c

as
ei

 N
72

6

F
lo

ur

Ly
op

hi
lis

ea
 s

ta
rt

er

0 
ho

ur
s

24
 h

ou
rs

43
 h

ou
rs

55
 h

ou
rs

67
 h

ou
rs

77
 h

ou
rs

2 
w

ee
ks

5 
w

ee
ks

14
 w

ee
ks

16
 w

ee
ks

18
 w

ee
ks

34
 w

ee
ks

35
 w

ee
ks

1
2
3
4
5
6
7

8
9

Figure 2 Dynamics of the microbial

population in the industrial rye sourdough

during 7 months of propagation. Time from

the start of the renewal is shown on top.

Position of strain-specific and cereal-specific

DGGE bands is shown in the left part of the

figure. Numbers corresponding to bands

identified by 16S rRNA gene sequencing:

1 – Lactobacillus panis, 2 – Lactobacillus

helveticus, 3 – Lact. panis, 4 – Lactobacillus

pontis, 5 – Lact. panis, 6 – Lact. panis,

7 – Lact. pontis, 8 – Lactobacillus pontis and

9 – Lactobacillus vaginalis.

Table 3 Metabolic profiles of Lactobacillus helveticus strains based on API 50CH

Carbohydrate in API 50CH

Lact. helveticus

N720

Lact. helveticus

N92

Lact. helveticus

E96

Lact. helveticus

CH-1

Lact. helveticus

profile API*

D-galactose + � � + +

D-glucose + + + + +

D-fructose + � � + +

D-mannose + � + + +

D-lactose � � � + +

Esculin ferric citrate + + + � �
N-acetyl glucoseamine + � � � +

D-saccharose + + + � �
D-cellobiose + + + � �
D-maltose + � + � �
Salicin + + +† � �

*Metabolic profile of Lact. helveticus in API test identification table.

†Positive after 72-h incubation.
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BLAST analysis of partial 16S rRNA gene sequences of

isolates N92, E96 and N720 (GenBank ID: HM641233,

HM623785 and HM641232, respectively) first determined

Lactobacillus suntoryeus as the closest match (data not

shown). Lactobacillus suntoryeus is a recently identified

species (Cachat and Priest 2005), which afterwards was

claimed to be a later synonym of Lact. helveticus (Naser

et al. 2006). Representatives of Lact. suntoryeus species

were first isolated from late stages of barley fermentation

in Japanese and Scottish malt whisky distilleries (Cachat

and Priest 2005) and similarly to Lact. helveticus belong

to thermophilic homofermentative lactobacilli (Cachat

and Priest 2005).

In spite of the high similarity of Lact. helveticus and

Lact. suntoryeus at sequence level, which determined them

as one species, they formed distinguishable groups based

on SDS-PAGE protein profiles and metabolic profiling

(Naser et al. 2006). Lactobacillus helveticus type strains

are able to ferment lactose and/or galactose (Sharpe 1981;

Naser et al. 2006; API test identification table; this work).

In contrast, none of the strains isolated from whisky dis-

tilleries (and primarily identified as Lact. suntoryeus)

could ferment lactose (Naser et al. 2006). Instead they

were able to ferment disaccharides cellobiose and sucrose,

compounds found in plant material, and salicin, which is

a b-glucoside produced from bark. Similarly, Lact. helv-

eticus strains isolated in our work were able to utilize cel-

lobiose, sucrose and salicin, but not lactose or galactose.

The only exception was Lact. helveticus N720, which

additionally utilized galactose, thereby resembling another

metabolically versatile Lact. helveticus strain R0052 (Naser

et al. 2006).

Lactobacillus helveticus are known to have a vast prote-

olytic system containing several proteinases that are

important for the technological potential of these bacteria

in the dairy industry (Christensen et al. 1999). Rapid

growth in milk relies on complex proteolytic system,

whose collective function involves the release of essential

amino acids from large proteins such as casein (Christen-

sen et al. 1999). However, none of the Lact. helveticus

strains we isolated from sourdough were able to hydro-

lyse casein.

Assumingly genomic rearrangements have occurred in

the adaptation process of Lact. helveticus to specific envi-

ronments. Lactobacillus helveticus genome encompasses

more than 200 insertion sequence (IS) elements (Callanan

et al. 2008) that are responsible for the heterogeneity

among Lact. helveticus strains (Kaleta et al. 2010) and

have been associated with truncations in genes associated

with cellobiose transport (Callanan et al. 2007) and the

lac gene cluster (Callanan et al. 2005). Sequencing of

Lact. helveticus N92, N720 and E96 genomes is in

progress to resolve the adaptation mechanisms to the

sourdough environment.

Lactobacillus helveticus remained dominating in the

microbial population of industrial sourdough during

7 months of daily back-slopping. However, its proportion

among cultivable population decreased over time. Unlike

the culture-dependent method, DGGE analysis did not

reveal significant changes in the microbial composition of

industrial sourdough or in the species ratio. All three

dominant species (Lact. helveticus, Lact. panis and

Lact. pontis) and also Lact. vaginalis were detected with

DGGE analysis. Representatives of Lact. vaginalis were

also detected in the lyophilized starter used for renewing

the sourdough cycle.

Culture-independent methods, like DGGE, have several

advantages compared with culture-dependent methods in

the study of sourdough, because LAB from continuously

cycled sourdough can have low colony forming ability

(De Vuyst et al. 2002; Iacumin et al. 2009). Also, media

used for the isolation of sourdough lactobacilli quantita-

tively and qualitatively influence the microbial population

that is detected (Vera et al. 2009).

Although same LAB fingerprint types were isolated

from aerobically and anaerobically incubated agar plates,

the colony numbers were generally 10 times higher on

anaerobically grown plates. Additional experiments

revealed that most of the isolated LAB were sensitive to

oxygen (Mihhalevski et al. 2011). The industrial

Table 4 Proteolytic activity of Lactobacillus helveticus isolates. Weak reaction is indicated as ‘v’

Enzyme tested

Lact. helveticus

N720

Lact. helveticus

N92

Lact. helveticus

E96

Lact. helveticus

CH-1

Leucine arylamidase + + + +

Valine arylamidase � + + �
Cystine arylamidase v � � +

Trypsin � � � �
a-chymotrypsin � � � �
Casease* � � � +

*Activity of enzymes was determined by API ZYM method, except for casease, which was detected by skim milk agar testing.
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sourdough studied is characterized by high water content

and large volumes (up to 800 kg), which limit the spe-

cific transport rate of oxygen from dough surface. Revers-

ible sorption of oxygen by dough starch and gluten leads

to low levels of dissolved oxygen in flour water slurry

(Xu 2001). Thus, the microbial consortium has adapted

to semi-anaerobic conditions.

Development of the microbial community in sour-

dough greatly depends on cycling conditions: fermenta-

tion temperature, type of flour, back-slopping rate and

frequency (Hammes et al. 1996; Vogel et al. 1996; Ham-

mes and Gänzle 1998). Commercial starters may not be

sufficiently adapted to cycling conditions and are conse-

quently outcompeted by indigenous bacteria entering the

sourdough cycle from the environment. However, if the

strains are obtained from a cycle with similar parameters,

like in this study, the consortium can be stable even after

several months of back-slopping. Thus, using an estab-

lished and adapted microbial consortium as a starter

could be a good option for bakeries.
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a b s t r a c t

The stability of vitamers: thiamine, riboflavin, nicotinic acid, nicotinamide, pantothenic acid, pyridoxine
and pyridoxal, as well as soluble and insoluble dietary fiber was studied in a rye sourdough bread
process. The vitamer concentrations were measured in raw materials (rye flours, white and red rye malt,
yeast) and the rye sourdough breads made from them by means of LCeMS and stable isotope dilution
assay. The content of dietary fiber was determined using a standard enzymatic-gravimetric method.
During baking, the concentration of vitamins decreased by 20e45% in the case of thiamine, 25e50% in
the case of nicotinic acid, 45e65% in the case of pyridoxal in both breads, 50% in the case of riboflavin and
15% in the case of pyridoxine only in fine rye bread. In contrast, the content of nicotinamide increased
during processing by ten fold, presumably due to microbial activity during sourdough fermentation. The
ratio of soluble to insoluble dietary fiber increased during rye sourdough processing.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Rye sourdough bread is a traditional and popular bread in
NortheWest Russia, the Baltic states, Finland, Denmark, and the
North of Germany. Rye sourdough bread is industrially produced by
mixing sourdough with flour, followed by fermentation with yeast
(leavening), and baking. Rye bread is a recommended part of the
diet because it is a good source of various bioactive substances,
including B-complex vitamins and dietary fiber.

In industrial product labeling practice, the calculation of the
content and composition of vitamins and fiber is based on the
composition of their ingredients. However, this may result in
incorrect estimations, mostly due to variations in the vitamins and
fiber content of the particular ingredients used, but also due to
chemical changes that occur during processing.

Dietary fiber is an indigestible complex of carbohydrates and
lignin. It is an important functional component, the content of
which can change during rye bread processing. Insoluble dietary
fiber compounds in rye include cellulose (1e3 %), lignin (1e2 %)
(Liukkonen et al., 2006) and the insoluble part of arabinoxylans. Rye
grain contains 8e12 % of arabinoxylans, fructan (4.5e6.4%) and

b-glucans (1e3%) (Hansen et al., 2003; Karppinen et al., 2003;
Liukkonen et al., 2006). The solublefibers are fructo-oligosacchrides
1-kestose (0.6%), 1,1-kestotetraose (0.3%), and 1,1,1-kestopentaose
(0.3%) (Karppinen et al., 2003). Amount of water-extratable
b-glucans is 1.2% in rye (Aura et al., 2007).

Enzymatic as well as thermal treatment can modify the ratio
between soluble and insoluble fibers during bread making (Elleuch
et al., 2011). During flour hydration, several intrinsic hydrolytic
enzymes of cereals (a-amylase, b-xylosidase, a-L-arabinofur-
anosidase, cinnamoyl esterases, D-xylosidase, b-glucanases and
endo-D-xylanase) are activated (Boskov Hansen et al., 2002). Also
the enzymes with b-glycolytic activity from lactic acid bacteria
(Axelsson, 2007) and yeast (Hauf et al., 2000) can affect the fiber
concentration during rye bread processing. The most commonly
used methods for the determination of dietary fiber in cereals are
enzymatic-gravimetric methods (Lee et al., 1992).

The term vitamin refers to a number of vitamer compounds with
the same biological activity as the respective vitamin (Table 1).
Unfortunately, the complete list of vitamers with respective
vitamin activity for mammals is still not clear. Several vitamins
during food processing, storage and digestion are derived from
cofactors as the result of enzymatic activities in both the food
matrix and the digestive tract. For example, 2e10% of the vitamin
B1 pool in cereals is present as its phosphorylated form thiamine
diphosphate (TDP) (Buchholz et al., 2011), which is hydrolyzed by
different phosphatases in the human gastrointestinal tract into
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thiamine (Rindi and Laforenza, 2000). Similarly, the phosphory-
lated forms of riboflavin and vitamin B6 can also be found in nature
(Cataldi et al., 2002; Roth-Maier et al., 2002).

Inpractice, the contentof B-complex vitamins is expressed as the
concentrations of their most simple commercially available chem-
ical forms (e.g. B1 ¼ thiamine chloride hydrochloride, B2 ¼ ribo-
flavin, niacin¼ nicotinic acidþ nicotinamide, expressed as nicotinic
acid, B5 ¼ calcium pantothenate, B6 ¼ pyridoxine þ pyridoxal
þ pyridoxamine, expressed as pyridoxine hydrochloride) which
often serve as a starting point for the synthesis of respective
cofactor(s) in cells. Thus, in most of the food databases, the
B-complex vitamin contents (mg per 100 g of food) are expressed as
thiamine, riboflavin, niacin, pantothenic acid and pyridoxine
hydrochloride equivalents.

Information regarding the stability of B-complex vitamers
during the course of rye sourdough bread-making processes is
scarce. Thiamine is relatively stable at pH 2.0e4.0, which is
a common pH range of the sourdough. In slightly acidic solutions it
is stable up to the boiling point. However, during baking, 20e50 %
losses of thiamine have been reported (Martinez-Villaluenga et al.,
2009). Similarly, riboflavin is relatively heat-stable (Batifoulier
et al., 2005). It has been reported that whole wheat bread made
with yeast results in 30% enrichment in riboflavin due to the
contribution of endogenous yeast riboflavin, while sourdough lactic
acid fermentationwithout yeast did not result in any increase in the
bread’s riboflavin content (Batifoulier et al., 2005).

Nicotinamide and nicotinic acid are relatively stable during
baking (Ottaway, 2002). A small part of chemically bound nicotinic
acid (i.e. NAD) can be hydrolyzed by gastric juice and is thus con-
verted into bioavailable forms (Wall and Carpenter, 1988).
Pantothenic acid has good stability during most food processing
operations, including baking (Ottaway, 2002). Pyridoxine, pyri-
doxal and pyridoxamine are relatively heat-stable under acidic

conditions and very heat-labile under alkaline conditions (Leklem,
2001). The baking of bread can induce losses of up to 17% for
vitamin B6 (Ottaway, 2002).

The current study was carried out to analyze the stability of
soluble and insoluble dietary fiber and B-complex vitamers during
rye sourdough bread making. To determine vitamer concentrations
weused a high throughput LCeMSand stable isotope dilution assay.

2. Materials and methods

2.1. Materials and reagents

Whole grain rye flour R1800, dark rye flour R1370, fine rye flour
R705, wheat flour W700, inactive (red) rye malt, active (white) rye
malt and steel cut rye grains were obtained from Tartu Grain Mill
Ltd. (Tartu, Estonia). The same lots of flour were used for the
production of all bread recipes. The commercial rye bread con-
taining dark rye flour (55%), active rye malt (1%) and inactive rye
malt (1%), yeast (0.9%), and fine rye bread containing fine rye flour
(42%), wheat flour (10%), dark rye flour (7%), active rye malt (1%),
and yeast (1%) were obtained from a local bakery.

Dark rye flour (R1370) used for incubation and fermentation
experiments was sterilized by g-irradiation at 10 kGy using a dosi-
metric system GEX WinDose (Centennial, CO, USA). Bacterial strain
Lactobacillus panis N915 was isolated from the rye sourdough
(Mihhalevski et al., 2011). Fresh baker’s yeast was kindly provided
by AS Salutaguse Pärmitehas (Kohila vald, Estonia).

Certified reference material BCR 121 (wholemeal flour) was
obtained from the Institute for Reference Materials and Measure-
ments (IRMM, Geel, Belgium). The certified values of B-complex
vitamers with uncertainties (mg/100 g dry matter) for BCR 121 were
as follows: 364 � 31 for vitamin B1 (expressed as thiamine
equivalents) and 377 � 84 for B6 (expressed as pyridoxine
equivalents).

Acid washed Celite was obtained from Megazyme International
Ireland Ltd. (Bray, Ireland). Acetone and acetonitrile (both HPLC
grade) were obtained from Rathburn Chemicals Ltd. (Walkerburn,
Scotland, UK), MES (2-(N-morpholino) ethanesulfonic acid),
ammonium formate (puriss.p.a., for HPLC), HCl (37% puriss.p.a.) and
TRIS (tris(hydroxymethyl) aminomethane) were obtained from
SigmaeAldrich Inc (St.Louis, MO, USA), NaOH was obtained from
Lach-Ner (Neratovice, Czech Republic) and SigmaeAldrich. High
purity water was produced by aMillipore water purification system
(Millipore S.A.S., Malsheim, France).

Nicotinamide (99.9%), nicotinic acid (99%), thiamine chloride
hydrochloride (99%), pyridoxine-HCl (99.9%), pyridoxal-HCl (99%),
Ca-pantothenate (99%) and riboflavin (99%), used as external
standards were obtained from SigmaeAldrich. The stable isotope
labeled internal standards nicotinamide e [D4, 98%], nicotinic acid
e [D4, 98%], thiamine-Cle [13C3, 99%], pyridoxine-HCle [13C4, 99%],
were obtained from Cambridge Isotope Laboratories, Inc. (Andover,
MA, USA). Ca-pantothenate e [13C3,15N, 97.1%], riboflavin e

[13C4,15N2, 97.9%] and pyridoxal HCl e [D3, 99%] were from Iso-
sciences, LLC (King of Prussia, PA, USA).

a-amylase from Aspergillus oryzae (crude, Cat. No. A6211),
b-glucosidase from almonds (crude, Cat. No. G0395), and potato
acid phosphatase (Cat. No. P1146) were obtained from Sigmae
Aldrich.

Thiamine monophosphate chloride dehydrate (99%), thiamine
pyrophosphate chloride (�97%), riboflavin 50-monophosphate
sodium salt dehydrate (75.9%), flavin adenine dinucleotide
disodium salt hydrate (97%), b-nicotinamide adenine dinucleotide
hydrate (98%), b-nicotinamide adenine dinucleotide reduced
disodium salt hydrate (99%) and coenzyme A hydrate (99%), were
obtained from SigmaeAldrich.

Table 1
Vitamins and corresponding vitamers.

Vitamin Vitamers

B1, thiamine Thiamine
Thiamine monophosphate (TMP)
Thiamine diphosphate (TDP)
Thiamine triphosphate (TTP)
2-(1-hydroxyethyl)thiamin (HET)

B2, riboflavin Riboflavin
Flavin mononucleotide (FMN)
Flavin adenine dinucleotide (FAD)

B3, niacin Nicotinic acid
Nicotinamide
Nicotinamide adenine dinucleotide
(NAD)
Nicotinamide adenine dinucleotide
phosphate (NADP)
Nicotinic acid adenine dinucleotide
(NAAD)
Nicotinic acid adenine dinucleotide
phosphate (NAADP)
N-ribosyl nicotinamide
N-ribosyl nicotinic acid

B5, panthothenic acid Pantothenic acid
Coenzyme A (CoA)
Phosphopantothenic acid
Pantetheine
Phosphopantetheine

B6, pyridoxine Pyridoxine
Pyridoxal
Pyridoxamine
Pyridoxine phosphate (PNP)
Pyridoxal phosphate (PLP)
Pyridoxamine phosphate (PMP)
50-O-b-D-glucopyranosyl pyridoxine
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2.2. Sample preparation

After slicing, the breads were frozen in liquid nitrogen, freeze-
dried, ground in a laboratory Waring blender HGBTWTS3
(Waring, Torrington, CT, USA) (particle size from 0.10 to 0.25 mm),
packed into plastic bags, and stored at�20 �C until further analysis.
Flours, malts and cut rye grains were stored at �20 �C. Steel cut rye
grains were ground before analysis (particle size from 0.10 to
0.25 mm).

To study the effect of fermentation on the content of B-complex
vitamers the 10 kGy irradiated rye flour was mixed in a ratio of 1:1
with a suspension of L. panis N915 in 0.5% NaCl (5 � 106e
5 � 107 cfu/mL) using a Stomacher 400 Circulator (Seward Ltd.,
Worthing, UK) for 15 min at 100 RPM and incubated at 30 �C for
24 h. Control sourdough was made without lactic acid bacteria.
After sourdough fermentation, the samples were freeze-dried and
ground until further analysis.

2.3. Analytical methods

All samples were analyzed at least in three replicates.

2.3.1. Dry matter
The dry matter content of each sample was measured using

a Halogen Moisture Analyser HR83 (Mettler Toledo, USA) and the
ash content was determined according to AOAC method (923.03).
Samples were treated in a muffle furnace at 550 �C for 10 h.

2.3.2. Total, soluble and insoluble dietary fiber
Total, soluble and insoluble dietary fiber content was measured

according to the enzymatic-gravimetric method using an assay kit
from Megazyme International Ltd. (Bary, Ireland). Samples were
subjected to sequential enzymatic digestion by heat-stable
a-amylase, protease, and amyloglucosidase. Insoluble dietary fiber
was filtered from the hydrolyzate, washed, dried and weighed.
Soluble dietary fiber was precipitated from the filtrate with four
volumes of 95% ethanol, filtered and dried. For determination of
total dietary fiber, the samples after enzymatic treatment were
treated with four volumes of ethanol to precipitate soluble fiber.
The residue was then washed, filtered, dried and weighed. Total,
soluble and insoluble dietary fiber contents were corrected, based
on the protein and ash residues.

2.3.3. Determination of B-complex vitamer concentrations
LCeMS combined with a stable isotope dilution assay was used

for the analysis of B-complex vitamer concentrations in the
samples. Freeze dried flour and bread samples were weighed
(approx 1.0 g) into a 10 mL volumetric flask, filled up with a 0.05 M
ammonium formate buffer (pH 4.5), mixed thoroughly, transferred
to a 50 mL centrifuge tube and incubated with frequent shaking at
37 �C for 18 h. After incubation, each sample extract was centri-
fuged at 14 000 RPM for 5 min at 22 �C by Micro CL21R centrifuge
(Thermo Scientific, Osterode, Germany) to remove insoluble debris
and filtered through a Millex-LG 13 mm Philic PTFE 0.2 mm filter
(Millipore, Carrigtwohill, Ireland). 1000 mL aliquots of this filtrate
were then transferred to LC-MS sample vials containing 20 mL of
internal standard solution containing approximately 20 mg/L of
each labeled vitamer.

Fresh baker’s yeast samples (approx 0.5 g, DM 21%, in four
replicates) were weighted into 2 mL eppendorf tubes, 0.5 mL of
0.05 M ammonium formate buffer (pH 4.5) was added, vortexed,
and held in the water bath at 70 �C for 30 min using frequent
shaking. After heating, approximately 1.0 g of glass beads (425e
600 mm, acid washed, G8772, SigmaeAldrich) were added to the
sample and yeast cells were disrupted using a Genie cell disrupter

(Scientific Industries Inc., New York, USA) for 30 min. The disrupted
yeast samples were transferred quantitatively into a 10 mL
volumetric flask, filled up with 0.05 M ammonium formate buffer
(pH 4.5), mixed thoroughly, incubated, centrifuged, filtered and
prepared for LCeMS analysis as described above.

All vitamer analyses were performed using an ACQUITY UPLC�

system, equipped with an ACQUITY UPLC HSS C-18 1.8 mm
(2.1 � 150 mm) column and coupled with LCT Premier� XE ESI
TOF MS System (Waters, Milford, MA, USA). Elution was carried
out using two eluents (A: water þ 0.1% formic acid and B: aceto-
nitrile þ 0.1% formic acid) applied in the following gradient mode:
0e3 min 100% A; 3e8.5 min 80% A and 20% B; 8.5e10 min: 5% A
and 95% B; 10e15 min 100% A. A flow rate of 0.25 mL/min and
a sample injection of 5 mL were used. Mass spectrometry was
carried out in positive ionization mode [M þ H]þ using a capillary
voltage of 2000 V, sample cone voltage of 30 V, desolvation
temperature of 300 �C and source temperature of 120 �C. Full scan
mass spectra were acquired from m/z 100 to 500. Data were
collected and processed using Mass Lynx 4.0 software (Waters,
Milford, MA, USA).

The m/z ratios of 265.11 and 268.12 for thiamine, 377.15 and
383.16 for riboflavin, 123.06 and 127.08 for nicotinamide, 124.04
and 128.06 for nicotinic acid, 220.12 and 224.13 for pantothenic
acid, 168.07 and 171.09 for pyridoxal, 170.08 and 174.10 for pyri-
doxine were used for the determination of unlabeled and labeled
forms of vitamins, respectively.

Internal standard stock solutions were prepared by dissolving
separately about 1 mg of each isotope labeled vitamer in 5 mL
0.05 M ammonium formate (pH 4.5) buffer. Internal standard
solution (w20 mg/L) was prepared by combining aliquots of the
stock solutions. Concentration of each vitamin in the sample was
calculated using 7-point calibration curves. Calibration curve
standards were prepared by adding 1000 mL aliquots of external
standards solution with varying concentrations (0.01e0.9 mg/L)
into the LCeMS vial containing 20 mL of internal standard solu-
tion. The calibration curves were constructed by relating the
varying concentrations of unlabeled external standards to their
relative response factors as determined by the ratio of the peak
intensity of the unlabeled external standards to that of the corre-
sponding labeled internal standard. Responses for all the vitamins
were linear over the working range with correlation coefficients
ranging between 0.9995 and 0.9999. The vitamers were separated
by LC and the intensities of respective lines of natural abundance
and isotope labeled internal standards in the MS spectra were
measured (Fig. 1).

2.3.4. The effect of enzymatic treatment and acid hydrolysis on
liberation of simple vitamers

To study the effect of enzymatic treatment on the extraction and
liberation of B-complex vitamers, 10 mL of a mixture of enzyme
solution in0.05Mammonium formate (pH4.5) containinga-amylase
(4.50 mg/mL), b-glucosidase (1.60 mg/mL) and acid phosphatase
(0.16mg/mL)was added to 1 g of sample before incubation described
in Section 2.3.3. All results were enzyme blank corrected.

The phosphatase, pyrophosphatase, purine nucleosidase,
pantetheine hydrolase activities of the enzymes in used enzyme
preparations were determined by preparing the 25 mM solutions of
following vitamer precursors: thiamine mono- and diphosphate
(TMP, TDP), flavin mononucleotide and flavin adenine dinucleotide
(FMN, FAD), NADþ and reduced nicotinamide adenine dinucleotide
(NADH) and Coenzyme A (CoA). Each solution was incubated with
25mL of acid phosphatase (0.12mg/mL), b-glucosidase (1.2mg/mL)
or a-amylase (5.0 mg/mL) during 18 h at 37 �C followed by
determination of liberated thiamine, riboflavin, nicotinamide, and
pantothenic acid by LCeMS.
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Protease activity was determined using a protease assay kit
(Calbiochem, USA): 100 mL of the single enzyme solution
was combined with 50 mL of fluorescein thiocarbamoyl-casein
(FTC-casein) and 50 mL of incubation buffer (200 mM TriseHCl,
pH 7.8, 20 mM CaCl2, 0.1% NaN3). Concentration of the enzyme
solutions were as follows: a-amylase 0.225 mg/mL, b-glucosidase
1.2 mg/mL, acid phosphatase 0.12 mg/mL. Incubation was carried
out at 37 �C for 24 h under subdued lighting conditions using
continuous shaking. The reaction was stopped by the addition of
500 mL of 5% trichloroacetic acid. Denatured FTC-casein was sepa-
rated from the reaction mixture by centrifugation (12 000 RPM for
5 min at room temperature) and the concentration of FTC-peptides
in the supernatant was determined by absorbance at 492 nm.
Protease activity was expressed relative to that of trypsin in BAEE
(N-benzoyl-L-arginine ethyl ester) units.

The effect of acid hydrolysis on the liberation of vitamers from
biologically active forms was studied as follows: 25 mL of TMP
(25 mM), FMN (25 mM), TDP (25 mM), FAD (25 mM), NADþ (25 mM) or
NADH (25 mM) in 0.1 M HCl were hydrolyzed in an autoclave at
121 �C for 30 min, followed by the determination of thiamine,
riboflavin and nicotinamide.

2.4. Calculation of stability of nutrients during processing

The expected concentration of each nutrient in the bread was
calculated on a dry mass basis by summing up the contributions
from the individual ingredients. This involved measuring the
amount of each nutrient found in each ingredient on a dry mass
basis.

The recovery of B-complex vitamins after processing was
calculated as the percentage of concentration measured in the
bread sample divided by the value calculated according to the
recipe.

3. Results

All results are presented on a dry matter (DM) basis.

3.1. Stability of dietary fiber during rye sourdough bread processing

The concentrations of soluble, insoluble and total dietary fiber
were determined in all ingredients used for rye sourdough bread
making as well as in the baked breads (Table 2). Similar values for
total dietary fiber (15e17% DM) and for soluble fiber (2e3% DM)
were found in whole grain rye flour, white rye malt, red rye malt
and steel cut rye. In wheat flour and fine rye flour, the total dietary
fiber was found to be only about 3% DM and 7% DM, respectively
(Table 2). The soluble fiber content in fine rye flour (1.9% DM) was

Table 2
Total, soluble and insoluble dietary fibre in flours and breads.

Sample Moisture % Ash % DM Total dietary fiber % DM Soluble dietary fiber % DM Insoluble dietary fiber % DM

Whole grain rye flour (R1800) 11.3 � 0.2 1.4 � 0.1 15.0 � 0.5 2.34 � 0.1 12.0 � 0.8
Dark rye flour (R1370) 11.4 � 0.2 1.1 � 0.1 11.0 � 0.6 2.3 � 0.4 7.8 � 0.8
Fine rye flour (R705) 11.8 � 0.2 0.7 � 0.03 6.6 � 0.9 1.9 � 0.2 3.6 � 0.2
Wheat flour (W700) 12.6 � 0.2 0.7 � 0.04 2.7 � 0.4 0.7 � 0.2 1.2 � 0.3
Non fermented rye malt 6.7 � 0.2 1.5 � 0.02 15.2 � 0.8 2.2 � 0.2 11.9 � 1.3
Fermented rye malt 3.5 � 0.2 1.6 � 0.03 17.0 � 1.8 3.1 � 0.5 11.4 � 2.0
Cut rye 11.1 � 0.2 1.5 � 0.1 16.3 � 1.3 NT 12.8 � 1.7
Rye bread
Experimentally measured 42.4 � 0.5 2.7 � 0.01 11.1 � 1.1 3.4 � 0.2* 6.2 � 0.3
Calculated 9.73 � 0.5 2.02 � 0.3 6.91 � 0.7

Fine rye bread
Experimentally measured 41.8 � 0.2 2.3 � 0.03 10.0 � 0.7* 2.6 � 0.4* 6.0 � 0.5*
Calculated 6.02 � 0.2 1.54 � 0.1 3.42 � 0.2

NT e not tested, * - experimental value is different from calculated value (p < 0.05).
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Fig. 1. TOF MS ES þ spectrum of riboflavin in rye sourdough bread (a) and UPLC TOF
MS ES þ chromatograms of B-complex vitamers in rye sourdough bread (b).
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relatively high compared to that of wheat flour (0.7% DM). The
highest concentration of soluble fiber in the raw materials studied
was observed in fermented rye malt (3.1% DM).

The concentration of soluble fiber in the rye bread (2.0% DM)
and in fine rye bread (1.5% DM), calculated on the basis of their
recipes and on the fiber content in flours used were lower than the
measured values (3.4 and 2.6% DM, respectively). This also applies
to the experimentally determined total dietary fiber concentration
of fine rye bread.

3.2. B-complex vitamers in cereal materials and rye bread

The concentrations of seven vitamers of B-complex vitamins:
thiamine, riboflavin, nicotinic acid, nicotinamide, pantothenic acid,
pyridoxine and pyridoxal were analyzed in reference wholemeal
flour, different breads, as well as the raw materials used to
make them using extractionwith ammonium formate buffer and an

LCeMS isotope dilution assay method. These vitamers were well
resolved in the reversed phase column under the chromatographic
conditions specified in Methods (Fig. 1). The MS spectrum of
riboflavin in the internal standard is given as an example.

The concentration of B-complex vitamers in the reference
material, raw materials, and breads prepared from them is given in
Table 3.

The concentration of thiamine in the reference wholemeal flour,
determined without enzymatic treatment, was 376 � 39 mg/100 g
DM (Table 3), which corresponds to the certified value
(364 � 31 mg/100 g DM) for vitamin B1, expressed as thiamine.
Using enzymatic extraction the concentration of thiamine
increased up to 394 � 31 mg/100 g DM, which is not significantly
higher (p> 0.05) than the reference value. On the contrary, the sum
of pyridoxal and pyridoxine concentration (expressed as pyri-
doxine) was 226 � 15 mg/100 g DM, which was significantly lower
than that of the reference value 377 � 84 mg/100 g DM. Enzymatic

Table 3
Content of B-complex vitamers in reference material, flours, sterile sourdoughs, and breads obtained using the extraction with and without enzyme mix. The recipe based
values of vitamers in breads (calculated).

Samples Thiamine Riboflavin Nicotinic acid Nicotinamide Pantothenic acid Pyridoxal Pyridoxine

mg/100 g of DM

Reference material BCR 121 (wholemeal flour)
Certified value 364 � 31 e e e e e e

Free vitamins 376 � 39a 129 � 25a 615 � 45a 32 � 1a 765 � 54a 30 � 2a 196 � 13a

Enzymatic extraction 394 � 31a 325 � 135b 391 � 28b 58 � 2b 658 � 47a 28 � 4a 189 � 16a

Steel cut rye
Free vitamins 230 � 11a 96 � 4a 257 � 9a 17 � 3a 304 � 8a 31 � 4a 115 � 2a

Enzymatic extraction 295 � 20b 116 � 10b 164 � 26b 44 � 8b 308 � 15a 47 � 6b 121 � 5a

Whole grain rye flour
Free vitamins 246 � 6a 82 � 6a 289 � 33a 50 � 1a 241 � 10a 32 � 7a 92 � 2a

Enzymatic extraction 246 � 13a 91 � 5a 191 � 14a 65 � 4b 234 � 11a 41 � 4a 105 � 2b

Dark rye flour
Free vitamins 236 � 8a 67 � 3a 185 � 26a 31 � 3a 174 � 5a 26 � 4a 75 � 2a

Enzymatic extraction 261 � 4b 90 � 3b 136 � 11b 39 � 6a 165 � 16a 35 � 3b 83 � 3b

Fine rye flour
Free vitamins 185 � 5a 50 � 2a 144 � 6a 26 � 2a 122 � 2a 17 � 4a 49 � 2a

Enzymatic extraction 186 � 5a 58 � 1b 98 � 15b 40 � 8b 114 � 4b 23 � 5b 49 � 4a

Wheat flour
Free vitamins 185 � 2a 37 � 3a 140 � 16a 18 � 1a 198 � 3a 19 � 4a 53 � 3a

Enzymatic extraction 185 � 6a NA 101 � 26b 29 � 3b 196 � 12a 30 � 1b 57 � 5a

White rye malt
Free vitamins 48 � 2a 147 � 5a 649 � 146a 0a 241 � 29a 31 � 6a 80 � 3a

Enzymatic extraction 177 � 7b 193 � 8b 460 � 25b 64 � 5b 276 � 10a 62 � 6b 120 � 5b

Red rye malt
Free vitamins 86 � 27a 112 � 4a 1138 � 61a 175 � 7a NA ND 49 � 2a

Enzymatic extraction 94 � 9a 110 � 1a 1176 � 109a 146 � 21a NA ND 117 � 7b

Yeast
Free vitamins 2869 � 80a 1334 � 27a 4855 � 76a 1718 � 21a 5942 � 135a 198 � 25a 25 � 1a

Enzymatic extraction 4455 � 719b 2991 � 218b 9003 � 113b 3326 � 11b 8765 � 91b 214 � 41a 15 � 1b

Rye bread
Free vitamins 129 � 6a * 50 � 2a * 210 � 16a 431 � 31a * 151 � 9a 10 � 1a * 42 � 1a *
Enzymatic extraction 139 � 5a* 89 � 2b 117 � 24b 438 � 31a* 168 � 13a 11 � 2a* 73 � 2b

Free vitamins, calculated 209 � 7 65 � 3 200 � 23 35 � 2 168 � 4 23 � 3 66 � 2
Enzymatic extraction calculated 233 � 5 85 � 3 156 � 10 41 � 5 162 � 13 31 � 3 74 � 2

Fine rye bread
Free vitamins 98 � 3a* 30 � 1a* 88 � 10a* 502 � 9a* 132 � 4a* 8 � 1a* 24 � 2a*
Enzymatic extraction 140 � 6b* 82 � 5b* 57 � 5b* 535 � 48a* 135 � 8a 14 � 2b* 43 � 3b

Free vitamins, calculated 176 � 2 49 � 1 151 � 15 26 � 1 142 � 3 17 � 1 48 � 1
Enzymatic extraction calculated 181 � 2 165 � 1 108 � 4 39 � 1 136 � 3 24 � 1 50 � 1

Irradiated rye flour without L. panis N915, 0 h
Free vitamins 199 � 54a 50 � 4a 259 � 16a 9 � 2a 396 � 78a 38 � 9a 100 � 14a

Enzymatic extraction 218 � 7a 50 � 3a 164 � 6b 0b 349 � 37a 55 � 4a 94 � 4a

Irradiated rye flour without L. panis N915, 24 h
Free vitamins 259 � 17a 45 � 2a 479 � 55a 19 � 3a 559 � 40a 32 � 4a 97 � 8a

Enzymatic extraction 246 � 5a 45 � 2a 344 � 23b 11 � 3b 520 � 34a 40 � 8a 101 � 3a

Irradiated rye flour with L. panis N915, 24 h
Free vitamins 242 � 5a 46 � 5a 80 � 1a 613 � 39a 223 � 6a 31 � 6a 88 � 4a

Enzymatic extraction 225 � 6b 134 � 35b 56 � 16a 386 � 13b 215 � 13a 31 � 3a 96 � 5a

NA e Not available ND e Not detected.
Mean values of the vitamins in flours or rye bread with and without enzymatic treatment followed by a different superscript letter are significantly different at p < 0.05.
* e experimental value is different from calculated value (p < 0.05).
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treatment with an enzyme mixture containing b-glucosidase from
almonds did not increase pyridoxal and pyridoxine concentration
in the reference flour. The concentration of pyridoxamine could not
be adequately determined due to its very low retention under the
chromatography conditions used and low concentration.

For vitamins B2, B3 and B5 the certificated values for standard
material BCR 121 were not available and thus could not be
compared with our results.

The concentration of thiamine was the highest in steel cut rye,
whole grain rye flour and dark rye flour, remaining in the range of
235e246 mg/100 g DM. Fine rye flour andwheat flour contained less
free thiamine (185 mg/100 g DM). In red ryemalt andwhite ryemalt,
the concentration of thiamine (85 mg/100 g DM and 47 mg/100 g DM,
respectively) was significantly lower than in whole grain rye flour.

Adding the enzymes to the extraction medium increased the
concentration of thiamine up to 30%. The effect of enzymes was
statistically significant for steel cut rye, dark rye flour, white rye
malt, fine rye bread; however, it was not statistically significant for
whole grain rye flour, fine rye flour, red rye malt, and rye bread.

Notably, the expected concentration of thiamine in rye bread
(calculated based on the recipe and the respective thiamine content
in the ingredients used) was 60% higher than that determined
experimentally.

The concentration of riboflavin inwhole grain rye flour and steel
cut rye remained 82e96 mg/100 g DM, 67 mg/100 g DM in dark rye
flour, 50 mg/100 g DM in fine rye flour and 40 mg/100 g DM inwheat
flour. Enzymatic extraction increased the concentration of ribo-
flavin significantly (10e35%) in both rye flour and rye bread
samples. Notably, in wheat flour it was not possible to accurately
measure the concentration of riboflavin using enzymatic extraction
because of interfering peptides. The concentration of riboflavin in
the rye bread was 50 mg/100 g without and 89 mg/100 g with
enzymatic extraction. The theoretical riboflavin concentration,

predicted on the basis of recipe, in rye bread was 30% higher than
the experimentally measured concentration.

The concentration of pantothenic acid in steel cut rye (about
300 mg/100 g DM) was higher than in rye flours (122e241 mg/100 g
DM). The enzyme extraction of samples had no effect on pan-
tothenic acid concentration. The concentration of pantothenic acid
calculated from the recipe was similar to that determined
experimentally.

Similar to the results obtained on the reference sample, the sum
of pyridoxal and pyridoxine in the flours and breads was lower than
has been reported in the literature (Table 4). The concentration
of pyridoxal in flours and rye breadswas 8e31 mg/100 g DMand that
of pyridoxine was 24e115 mg/100 g DM. Applying enzymatic treat-
ment increased the concentration of pyridoxal and pyridoxine in the
flour samples to some extent, most likely due to the dephosphor-
ylation of corresponding phosphates. For malt samples, the enzy-
matic treatment had a more pronounced effect (up to 50e60%).
Recipe based contents of pyridoxine and pyridoxal in rye bread
were 36e59% higher than those determined experimentally, sug-
gesting that both vitamers were unstable during processing.

The concentration of nicotinic acid and nicotinamide in whole
grain rye flour and steel cut rye were about 250e300 and 15e50 in
mg/100 g DM, respectively. Notably, while the concentration of
nicotinamide increased with enzyme treatment, the concentration
of nicotinic acid decreased by a considerable extent. The concen-
tration of nicotinic acid in white and red rye malt was significantly
higher than that in flours: 650 and 1140 mg/100 g DM, respectively.
This can be explained by the increase of nicotinic acid concentra-
tion during malting. Interestingly, after rye bread processing the
nicotinamide concentration (430 mg/100 g DM) was significantly
higher than the theoretically calculated value (34 mg/100 g DM),
while the concentration of nicotinic acid did not change signifi-
cantly. This increase in the concentration of nicotinamide observed

Table 4
The concentration of B-complex vitamins and dietary fiber in flours and breads from different data sources.

Name Reference B1 B2 B3 B5 B6 Insoluble DF Soluble DF Total DF

mg/100 g of edible portion g/100 g of edible portion

Rye
Crushed rye grain Finnish food composition

database FINELI
280 100 ND ND 280 18.1 2.2 18.1

Rye kernels Danish Food Composition
Databank

359 152 1680 1340 234 e e 14.8

Rye USDA Nutrient Database
for Standard Reference

316 251 4270 1456 294 e e 15.1

Dark rye flour e e e

Dark rye flour Finnish food composition
database FINELI

300 200 400 e 160 10.8 2.1 9.4

85% extraction Danish Food Composition
Databank

330 82 e 430 e 10.5

Dark rye flour USDA Nutrient Database for
Standard Reference

316 251 4270 1456 443 e e 23.8

Medium rye flour 287 114 1727 492 268 e e 11.8
Fine rye flour
70% extraction Danish Food Composition

Databank
234 49 e 370 e 4.4

Light rye flour USDA Nutrient Database for
Standard Reference

287 90 800 492 234 e e 8

Rye bread
Rye bread, 51% rye Finnish food composition

database FINELI
150 120 600 e e 6.5 1.4 8.1

Rye bread 190 150 400 e e 8.5 1.6 11.0
Rye dark bread Danish Food Composition

Databank
191 69 850 600 161 e e 8.6

Rye dark, wholemeal bread 110 54 470 600 130 e e 6.1
Rye bread USDA Nutrient Database for

Standard Reference
434 335 3805 440 75 e e 5.8
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during rye bread processing can be attributed to lactic acid
fermentation.

Notably, compared to the 10 kGy irradiated control sample
without LAB the concentration of nicotinamide increased during
the fermentation of the flour by lactic acid bacteria (L. panis N915)
nearly 60 times and that of nicotinic acid and pantothenic acid
decreased about 3 and 1.7 times, respectively (Table 3). Such
changes were not observed during lactic acid fermentation for the
other vitamers.

4. Discussion

In sourdough fine rye breads, the experimentally measured total
dietary fiber was higher than that calculated on the basis of the raw
materials and the bread recipe. The increase in total dietary fiber
during bread processing has been observed previously. Johansson
et al. (1984) observed the increase of total dietary fiber content in
wheat and rye breads made from low extraction flour and found
that this was caused by the formation of resistant starch during
baking. The increase in soluble dietary fiber content during bread
processing observed in this work can be explained by the partial
conversion of insoluble fiber into soluble during rye flour fermen-
tation, scalding, as well as during leavening with yeast. Such
redistribution of dietary fiber forms by the activities of intrinsic
enzymes in rye flour (a e amylase, b e xylosidase, a e arabino-
furanosidase, b-glucanase, endo-xylanase and cinnamoyl esterase)
was also suggested by Boskov Hansen et al. (2002).

The decrease in the concentration of specific vitamers during rye
sourdough bread processing was significant for thiamine, riboflavin
and pyridoxine. In general, the loss of those vitamers during pro-
cessing, much like degradation at higher temperatures applied
during baking, was similar to that observed earlier (Batifoulier et al.,
2005, 2006; Martinez-Villaluenga et al., 2009). The lower concen-
tration of thiamine in the red and white rye malt than in grain can
be explained by losses of thiamine during the malt production
processes, where kilning at high temperatures with air-flow and
removal of dried sprouts reduce its content remarkably.

The nutritional databases report significantly higher vitamin B3,
B5 and B6 content in cereals than were determined in this work
(Tables 3 and 4). This could be due to various reasons. First, the data
in the databases derives from several sources and is usually
analyzed by different extraction and analysis methods. For
example, Kall (2003) showed that vitamin B6 content in foods

obtained with a microbiological assay and HPLC was systematically
different and the variance of the results depended mainly on the
extraction method and the sample matrix. Second, grains from
different geographic locations may vary in vitamer content.

In order to determine whether vitamin content determined in
the present work for the cereal products was affected by insuffi-
cient or unsuitable enzymatic activities of the enzymes in the
extraction solution, we studied the effect of enzyme preparations:
a-amylase, b-glucosidase, and acid phosphatase on the recovery of
thiamine, riboflavin, nicotinamide and pantothenic acid from their
different cofactors: TMP, TDP, FMN, FAD, NADþ, NADH, and CoA
(Table 5). More than 90% recovery of thiamine (from TMP and TDP)
and riboflavin (from FMN) was observed in case of all enzyme
preparations, suggesting their sufficient acid phosphatase and acid
pyrophosphatase activities. The a-amylase also had significant
proteolytic activity which could cause overestimation of riboflavin
in the case of flour samples (including the reference sample) due to
formation of peptides with similar m/z to that of riboflavin. This
was, in particular, the case for wheat flour riboflavin analysis where
the a-amylase treatment increased the riboflavin content by 20
fold. We have modeled the formation of possible peptide fragments
with [M þ H]þ ¼ 377.15 þ/� 0.5 Da from various wheat proteins
(gliadins, glutenins, avenin-like proteins) using the UniProt
program (www.uniprot.org) and ExPASy Bioformatics Resources
Portal (www.expasy.com) and analyzed their hydrophobicity and
retention time in a C18 reversed phase column. As a result, several
tetrapeptides, such as TSAV ([M þ H]þ 377.203), LSAS ([M þ H]þ

377.203), ISGT ([M þ H]þ 377.203), VCGV ([M þ H]þ 377.18), STGL
([M þ H]þ 377.203), and tripeptide QVM ([M þ H]þ 377.185) were
shown to be possible interfering compounds for riboflavin analysis.

The recovery of nicotinic acid and nicotinamide from NADþ and
NADH was less than 10%, even with treatment by enzyme prepa-
rations. This can be explained by the absence of purine nucleosi-
dase activities in the enzyme preparations used. This was also
strongly supported by the increased intensities of N-ribosyl nico-
tinamide peaks, observed in the mass spectrum of b-glucosidase
and a-amylase treated NADþ. Interestingly, instead of N-ribosyl
nicotinamide, N-ribosyl nicotinic acid was observed in the mass
spectra of NADþ treated with acid phosphatase (Table 5). N-ribo-
sylnicotinic acid was also found in enzymatic extracts of the cereal
samples. This observation could be evidence that our enzyme
preparations exhibit potato nicotinamide riboside deaminase
activity, which catalyzes the conversion of nicotinamide riboside

Table 5
Enzymatic activities and molar recovery (%) of vitamer subunits from Co-factors.

Acid phosphatase (0.12 mg/mL) b-Glucosidase (1.2 mg/mL) a-Amylase (5.0 mg/mL) 0.1 N HCl 121 �C

Proteolytic activitya 50 U/mg 0.12 U/mg 2804 U/mg e

Thiamine recovery, %
From TMP 101 88 95 10
From TPP 96 105 105 9

Riboflavin recovery, %
From FMN 98 102 92 6
From FAD 93 106 95 7

Nicotinamide recovery, %
From NAD 0 9 10 91
From NADH 6 4 13 6

Nicotinamide riboside recovery, %
From NAD þ(Nicotinic acid riboside) þ þ ND
From NADH þ(Reduced form of nicotinic acid riboside) þ(Reduced form) þ(Reduced form) ND

Pantothenic acid recovery, %
From Coenzyme-A 0 0 0 0

Pantetheine recovery, %
From Coenzyme-A þ þ þ NT

þ e identified in the mass spectra by the m/z ratio.
ND e not detected; NT e not tested.

a Protease (side) activity in the enzyme preparations used (expressed as BAEE units of trypsin).
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into nicotinic acid riboside (Katahira and Ashihara, 2009). Unfor-
tunately, due to the unavailability of nicotinamide and nicotinic
acid riboside standards, the recovery values of this vitamer from
NADþ could not be determined. Acid treatment (0.1 M HCl, 121 �C,
30 min) liberated 90% of nicotinamide from NADþ by cleavage of
the N-glycosidic bond. This can explain the higher values for niacin
reported in the literature since the standard method usually
involves the extraction in 0.1 M HCl at 100 �C for 60 min (EN
14663:2006). On the other hand, the ability of human GI to
utilize NADþ as vitamin B3 is unclear.

The concentration of nicotinamide increased with lactic acid
fermentation of the rye dough while that of nicotinic acid
decreased. This process cannot be related to direct conversion of
nicotinic acid into nicotinamide because this reaction is thermo-
dynamically irreversible under physiological conditions. According
to the KEGG metabolic pathways (www.kegg.com), nicotinic acid
(and NADþ) can be converted into nicotinamide by lactobacilli over
a series of enzymatic reactions. This microbial conversion, as well
as the acidic conversion of NADþ into B3 vitamers in the gastro-
intestinal tract (GIT) requires a separate study.

Pantothenic acid as a chemical compound could not be recov-
ered by enzymatic treatment from Coenzyme A. However, all
enzyme preparations resulted in liberation of pantetheine, which
has been shown to have vitamin B5 activity (Aguilar et al., 2008).
Again, due to the unavailability of isotope labeled pantetheine, the
vitamer recovery could not be taken into account which, in turn,
may have caused the underestimation of vitamin B5 (pantothenic
acid) content in our study.

The concentration of pyridoxine þ pyridoxal determined in our
work was more than 40% lower than the B6 content reported in
databases as well as for the reference material. The effect cannot be
explained by the fact that pyridoxamine could not be quantified
under the chromatographic conditions used because the content of
pyridoxamine in flour has been reported to be only 10e12% of the
total B6 content (Polansky and Toepfer, 1971). A more plausible
explanation for lower B6 content is poor hydrolysis of glycosylated
pyridoxine. The latter is common in grains and may account for as
much as 56% of total B6 inwheat cultivars (Sampson et al.,1995). It is
possible that, in contrast to the standard methods (EN 14663:2006)
which use the HCl extraction at 121 �C, the enzymemixture used in
this work was unable to convert 50-O-b-D-glucopyranosyl pyri-
doxine into pyridoxine. Notably, the pyridoxine glucoside serves as
a source of nutritionally available vitamin B6, with w50% bioavail-
ability relative to pyridoxine (Nakano et al., 1997).

5. Conclusion

Our results demonstrate that theoretical concentrations of
dietary fiber and vitamers calculated on the basis of raw ingredi-
ents can differ significantly from concentrations measured in baked
rye bread. We attribute this difference to biochemical and
microbiological processes that occur during bread making.

The LCeMS method we employ, combined with the stable
isotope dilution assay, is a promising method both for the simul-
taneous analysis of B-complex vitamins, and for studying their
stability during food processing. However, for a complete analysis
of the B-group vitamins in food using this method, additional
labeled vitamers or their precursors should be incorporated in the
internal standard solutions and/or extraction steps should be
further optimized.

Acknowledgments

This research was supported by the European Regional Develop-
ment FundprojectEU29994,EstonianMinistryofEducation (research

grant SF0140090s08) and by Estonian Science Foundation grant
G7112.Wearegrateful toDavidSchryer for revisionofourmanuscript.

References

Aguilar, F., Charrondiere, U.R., Dusemund, B., Galtier, P., Gilbert, J., Gott, D.M.,
Grilli, S., Guertler, R., Kass, G.E.N., Koenig, J., Lambré, C., Larsen, J.-C., Leblanc, J.-
C., Mortensen, A., Parent-Massin, D., Pratt, I., Rietjens, I., Stankovic, I.,
Tobback, P., Verguieva, T., Woutersen, R., 2008. Pantethine as source for pan-
tothenic acid added as a nutritional substance in food supplements. The EFSA
Journal 865, 1e20.

AOAC, 2000. Official Methods of Analysis of AOAC International. Method 923.03.
Determination of Ash. Gravimetric Method. AOAC International, USA.

Aura, A.-M., Myllymäki, O., Bailey, M., Penalvo, J.-L., Adlercreutz, H.,
Poutanen, K., 2007. Interrelationships between carbohydrate type, phenolic
acid and initial pH on in vitro conversion of enterolactone from rye lignans.
In: Salovaara, H., Gates, F., Tenkanen, M. (Eds.), Dietary Fibre Components
and Functions. Waageningen Academic Publishers, The Netherlands,
pp. 235e245.

Axelsson, L., 2007. Lactic acid bacteria: classification and physiology (Chapter 1). In:
Salminen, S., von Wright, A., Ouwehand, A. (Eds.), Lactic Acid Bacteria. Micro-
biological and Functional Aspects. Markel Dekker, Inc, NY, pp. 1e67.

Batifoulier, F., Verny, M.-A., Chanliaud, E., Remesy, C., Demigne, C., 2005. Effect of
different breadmaking methods on thiamine, riboflavin and pyridoxine
contents of wheat bread. Journal of Cereal Science 42, 101e108.

Batifoulier, F., Verny, M.-A., Chanliaud, E., Remesy, C., Demigne, C., 2006. Variability
of B vitamin concentrations in wheat grain, milling fractions and bread prod-
ucts. European Journal of Agronomy 25, 163e169.

Boskov Hansen, H., Andreasen, M.F., Nielsen, M.M., Larsen, L.M., Bach Knudsen, K.E.,
Meyer, A.S., Christensen, L.P., Hansen, A., 2002. Changes in dietary fibre,
phenolic acids and activity of endogenous enzymes during rye bread-making.
European Food Research and Technology 214, 33e42.

Buchholz, M., Drotleff, A.M., Ternes, W., 2011. Thiamin (vitamin B1) and thiamin
phosphate esters in five cereal grains during maturation. Journal of Cereal
Science 56, 109e114.

Cataldi, T.R.I., Nardiello, D., De Benedetto, G.E., Bufo, S.A., 2002. Optimizing sepa-
ration conditions for riboflavin, flavin mononucleotide and flavin adenine
dinucleotide in capillary zone electrophoresis with laser-induced fluorescence
detection. Journal of Chromatography A 968, 229e239.

Elleuch, M., Bedigian, D., Roiseuz, O., Besbes, S., Blecker, C., Attia, H., 2011. Dietary
fibre and fibre-rich by-products of food processing: characterisation, techno-
logical functionality and commercial applications: a review. Food Chemistry
124, 411e421.

EN 14663, 2006. Foodstuffs e Determination of Vitamin B6 (Including Its Glyco-
sylated Forms) by HPLC. The European Standardisation Committee, Brussels.

ExPASy Bioformatics Resources Portal. Swiss Institute of Bioinformatics. Retrieved
February 10, 2012 from ExPASy Bioformatics Resources Portal Homepage:
www.expasy.com

Hansen, H.B., Rasmussen, C.V., Bach Knudsen, K.E., Hansen, A., 2003. Effect of
genotype and harvest year on content and composition of dietary fibre in rye
(Secale cereale L.) grain. Journal of the Science of Food and Agriculture 83,
76e85.

Hauf, J., Zimmermann, F.K., Müller, S., 2000. Simultaneous genomic overexpression
of seven glycolytic enzymes in the yeast Saccharomyces serevisiae. Enzyme and
Microbiol Technology 26, 688e698.

Johansson, C.-G., Siljeström, M., Asp, N.-G., 1984. Dietary fibre in bread and corre-
sponding flours e formation of resistant starch during baking. Zeitschrift für
Lebensmittel Untersuchung und Forschung A 179 (1), 24e28.

Kall, M.,A., 2003. Determination of total vitamin B6 in foods by isocratic HPLC:
a comparison with microbiological analysis. Food Chemistry 82, 315e327.

Karppinen, S., Myllymäki, O., Forssell, P., Poutanen, K.F., 2003. Fructan content of rye
and rye products. Cereal Chemistry 80 (2), 168e171.

Katahira, R., Ashihara, H., 2009. Profiles of the biosynthesis and metabolism of
pyridine nucleotides in potatoes (Solanum tuberosum L.). Planta 231, 35e45.

KEGGeKyoto Encyclopediaof Genes andGenomes, Release 58, Retrieved February 15,
2012 from the KEGG Pathway Database: www.genome.jp/kegg/pathway.html.

Lee, S.C., Prosky, L., DeVries, J.W., 1992. Determination of total, soluble, and insol-
uble dietary fiber in foods e enzymatic-gravimetric method, MES-TRIS buffer:
collaborative study. Journal of the Association of Official Analytical Chemists 75,
395e416.

Leklem, J.E., 2001. Vitamin B6. In: Rucker, R.B., Suttie, J.W., McCormic, D.B.,
Machlin, L.J. (Eds.), Handbook of Vitamins, third ed. Marcel DeKker Inc, NY,
pp. 339e396.

Liukkonen, K.-H., Heiniö, R.-L., Salmenkalloo-Marttila, M., Autio, K., Katina, K.,
Poutanen, K., 2006. Rye. In: Hui, Yiu H., Corke, Harold (Eds.), Bakery Products:
Science and Technology. Blackwell Publishing, USA, pp. 109e122.

Martinez-Villaluenga, C., Michalska, A., Frias, J., Piskula, M.K., Vidal-Valverde, C.,
Zielinski, H., 2009. Effect of flour extraction rate and baking on thiamine and
riboflavin content and antioxidant capacity of traditional rye bread. Journal of
Food Science 74 (1), 49e55.

Mihhalevski, A., Sarand, I., Viiard, E., Salumets, A., Paalme, T., 2011. Growth char-
acterization of individual rye sourdough bacteria by isothermal microcalorim-
etry. Journal of Applied Microbiology 110 (2), 529e540.

A. Mihhalevski et al. / Journal of Cereal Science xxx (2012) 1e98

Please cite this article in press as: Mihhalevski, A., et al., Stability of B-complex vitamins and dietary fiber during rye sourdough bread
production, Journal of Cereal Science (2012), http://dx.doi.org/10.1016/j.jcs.2012.09.007

Publication IV 124



Nakano, H., McMahon, L.G., Gregory II, J.F., 1997. Pyridoxine-50-b-D-glucoside
exhibits incomplete bioavailability as a source of vitamin B-6 and partially
inhibits the utilization of co-ingested pyridoxine in humans. The Journal of
Nutrition 127 (8), 1508e1513.

Ottaway, P.B., 2002. The stability of vitamins during food processing. In:
Henry, C.J.K., Chapman, C. (Eds.), The Nutritional Handbook for Food Processors.
Woodhead Publishing in Food Science and Technology, UK, pp. 247e264.

Polansky,M.M., Toepfer, E.W.,1971. Effectof umigation onwheat in storage. Iii. Vitamin
B-6 components of wheat and wheat products. Cereal Chemistry 48, 392e396.

Rindi, G., Laforenza, U., 2000. Thiamine intestinal transport and related issues:
recent aspects. Proceedings of the Society for Experimental Biology and
Medicine 224, 246e255.

Roth-Maier, D.A., Kettler, S.I., Kirchgessner, M., 2002. Availability of vitamin B6 from
different food sources. International Journal of Food Sciences and Nutrition 53,
171e179.

Sampson, D.A., Eoff, L.A., Yan, X.L., Lorenz, K.L., 1995. Analysis of free and glycosy-
lated vitamin B6 in wheat by high-performance liquid chromatography. Cereal
Chemistry 72 (2), 217e221.

Uniprot e Universal Protein Resource.The UniProt Consortium, 2011. Ongoing and
future developments at the universal protein resource. Nucleic Acids Research
39, D214eD219. Retrieved February 10, 2012 from UniProt Consortium Home-
page. www.uniprot.com.

Wall, J.S., Carpenter, K.J., 1988. Variation in availability of niacin in grain products.
Food Technology 42 (10), 198e204.

A. Mihhalevski et al. / Journal of Cereal Science xxx (2012) 1e9 9

Please cite this article in press as: Mihhalevski, A., et al., Stability of B-complex vitamins and dietary fiber during rye sourdough bread
production, Journal of Cereal Science (2012), http://dx.doi.org/10.1016/j.jcs.2012.09.007

125 Publication IV





P UBLICATION V

Mihhalevski A, Paalme T

Application of isothermic calorimetry and dynamic viscosimetry
in studies of rye bread staling

Proceedings of the 4th International Congress on Flour - Bread, 7: 451-455, (2008)

127





129 Publication V



Publication V 130



131 Publication V



Publication V 132



133 Publication V



Publication V 134



135 Publication V





P UBLICATION VI

Mihhalevski A, Heinmaa I, Traksmaa R, Pehk T, Mere A, Paalme T,

Structural changes of starch during baking and staling of rye bread

Journal of Agricultural and Food Chemistry, 60(34): 8492-8500 (2012)

137





Structural Changes of Starch during Baking and Staling of Rye Bread
Anna Mihhalevski,*,†,□ Ivo Heinmaa,‡ Rainer Traksmaa,△ Tõnis Pehk,‡ Arvo Mere,○
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ABSTRACT: Rye sourdough breads go stale more slowly than wheat breads. To understand the peculiarities of bread staling,
rye sourdough bread, wheat bread, and a number of starches were studied using wide-angle X-ray diffraction, nuclear magnetic
resonance (13C CP MAS NMR, 1H NMR, 31P NMR), polarized light microscopy, rheological methods, microcalorimetry, and
measurement of water activity. The degree of crystallinity of starch in breads decreased with hydration and baking to 3% and
increased during 11 days of storage to 21% in rye sourdough bread and to 26% in wheat bread. 13C NMR spectra show that the
chemical structures of rye and wheat amylopectin and amylose contents are very similar; differences were found in the starch
phospholipid fraction characterized by 31P NMR. The 13C CP MAS NMR spectra demonstrate that starch in rye sourdough
breads crystallize in different forms than in wheat bread. It is proposed that different proportions of water incorporation into the
crystalline structure of starch during staling and changes in starch fine structure cause the different rates of staling of rye and
wheat bread.

KEYWORDS: rye sourdough bread staling, starch retrogradation, amylose, amylopectin, XRD, MAS NMR

■ INTRODUCTION
Rye sourdough bread is a traditional and popular bread in
northwestern Russia, the Baltic states, Finland, northern
Germany, and Denmark. In the Baltic states, rye bread is
industrially produced by mixing sourdough with flour, baker’s
yeast, and scalded flour, followed by leavening, molding,
proofing, and baking. Rye bread is a recommended dietary
product because it is a good source of nutritionally important
substances, including B-complex vitamins and dietary fiber.
Complex technology and relatively short storage time causes
the limitation of consumption of rye bread outside the
traditional areas of production.
The main factor that limits the storage time of breads is

staling, which is mainly a physical process in bread and other
starch-containing foods that reduces their palatability. Staling is
not simply a drying-out process due to evaporation; packing
bread hermetically does not prevent staling. Although the
precise mechanisms of staling remain unknown, most theories
are related to migration of moisture within the microstructures
of bread and structural changes in starch structure during
storage. During baking the temperature inside the bread
reaches 99 °C, during which starch granules swell, gelatinize,
and partly liquidize.1 After cooling, the crystalline structure of
starch during storage slowly recovers.2 This process is termed
starch retrogradation. Retrogradation is technologically im-
portant because it produces significant changes in properties
such as springiness, softness, and moistness of the crumb, which
are important in the sensory perception of bread.3 The rate of
bread staling depends on the recipe used and the storage
conditions, mainly temperature and humidity. During storage,
water migration from the crumb to crust occurs, which leads to

a decrease in water concentration and activity in the crumb4

and softening of the crust.5 However, water migration is not the
main reason for bread staling and starch retrogradation. It is
supposed that staling is caused mainly by retrogradation of
amylopectin.6 In starch, the short-chain nonbranched fraction
of amylopectin molecules is organized as small crystallites
formed from double helices.7,8

Linear molecules of amylase are apparently present in an
amorphous state in the starch granule.9,10 Amylopectin chains
are primarily responsible for the crystallinity of starch. It was
suggested that the branching points and intercluster con-
nections of amylopectin are located in the more amorphous
region.11

The crystalline structure of starch has been classified
according to X-ray diffraction patterns as A-, B-, or C-type.9

Typical cereal starches such as wheat and rye starches belong to
the A-type, in which crystals contain double helices that are
densely packed in a monoclinic lattice. The B-polymorph,
characteristic of potato starch, has double helices packed in a
hexagonal lattice with 27% hydration.12,13 Mixed C-type starch
is observed in legume starches.2

Also, starch−protein complexes are considered to be very
important in the development of the firmness of the crumb
during staling.14 In contrast to wheat gluten, the rye proteins
(secalins, prolamins) cannot take part in the formation of
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dough structure as a starch−gluten complex due to the lack of
low molecular weight glutenin subunits, and it is thus
impossible for intermolecular disulfide bonds to form.15 In
the case of rye bread, water-extractable arabinoxylans play an
important structural role, binding water and forming viscous
dough.16,17 The low pH of rye sourdough increases the
extractability and swelling properties of arabinoxylans and
inactivates amylase activity. The processes mentioned above
contribute to an increase in water-binding capacity.18 These
peculiarities might be why rye bread prepared with sourdough
stales more slowly than wheat breads.19

Also, scalding, a common procedure during bread processing
in several countries, might affect the rate of staling. Scalding is
the mixture of flour and hot water, which is allowed to cool.6

During scalding the starch is gelatinized and hydrolyzed partly
by endogenous enzymes or added malt. Siljeström and
coauthors20 showed that retrogradation of starch in bread
made from malted whole grain wheat flour was slower that that
in bread made from unmalted whole grain wheat flour.
The aim of this work is to study and characterize the

structural changes of starch in rye sourdough bread during
baking and staling by comparing rye and wheat starch as well as
bread structures during processing.

■ MATERIALS AND METHODS
Dough Ingredients. Lactic acid bacteria strains Lactobacillus

plantarum L-73 and Lactobacillus brevis L-62 (freeze-dried) were kindly
provided by Lallemand Inc. (Montreal, Canada) and used for the
production of sourdough. Fresh baker’s yeast (sp. Saccharomyces
cerevisiae), used for bread dough leavening, was obtained from a local
market.
Dark rye flour (type 1370) and wheat flour (W550) were obtained

from the Tartu Grain Mill Ltd. (Estonia). Fermented (red) and
unfermented (white) rye malts were obtained from Eesti leivalinnase
Ltd. (Võru, Estonia). Sugar, margarine, milk powder, and salt were
obtained from a local market.
Starches.Wheat, corn, and potato starches, amylose from potatoes,

and amylopectin from maize were obtained from Sigma-Aldrich
Chemie GmbH (Steinheim, Germany). Dimethyl sulfoxide (DMSO-
d6) was also obtained from Sigma-Aldrich.
Rye starch was isolated from fine-ground rye flour by alkaline

extraction.21 Rye flour was suspended in tap water and 0.5% NaOH in
a ratio of 2:7:7, stirred for 60 min, and centrifuged at 3000 rpm for 10
min. The sediment was washed with water and centrifuged again. The
procedure was repeated two times, neutralized with 0.1 N HCl, and
centrifuged. The upper grayish layer was removed, and the white
starch was washed with water and centrifuged again. The isolated
starch was air-dried overnight and sieved trough a 250 μm sieve.
Baking. Rye sourdough breads were prepared in a laboratory from

sourdough starter culture, rye flour, scalded flour, and yeast
suspension. Sourdough was prepared according to method described
by Mihhalevski and coauthors22 by mixing 225 g of the dark rye flour
and a bacterial suspension made from a mixture of L. brevis L-62 and L.
plantarum L-73 (in a ratio of 1:1, 5 × 106−5 × 107 cfu mL−1) in 0.5%
of NaCl to a 1:1 ratio in Stomacher 400 circulator (Seward Ltd., UK)
bags for 15 min at 100 rpm and then incubated in the stomacher bags
in an Environmental Test Chamber (Sanyo, Japan) at 32 °C during 24
h.
Scalded flour was made by mixing 239.5 g of rye dark flour and 16.5

g of red rye malt into 810 mL of warm (55 °C) tap water in a 2 L
temperature-controlled kettle equipped with a refrigerated/heating
circulator (Julabo F25, Seelbach, Germany). After 15 min of mixing,
rye white malt was added. This mixture was heated to 67 °C, and after
saccharification during 40 min, it was cooled to 27 °C.
Sourdough (450 g) was mixed with scalded flour (1100 g), rye dark

flour (1200 g), 30 g of yeast suspension (20% dry weight), and 120 g
of 24% salt solution during 20 min in a 5 L Bear Teddy dough mixer

(Varimixer, Shreveport, LA, USA) at 100 rpm. Dough fermentation
occurred in the Environmental Test Chamber at 32 °C during 110
min. Dough was molded into 400 g portions, put into baking molds
(8.5 × 15 × 9.5 cm), proofed in the Environmental Test Chamber at
32 °C during 45 min, and baked in a Self Cooking Center (Metos
System Rational, Weikersheim, Germany) as follows: 10 min, 230 °C;
15 min, 200 °C; 15 min, 180 °C; 10 min, 150 °C. The bread was taken
from the oven and cooled to room temperature in a laminar flow
cabinet under UV light (Telstar, Terrassa, Spain), sealed aseptically
into plastic bags, and stored at room temperature.

Wheat bread was made by mixing 50 mL of yeast suspension (20%
DM) with sugar (14 g), wheat flour (300 g), margarine (10 g), milk
powder (15 g), salt (5 g), and water (110 mL). Molded dough pieces
were proofed for 20 min at 32 °C and baked for 30 min at 220 °C.

Microbaking. Starch−water or flour−water mixtures with 42%
water content (similar to wheat and rye dough water content) were
prepared for baking simulations. A small amount of dough or starch−
water suspension was baked according to a temperature profile that
simulates the baking profile inside the bread. The temperature profile
was recorded during bread baking using a Data Logger (Onset, Cape
Cod, MA, USA). Microbaking trials were carried out using three
different methods: (i) in the 3 mL microcalorimeter vials in a
thermostat; (ii) between plates (25 mm, gap of 2 mm) of a dynamic
rheometer, Physica MCR 301 (Anton Paar, Ostfildern, Germany); (iii)
between the object-plate and cover-glass, glued by silicone to
hermetically seal the sample, in a thermostat VEB MLW U2C
(Prüfgeraẗe-Werk, Medingen, Sitz Freital, Germany).

To determine the heat flows after baking, vials were placed into an
isothermal microcalorimeter TAM III (TA Instruments, New Castle,
DE, USA) at 20 °C for 200 h. The power−time (P−t) curves of
samples were measured in 15 min intervals starting at 1 h after
microbaking.

The storage modulus (G′, kPa) of dough and starch samples during
microbaking in the rheometer was measured using an oscillation test at
a frequency of 1 Hz, a normal force of 1 N, and a strain of 0.01−10%.

Sample Preparation. Fresh-baked hot breads (0 h) were sliced in
a laminar flow cabinet under UV light, packed aseptically in plastic
bags, sealed hermetically, and stored at 22 °C and 95% relative
humidity for 11 days for further analysis. After slicing at 0 h
(immediately after removal from the oven) and storing for 5 h or 11
days, the bread samples were flash cooled in liquid nitrogen, freeze-
dried, and ground (particle size = 0.25 mm).

The total starch in the dough and bread samples was determined
using an amyloglucosidase/α-amylase assay kit from Megazyme
International Ltd. (Bray, Ireland). Three milliliters of thermostable
α-amylase (3% in 3-(N-morpholino)propanesulfonic acid (MOPS)
buffer, 50 mM, pH 7.0) and 200 μL of ethanol (80%) were added to
sample (100 mg). The tube with mixture was placed in a boiling water
bath for 6 min with stirring after 2 and 4 min. Sodium acetate buffer (4
mL, 200 mM, pH 4.5) and amyloglycosidase (100 μL) were added to
the mixture, and the sample was incubated at 50 °C for 30 min. After
incubation, the sample was diluted to 100 mL and centrifuged (3000
rpm, 10 min). After the addition of 10 μL of supernatant to 3 mL of
glucose determination reagent (GOPOD) and incubation at 50 °C for
20 min, the mixture’s absorbance was measured at 510 nm.

Moisture content was measured at 105 °C using a Halogen
Moisture Analyzer HR 83 (Mettler Toledo, Urdorf, Switzerland).
Water activity was measured using a Water Activity Meter FA-st LAB
(GBX, Bourg de Peage, France).

XRD Analysis. The crystallinity of flours, starches, and freeze-dried
and ground bread samples was studied by wide-angle X-ray diffraction
(XRD) measurements using an X-ray diffractometer Ultima IV
(Rigaku, Tokyo, Japan). The diffractometer settings were as follows:
line detector D/tex Ultra, copper tube operating at 40 kV and 40 mA,
and irradiation of the sample with Cu Kα radiation (1.541 Å) using a
Ni filter to restrain Kβ radiation. Diffractograms were acquired at 25
°C over a 2θ range of 6−50° with a measurement speed of 5°/min.
The step size was 0.02°.

The degree of crystallinity (DC, %) was determined according to
method described by Ribotta and coauthors23
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where IC is the integrated area of the crystalline phase and IA is the
integrated area of the amorphous phase. Data analysis was performed
using the programs EVA and TOPAS 4.2 (Bruker).
NMR. 13C CP MAS NMR spectra were recorded on a Bruker

AVANCE II 600 MHz spectrometer using a 14.4 T external magnetic
field and custom-built MAS probe for 4 mm rotors. The sample
spinning speed was 15.0 kHz, and typically 10000 accumulations were
averaged to obtain a reasonable signal-to-noise ratio. For all samples
we applied a contact time of 0.5 ms for cross-polarization and a
relaxation delay of 5 s between accumulations. All spectra were
referenced to solid adamantane resonance lines at 29.46 and 38.48
ppm.24

1H and 13C NMR spectra of amylose (9 mg dissolved in 300 mg of
DMSO-d6) and amylopectin (7 mg dissolved in 300 mg of DMSO-d6)
model compounds were obtained in a Bruker AVANCE III 800 MHz
spectrometer at a temperature of 313 K. To fit the obtained NMR
spectra, the TOPSPIN program from Bruker was used.

31P NMR spectra of starches dissolved in DMSO-d6 were recorded
on a Bruker AVANCE III 800 spectrometer at a frequency of 324
MHz (ambient temperature). H3PO4 (85%) resonance (at 0 ppm) and
egg yolk phosphatidylcholine were used as external references.
Microscopy. Starch and dough samples were observed using a

polarized light Nikon Eclipse E200 microscope (Tokyo, Japan) with
400× magnification and analyzed using the picture image analysis
program ACT-2U. The micrographs were made before heating, after
heating, and during storage for 7 days.

■ RESULTS
Microbaking. The effects of baking and storage on dough

and starch water suspensions were studied using microbaking
techniques. The contents of starch were 76.11 ± 1.01 g/100 g
DM for wheat flour and 65.96 ± 1.77 g/100 g DM for rye flour.
Lenticular and spherical granules with a diameter of 2−40

μm were observed on microscope slides of hydrated rye starch,
wheat starch, amylopectin, and rye dough (Figure 1). The rye
starch granules were larger than those of amylopectin and
wheat starch, observed also by Gomand and coauthors.25 The
form of a Maltese cross indicates orderly arrangement of the
crystalline areas within each granule.9 The pictures after heating
to 99 °C showed losses of the Maltese cross pattern, which
indicates that disordering processes related to starch gelatiniza-
tion occurred. In the case of amylopectin isolated from maize,
the structures containing Maltese cross formations were
restored, whereas in the case of baked rye and wheat starch
the longish structures appeared on the micrographs after
cooling. During storage, the intensity of brightness of those
structures increased, probably due to the crystallization
processes. The longish structures were not observed on
micrographs of pure amylopectin or amylose. The effect can
be related to leakage of amylose from the starch granule. The
increase in intensity of those structures from starch during
storage might be related to the change of crystallinity and
rheological properties during storage of bread. Hug-Iten and
coauthors26 suggested that the reorganization of the intra-
granular amylose fraction enhances the rigidity of starch
granules on bread staling.
Changes in the viscoelastic properties of starches and dough
were studied using baking between rheometer plates. The
viscoelastic profiles of rye and wheat starch showed significant
differences during the first stages (Figure 2). With an increase
in temperature, the storage modulus (G′) increase of pure
wheat starch started at 40 °C and that of pure rye starch at 45
°C. With further increase of temperature over 55 °C the G′

decreased. This is probably due to liquidation of the starch gel.
In the case of wheat and rye dough, the increase in G′ was

Figure 1. Polarized light micrographs of potato amylose−, maize
amylopectin−, wheat starch−, rye starch−water suspensions and rye
dough before and after microbaking and storage. Bar = 20 μm.

Figure 2. Viscoelastic properties of starch−water suspensions and
dough during baking and cooling between rheometer plates.
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observed at temperatures around 65 °C, whereas the storage
modulus of pure starch decreased. The difference can be related
to the effects of the dough matrix protecting starch from
hydration and damage.
The behavior of wheat and rye dough was different during

holding at 95 °C. In the case of rye dough the G′ rather
decreased, whereas in the case of wheat dough G′ increased to
550 kPa. The difference may be related to the formation of a
gluten network in wheat dough. Upon further cooling from 80
to 20 °C the G′ increased for both doughs to equal extent,
about 250 kPa. The process can be related to gel formation
from liquidized starch, protein, or arabinoxylans. The increase
in G′ was not observed in pure starch samples. The decrease in
G′ of both doughs during holding at 20 °C may be explained by
continuous mechanical stress to the samples.
Power−time curves were measured in starch suspensions and
dough samples heated to simulate baking. The heat flow (μW/g
of starch) was lower in rye starch and rye dough than in wheat
starch and dough during the period of 2−48 h after baking.
This might be related to different rates or intensities of phase
transition processes (crystallization and glass transition) in rye
and wheat dough after baking. Silverio and coauthors27

suggested that the heat flow during the first 5−10 h is related
to the amylose crystallization.
Wide-Angle X-ray Diffraction. Figure 3 provides wide

angle X-ray diffractograms of rye, wheat, corn, and potato

starches, maize amylopectin, and potato amylose. A high degree
of similarity is observed between rye starch, wheat starch, and
amylopectin isolated from high-amylopectin maize. Peaks at
15.3, 17, 18.5, and 23.1° (2θ) correspond to the A-type starch
pattern8,28 and are clearly present in the spectra of Figure 3.
The native corn starch sample (40% amylose) has an XRD
pattern similar to B-type starches characteristic of potato starch
(not shown), having peaks around 17, 20, and 22−23°
(2θ).29,30

The peaks characteristic to amylose preparation from potato
had 2θ values of 27.4, 31.7, and 45.5° (Figure 3) and
additionally 56.5, 66.3, and 75.3° (2θ) (not shown).
The A-type rye and wheat starch pattern became weaker after

flour hydration during dough making and disappeared after
baking (Figure 3). The XRD spectra of fresh rye and wheat
breads (not shown) were almost identical and showed both the

maximum at 20.1° and small peaks at 13.4°. The peaks at 13.4°
and 20° (2θ) are reported to be typical for cocrystallized Va-
type (anhydrated) amylose as single helices with alcohols or
fatty acids.31,32,3 Those structures may correspond to bright
longish structures seen in Figure 1. With bread aging, the peaks
around 15, 17, and 23° (2θ) reappear and a new peak appears
at 7° (2θ) (Figure 3) in all bread samples studied. The typical
A-starch double XRD pattern at 17 and 18° (2θ) in flour and
dough changed after baking and storage into a single peak at
17° (2θ) for both wheat (not shown) and rye breads. The
peaks at 15.0, 17.0, 22.2, and 24.0° (2θ) are characteristic of the
B-type crystalline phase, which might include water in the
crystalline structure.23 Diffraction peaks that appear at 8, 13,
and 20° (2θ) characterize a 6-fold single-helix structure (V6),
whereas a 7-fold helical polymorph is characterized by peaks at
7, 12.5, and 18.5°, and the V8 structure is characterized by
peaks at 17 and 22° (2θ).33

The crystallinity of wheat and rye flour, starch, dough, and
bread was calculated from their diffractograms. The degree of
crystallinity of starch in fresh rye bread (Table 1) increased

from 3 to 21% in 11-day-old bread and in wheat bread
increased from 3 to 26%. The degree of crystallinity of the
bread starch fraction increased during rye bread staling up to
60% for rye bread and up to 80% for wheat bread. Using
hetero- (L. brevis) or homofermentative species (L. plantarum)
for sourdough fermentation did not affect the rye bread XRD
pattern after storage (Figure 3).

Proton-Decoupled 13C NMR and 31P NMP Spectra of
Starches. The chemical structure of rye and wheat starch was
studied using 13C and 31P NMR. In linear amylose molecules
only six peaks corresponding to the different glucose carbons
appear in the proton-decoupled 13C NMR spectra (Figure 4A).
In the spectra of amylopectin, rye starch, and wheat starch we
observe several smaller signals at all six carbon positions in
addition to the C1−C6 signals of linear amylose and the linear
part of amylopectin. For example, in addition to the main signal
for the C4 glucose unit in rye starch, five smaller signals with
comparable intensities are visible (Figure 4B). The peaks
belong to the carbons of amylopectin in glucose units at the
terminal ends, branching units, and units linked through (4→
1)-α, (1→4)-α, (6→1)-α bonds to the branching glucose
molecules. Using 2D methods (1H−1H COSY, HSQ, HMBC)
these six signals are sorted out. These primed signals in Figure
4 belong to (1→4)-linked α-D-glucopyranosyl units with free 4-
OH groups attached through C4 from branched amylopectin

Figure 3. X-ray diffractograms of starch fractions, starches, flour,
dough, and breads (1, amylose from potato; 2, amylopectin from
maize; 3, rye starch; 4, rye flour; 5, rye dough; 6, rye bread, 0 h; 7, rye
bread made from mix, sourdough, 11 days; 8, rye bread made from L.
plantarum, 22 days; 9, rye bread made from L. brevis, 22 days).

Table 1. Degree of Crystallinity of Starch Fractions, Starch,
and Bread Samples

sample degree of crystallinity, %

amylopectin from maize 25
amylose from potato 41
corn starch 25
potato starch 29
wheat starch 20
rye starch 20

rye wheat
flour 18 23
dough 14 20
bread, 0 h 3 3
bread, 5 h 9 9
bread, 11 days 21 26
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end units. Exceptional positions a of the 4′ carbon signal at 70
ppm and a corresponding 4′ proton signal at 3.08 ppm (data
not shown) are useful reference signals for the determination of
degree of branching in starches. There are two different types of
C6 carbons in starch glucose units: free side-chain CH2OH
groups and (1→6)-α-CH2O-bridge groups. Despite this, 13C
signals of both types resonate within a narrow 0.4 ppm interval
at 60 ppm. The only outstanding 13C signal in this region is C6
from a terminal glucose unit with a free 4-OH group.
Diastereotopic protons at this C6 have a comparatively strong
chemical shift difference.

The 13C NMR spectra of rye and wheat starch (Figure 4A)
are very similar, and only some differences in the intensities of
carbons corresponding to terminal glucose units (C′)
compared those of the linear part (C) are observed. This can
be caused by differences in amylose content and/or branching
degree and chain lengths of amylopectin. By comparison of the
signal intensity of primed carbons to all carbons of amylopectin,
it can be calculated from the C1 signal that the percentage of
terminal glucose units with a free 4-OH group in amylopectin
was 10% and that in wheat and rye starches was 8%. The

Figure 4. 13C NMR spectra of amylose, amylopectin, and wheat and rye starches (A) and 1H-decoupled 200 MHz 13C NMR spectra of rye starch
(B) in DMSO-d6 solution at 313 K. Carbon signals from end glucose units of branches are primed.
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spectra suggest that, like amylose content, amylopectin
structures (Figure 5) in rye and wheat starch are very similar.
31P NMR spectra of different starches are given in Figure 6.
The significant difference observed between wheat and rye

starches can be caused by different compositions of the starch
granule membrane, the phospholipids, and phosphate mono-
esters34 or incorporated amylose−lipid complexes of rye and
wheat starch.11,35 Most of the cereal starch lipids in amylose−
lipid complexes are lysophospholipids. Wheat starch contains
70% lysophosphatidylcholine, 20% lysophosphatidylethanol-
amine, and 10% lysophosphatidylglycerol.36 Finnie and
coauthors37 reported that wheat starch contains phosphatidyl-
choline (70%), lysophosphatidylcholine (12%), phosphatidyle-
thanolamine (8%), and phosphatidylglycerol (5%) located on

the surface of wheat starch. Other phopholipids (lysophospha-
tidylglycerol, phosphatidylinositol) were reported to form 1−
2% of the total phospholipid content in starch surface.

13C Cross-Polarization Magic Angle Spinning Nuclear
Magnetic Resonance (13C CP MAS NMR). 13C CP MAS
NMR was used in parallel with XRD to study the changes in
starch structure during baking. Although the lines of starch in
solid phase 13CP MAS NMR spectra (Figure 7B) are much
broader than those dissolved in DMSO (Figure 4), significant
changes in peak intensities corresponding to amylopectin
carbons C1 (90−110 ppm) and C6 (63−60 ppm) during bread
processing and storage are observed. Several changes in the C2,
C3, and C5 (69−78 ppm) region, especially at 73.8−74.4 ppm,
corresponding to the C3 and C4 (82 ppm) area are also
observed.
Decomposition of the C1 and C6 resonances (Figure 7B)

was carried out to better interpret differences and changes in
the crystalline, semicrystalline, or amorphous structure of starch
during rye bread baking and storage. The C1 region at 110−99
ppm was decomposed to five peaks (A−F), and the C6 region
at 63−59 ppm was decomposed to three peaks (C6-H, C6-I,
C6-J). peak A (103 ppm) in the C1 region is typical of the V-
type single helix38−41 with eight glucose cycles per turn31 and
the amorphous content (junction points of amylopectin double
helices).38−41 Peak A dominates in both the amylose and bread
spectra. For amylopectin, the proportion of peak A was about
30% and that in starch and breads was 40−50%. The difference
can be related to 22−25% amylose content in starch. In
addition, rye and wheat starches and flour spectra displayed
three peaks the in C-1 region: 101.5 (peak B), 100.5 (peak C),
99.5 (peak D) ppm are common to amylopectin (Figure 7) and
correspond to three nonidentical sugar residues.41 Peaks C and

Figure 5. Schematic structure of amylopectin amorphous lamella region with 13C and 1H NMR signals. Primed numbers correspond to the carbon
atoms of the end glucose units.

Figure 6. 31P NMR spectra of starches (dissolved in DMSO-d6). Egg
yolk PC, egg yolk phosphatidylcholine (as reference).
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D are characteristic of crystalline B-type double helices and
correspond to two nonidentical sugar residues,41 peak E can be
related to the glucose units near α-(1→6) linkages within the
branched regions, and peak F can be associated with
constrained linkages.11,31,38,41

During baking of wheat and rye dough, the change in relative
intensity of line A during baking and storage is not observed.
Common to both of these breads during baking is an observed
decrease in signal intensity in the region related to the
crystalline structure (102−99 ppm, peaks B, C, and D) and an
increase in relative intensity of the broad peak in the range of
98−96 ppm, which corresponds to a noncrystalline region.
During staling, the area of this region decreased and that of the
crystalline region (101−99 ppm) increased (Figure 7A).
During staling of rye and wheat bread, the rye bread displayed
a maximum at 99.3 ppm, whereas wheat bread displayed its
maximum at 100.1 ppm. This suggests that these breads display
differences in starch retrogradation.
NMR spectra showed changes during baking and storage also

in the C6 region. Rye and wheat flour and starch all had a
dominating peak at 62 ppm (Figure 7A). Upon baking, the

maximum of the peak split and shifted from 62 to 61 ppm.
During staling, the C6 peak became sharper again and obtained
a maximum intensity at 62 ppm in both rye and wheat breads
(Figure 7A). The effect can be explained by loss and
reformulation of crystalline structure during baking and staling,
respectively.
Additionally to the C1−C6 region, peaks at 173.6, 171.5,

160.6, 129.6, 106.1−109, 40.2, 31.5, 30.7, 25.1, and 21.6 ppm
are observed in the MAS NMR spectra of bread (Figure 7A).
The peak at 106.1−109 ppm (C1-G) is observed only in rye
flour and bread, not in starch. The C1-G line recorded at 108
ppm in flour peaked at 109.1 ppm in rye bread and then shifted
to 107 ppm during storage. This is probably explained by the
presence of cellulose (1−3%)42,43 or mixed-linkage (1→3)(1→
4)-β-D-glucans (1.5−2.5%)44,45 in dark rye flour.

■ DISCUSSION
The main fundamental questions are (1) what are the
mechanisms causing the staling of bread and (2) what causes
the differences in staling between wheat bread and rye
sourdough bread. The recrystallization of starch is one of
most important components affecting staling.3,6

Supposing that after gelatinization of starch during baking,
the amylose and amylopectin start to crystallize in hydrated
forms (for example, Vh or B-type) that contain about 30%
water.11 A considerable amount of water (15 g/100 g of bread)
can be removed from the crumb amorphous phase into the
crystalline structures from starch during bread storage. This
reduction in water content in the amorphous bread structures
can explain the dry mouthfeel in aged breads. According to
XRD analysis an increase in the degree of crystallization occurs
(Table 1). Taking into account a crystallinity change of 18%
during staling, it can be calculated that about 3 g of water/100 g
of bread can be bound into the crystalline structures of starch.
That makes all together about 7.5% of water in bread, which
might cause both the observed dry mouthfeel and an increase in
bread firmness during storage.
The main question is whether the starch crystallizes out in

hydrated forms in amounts sufficient to explain the staling.
Comparison of X-ray spectra (Figure 3) as well as 13C MAS
NMR spectra (Figure 7) of flour and 11-day-stored bread
revealed clear differences in the patterns of flour and bread.
This can partly be explained by recrystallization of the starch in
hydrated crystalline forms.3,41 The XRD spectra of aged bread
resembles more water-containing B-type potato than A-type
wheat and rye starch spectra, suggesting that the B-type is
preferred in aged bread. The development during storage of a
B-type pattern in the crumb has been suggested also by Primo-
Martin and coauthors.3

A water content >43% leads to the development of a B-type
pattern, whereas a water content <29% leads to an A-type
pattern.46 The water content in rye bread was 42% and that in
wheat bread, 39%. This difference in water content can partly
explain the different patterns of C1 region in 13C MAS spectra.
The decrease in water activity expected during crystallization

in chemically bound forms is not being observed in this study.
This might be explained by slow sensitivity of water activity to
soluble compound concentration in the noncrystalline phase
and parallel processes such as glass transition that could occur
during staling. Incorporation of water from the bread crumb
into the crystalline structures of starch during bread storage will
increase the concentration of solubles in bread and can also
initiate the transition from a rubber into a glassy state, which

Figure 7. 13C CP MAS NMR spectra of rye and wheat bread (A) and
amylopectin with decomposition of resonances, amylose, rye starch,
flour, and bread (B). Interpretations of the individual components:
C1-A (102.9−103.2 ppm), amorphous region of amylopectin
(branching points) and V-type single helix; C1-B (101.4−101.5
ppm), double helices; C1-C (100.1−100.5 ppm), double helices; C1-
D (99.1−99.8 ppm), double helices; C1-E (96.4−97.7 ppm), glucose
units near α-(1→6) linkages within the branched regions; C1-F
(93.8−94.7 ppm), associated with constrained linkages; C1-G (106.9−
109.1 ppm), C1 of rye cellulose.
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might explain the increase in firmness and storage module
during bread staling.47

The structural differences during starch retrogradation of rye
and wheat bread are relatively small, probably because of the
high similarity of the chemical structures of wheat and rye
starch. Significant differences in the 13C NMR spectra of rye
and wheat starch dissolved in DMSO were not observed.
Analyzing the well-resolved C-1 and C-4 areas in starch spectra,
we observed five additional lines with almost equal intensity
besides all of the major lines corresponding to the amylase type
structure. We are able to designate only terminal glucose unit
carbons; three others belong to carbons linked directly to the
branching glucose unit of amylopectin, and one belongs to the
branching unit itself.
As the percentage of branching glucose units is calculated

from 13C NMR spectra of amylopectin is 10%, the branching
region in amylopectin takes 5 × 10 = 50% of the glucose units.
Taking into account that the average chain lengths of rye and
wheat amylopectin are 20−22 and 23, respectively,25 about 2.5
medium glucose cycle chains per 10 branching glucose cycles
can be calculated according to the structure postulated in
Figure 5.
Overall, the results show that regardless of the type of rye

and wheat, the A-type starch chemical structure is very similar,
and they transform after baking into hydrated crystalline forms
during storage. However, some differences in the staling
process were observed. According to 13C NMR the major
crystallites that formed during staling were different and the
relative crystallinity of starch in rye sourdough bread is less and
increases more slowly than in wheat bread. This can be related
to differences in starch structures (phospholipids, granule size),
protein matrix, content of water, and pH, as well as the scalding
of flour.
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Abstract

Rye and wheat are the major cereals consumed by people of northern and eastern Europe. However, it has become important to

widen the use of cereal products. Attempts have been done to adapt western triticale cultivars to northern growing conditions.

Serious investigations of triticale bread commenced as late as in 1997 in Estonia. The first attempts to grow the triticale cultivars

Modus, Dato, Presto, SV 92280 in Estonian conditions have been successful. They are productive, resistant to leaf and stem rust,

powdery mildew, and with good grain quality.

The aim of this work was to investigate the bread-making quality of western winter triticale cultivars grown in Estonia. The

following grain quality parameters were estimated: grain protein content, SDS-sedimentation, falling number, water absorption,

bread loaf volume.

HMW glutenin subunit composition, which was used to predict the baking quality, was determined by sodium dodecyl sulphate–

polyacrylamide gel electrophoresis (SDS–PAGE). Seven different alleles were revealed in the set of 12 triticale cultivars. The best

cultivars had HMW glutenin subunits 2� encoded by the Glu-A1 locus, 7+26 and 7+19 encoded by the Glu-B1 locus.

� 2004 Elsevier Ltd. All rights reserved.

Keywords: Hexaploid triticale; Grain and bread-making quality; SDS–PAGE; HMW glutenin subunits

1. Introduction

The hexaploid triticale (�Triticosecale Wittmack)

(AABBRR) created by crossing species of wheat (Triti-

cum) (AABB) and rye (Secale) (RR) combines the

properties of both parental cereals. Triticale has the high

yield potential and grain quality of wheat and the re-

sistance to pathogens of rye. When compared to wheats,
modern hexaploid winter triticale cultivars show higher

yields and good adaptation to northern environments.

Their flour is rich in proteins (average 14–15%), sug-

gesting a promising use for the production of human

foods (T€aht et al., 1998; Varughese, Pfeiffer, & Pe~na,
1996).

The good growing areas for triticale are Middle and

South Europe – Germany, the Czech Republic, Poland,

Austria, Portugal (Igrejas, Guedes-Pinto, Carnide, &

Branlard, 1999; Lafferty & Lelley, 2001; �Sa�sek et al.,

1988; Weipert, 1996; Wolski, 1986), USA (Varughese

et al., 1996), Canada (Bushuk & Larter, 1980), Australia

(Cooper, 1986), and Greece (Doxastakis, Zafiriadis,

Irakli, Marlani, & Tananaki, 2002).

Estonia belongs to northern countries where it is still

possible to cultivate rye, wheat, and triticale. The prob-
lems are caused by Estonian climate (cool, moist, rainy) –

crops have unstable yields and low quality. Systematic

investigation of triticale as a perspective food-fodder and

technical culture was initiated in Estonia by the Estonian

Agricultural University and Tallinn Technical University

in 1995 (Laur, Jaama, Kasearu, & Voorem€ae, 1997). In
1996 and 1997 a field trial with cultivars originated from

Germany and Sweden was carried out at the J~ogeva Plant
Breeding Institute with the cultivars Modus, SV 92280,

Dato and Vision, and 9 breeding lines (Tupits & Kukk,

1999). The trials showed that the cultivars of triticale had

yielding capacity exceeding that of wheat and rye ones,

*Corresponding authors.

E-mail addresses: maimu.tohver@mail.ee (M. Tohver), Kriss38@

hot.ee (R. T€aht).
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and medium winter hardness in Estonian climatic

conditions.

The quality of kernel is a complex of physical and

chemical characteristics whose expression depends on

their genetic nature and influence of environment (Jo-
hansson, 2002; Johansson&Svensson, 1998).Methods of

predicting genetically better cultivars and breeding lines

are of great importance. The investigation of storage

proteins of cereals by methods of electrophoresis is a

useful tool for these purposes. Various allelic variants of

the genes for the high-molecular-weight subunits of glu-

tenin are particularly important for determining wheat

gluten and dough elasticity (Payne, 1987; Shewry, Popi-
neau, Lafiandra, & Belton, 2001) using for these purposes

only half a kernel and being as predictors of grain quality.

The verified correlations between bread-making quality

and occurrence of specific HMW subunits of glutenin

have been taken advantage of by wheat breeders, using

SDS–PAGE of proteins as screening test for bread-

making quality (Johansson, Svensson, & Heneen, 1995).

The variation in high-molecular-weight glutenin subunit
composition has been reported to account for up to 70%

of the variation in breadmaking quality of European

wheats (Branlard & Dardevet, 1985).

In hexaploid wheat (Triticum aestivum L.) the HMW

glutenin subunits are encoded by genes located on

chromosomes 1A, 1B, and 1D, in hexaploid triticale - on

chromosomes 1A, 1B, and 2R. In the investigation of

the Glu-1 alleles (Brzezinski & Lukaszewski, 1998) it was
shown that the gene pool of hexaploid winter triticale

contains relatively high proportion of the Glu-1 alleles,

which correlates well with good bread-making quality.

During the mixing of wheat or other cereal flour with

water to make dough, proteins form gluten that is the

basis of dough functionality. Gluten can be divided into

two groups – gliadins and glutenins, which together

confer the properties of elasticity (strength) and extensi-
bility (viscosity) (Kasarda, 1989). These unique properties

of wheat gluten are the basis of the wide range of wheat-

derived food products. Since the wheat parent of hexa-

ploid triticale originates from tetraploid wheat and does

not contain the D-genome, it also lacks the bread-making

quality of hexaploid wheat (Lafferty & Lelley, 2001).

Because of influence of pentosans and a-amylase, the

baking quality of rye is lower than that of wheat. As the
genome of triticale contains the chromosomes of rye,

the secalins encoded by rye chromosomes have a no-

ticeable influence on the bread quality of triticale. The

presence of the 1RS segment in triticale is responsible

for significant reduction in rheological properties and

overall gluten strength, and significant increase in dough

stickiness (Pe~na & Amaya, 1992).

The contribution of the seed storage protein groups
to dough properties of wheat flour has been studied

extensively (Branlard & Dardevet, 1985; Branlard,

Dardevet, Saccomano, Lagoutte, & Gourdon, 2001;

Gupta & Mac Ritchie, 1994; Hamer, Weegels, & Mar-

seille, 1992; Payne, 1987; Sontag-Strohm & Juuti, 1997;

Uhlen, 1990). The functional properties of triticale

proteins, such as water absorption, viscosity, gelation,

which influenced by agronomic factors, and storage,
composition and processing of bread have been ne-

glected (Dervas, Doxastakis, Hadjisavva-Zinoviadi, &

Triantafillakos, 1999).

The aim of the present study was: (1) to find the most

suitable triticale cultivars to be used in local brown and

white bread industry; (2) to study the influence of the

alleles at Glu-1 loci on bread-making quality.

2. Materials and methods

2.1. Materials

Seed samples of 12 hexaploid triticale cultivars were

obtained from the J~ogeva Plant Breeding Institute, Vilj-

andi Control Centre of Plant Production (Estonia), and
Sval€of (Sweden).Among them the cultivars Lasko, Prego,

Pinokio, Dagro, Tewo, Presto are originated from Po-

land, SW 98578 and SV 92280 – from Sweden, Dato,

Vision, Modus – from Germany, Moreno – from the

USA.

The cultivars were grown in Estonia since 1995, and

the biochemical and baking investigations were per-

formed in 1999–2001. The experiments were carried out
at Tallinn Technical University (gluten content, baking),

at the Institute of Experimental Biology of the Estonian

Agricultural University (HMW glutenin subunit com-

position), and at Estonian Control Centre of Plant

Production (protein and moisture content, falling

number, Zeleny sedimentation test, water absorption).

2.2. Chemical analyses

Grains were milled in PERTEN instruments mill

3170 and QC-109 Labhim mill to pass a 0.8 mm screen.

Nitrogen content was determined by using Kjeltec

1015 digester and Kjeltec Auto 1030 Analyser on

wholemeal flour and is presented on a dry weight basis

(Tecator Application Note, 1987). Nitrogen content was

multiplied by a factor of 5.7 to determine protein con-
tent in wheat and triticale and 6.25 (ICC Draft Standard

No. 167) to determine protein content in rye. All the

determinations were expressed on a dry weight basis.

Moisture content was determined by drying the samples

at 105 �C to constant weight.

Crude gluten in the flour was determined by ICC

standard No. 137/1982 using a Glutomatic 2200 instru-

ment on white flour milled on a Brabender Quadromat
Junior which gave extraction rates of 55–65%. A dough

was prepared from a flour sample by adding a buffered 2%

sodium chloride solution.Glutenwashingwas carried out
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by Glutomatic 2200 using a solution of 2% sodium chlo-

ride. The residual water adherent to the gluten was re-

moved by centrifugation and the reminder weighed.

2.3. Zeleny sedimentation test

ForZeleny sedimentation test the grainsweremilledon

a special Brabender OHG Duisburg mill which gave ex-

traction rates of 8–10%. The test was performed accord-

ing to the procedure of EVS 765:2000 (the standard of the

Estonian Republic; ICC, 1972, 1982). 3.2 g flour was

weighed and placed in a 100 ml cylinder, and mixed for 5

min. 25ml of test solution (180ml of lactic acid and 200ml
isopropanol) was added to obtain a final concentration of

the solution 3.5% of lactic acid and 17.5% of isopropanol.

The cylinder was shaked for 10 min, and 5 min later the

volume of the sediment was measured.

2.4. Falling number

Falling number which represents the activity of a-
amylase was estimated with Falling Number 1800 ac-

cording to the procedure of EVS 654:1999 (the standard

of the Estonian Republic; ICC Standard No. 107/1). The

method is based on the rapid gelatinisation of a sus-

pension of flour in a boiling water bath and the sub-

sequent measurement of the liquefaction of starch by

alpha amylase present in the sample.

The grains were milled with a special PERTEN in-
struments mill for falling number. The flour and water

suspension (7� 0.05 g flour and 25 ml water) was placed

in viscometer tube into a boiling water bath. The time in

seconds needed by the stirrer of viscometer to drop

down is falling number.

2.5. Electrophoresis

Total proteins were extracted from individually

ground grains in a mortar with a pestle until a fine

powder was obtained. Reduced protein extracts were

obtained by incubating the samples in SDS–Tris–HCl

buffer pH 6.8 containing 0.125 M Tris, 2.75% sodium

dodecyl sulphate (SDS), 10% (v/v) glycerol, 1% (w/v)

DTT, and 0.005% bromophenol blue for 1 h at 70 �C.
After centrifugation (14,000 rpm, 10 min), 20 ll of su-
pernatant was used for electrophoresis. HMW glutenin

subunits were separated in the presence of SDS at pH

8.3 for 22 h at 10 mA on 10% polyacrylamide gel. The

running buffer contained 0.2 M glycine, 0.05 M Tris pH

8.3 and 0.1% SDS. After electrophoresis the gels were

stained overnight with 0.05% Coomassie Brilliant Blue

R-250 in water–methanol–glacial acetic acid (53:40:7)

and destained in the solution of the same components
(68:25:7), and photographed (D�Ovidio, Lafiandra, &

Porceddu, 1996; Tohver, T€aht, Kann, & Rahnu, 2000;

Tohver, Kann, T€aht, & Mihhalevski, 2001). The desig-

nation of triticale bands was performed on the basis of

wheat genome, and HMW glutenin subunit bands were

analysed according to the nomenclature of Payne and

Lawrence (1983), UPOV (1994), and Brzezinski and

Lukaszewski (1998).

2.6. Baking test

The baking formula was a typical wheat bread for-

mula, but the wheat whole- grain flour was mixed with

10–70% triticale wholegrain flour (Table 1). Emulsifiers

DRIV (E 471, E 260, E 262), Lecimax (E 472, E 300)

and Balt (E 263, E 300) were also included in the bread
formulas. The mix used was composed of non-fat milk

powder, margarine, sugar, salt and baking yeast. Baking

was performed using an automatic PanasonicTM baker�s
oven (T€aht et al., 1998).

Spring wheat cultivar Heta was used in baking ex-

periments (protein, 13.2%; FN, 376 s; Wac, 83.0%).

Triticale flour was substituted for wheat flour up to 70%

(Table 4). Flour (or flour blends) were stirred for 1 min
in the bowl before adding the other ingredients (salt and

yeast). Yeast was activated by warm water and sugar.

The dough was mixed up to homogeneous consistency

and then put into a fermentation cabinet at 31� 1 �C for

175 min at a relative humidity of 85%. The dough was

scaled at 550 g, moulded, placed in a baking pan and

returned to the fermentation cabinet, and proofed for 35

min at 35� 1 �C. After proofing the doughs of pan and
round bread were baked in the oven for 40 min at 230 �C
and for 30 min at 250 �C, respectively. The amount of

water to be used was determined by the absorption va-

lue. Water absorption (Wac) was determined by centri-

fugation method (AOAC, 1984).

2.7. Bread volume

The loaf volumes were measured after baking using

the rapeseed displacement method (AACC, 1983).

2.8. Statistical analysis

Statistical calculations (correlation coefficients and

SD) were made using of MS Excel statistical package.

Table 1

Recipe of experimental breads (30% of triticale in wheat-triticale

breads)

Ingredient Amount (g)

Wheat flour 210

Triticale flour 90

Sugar 15

Milk powder 12

Margarin 10

Salt 5

Yeast 9

Water 210
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3. Results and discussion

3.1. Grain protein and gluten content

Data describing the properties of triticale flour,
dough, and the allelic variants of HMW gluten subunits

for 13 cultivars are presented in Tables 2 and 3.

Protein content of flour is extremely important be-

cause almost all flour properties (gluten content, water

absorption, mixing requirement, loaf volume) are highly

correlated with protein content (Pomeranz, 1985). In

1999–2001 the protein content in the investigated culti-

vars varied from 9.7–14.5% with the average of 11.8%
and with SD of 1.44. Protein content was higher in ge-

notypes with HMW glutenin subunits 2� coded by the

locus Glu-A1, and 7+19 and 7+26 coded by the Glu-B1

(Table 3). Influence of environmental factors is dem-

onstrated on the examples of the cultivar Tewo (Table

2). Tewo 1 and Tewo 2 are the same cultivar, grown up

in a different environment. Tewo 2 had a higher protein

content and falling number, lower bread volume and

Zeleny number. In Estonia where the summer climate is
variable, the lower protein content and falling number

for Tewo 1 could be related with the different weather

conditions in northern and southern Estonia. Tewo 1

was grown in southern and Tewo 2 in northern Estonia.

Northern Estonia differs from southern area in the

average of summer temperatures and in amount of

rainfalls.

Gluten content was generally low, and in some cases
was not detectable. The absence of gluten shows that

triticale protein behaves as that of rye, and is too low to

yield good quality bread. Correlation between protein

content and volume of bread was positively significant

Table 2

The properties of dough and gluten of triticale cultivars

Cultivar Glu-A1 Glu-B1 Gluten (%) GPC (%) FN (s) VB (%) Zeleny (ml) Wac (%)

Lasko 2� 7+19 0 12.8 240 96.8 – –

Prego N 7+8 0 11.2 357 73.0 – –

Pinokio 2� 13+16 4.2 10.4 200 73.0 – –

Dagro N 7+19 0 9.7 62 75.8 – –

Presto 2� 7+26 26.5 13.7 180 97.0 17.3 55.5

Tewo 1 2� 7+19 0 12.6 88 109.8 21.0 56.1

Tewo 2 2� 7+19 0 14.5 195 94.4 17.3 65.0

Vision 2� 7+19 0 11.6 89 – 10.5 90.3

Dato 2� 7+19 19.0 12.5 128 90.1 17.0 90.3

N 6+8

Modus N 7+26 16.0 11.0 – 88.3 – 87.5

SW 98578 N 13+16 0 9.7 62 75.8 – –

SV 92280 2� 6+8 8.0 12.3 182 88.6 – 87.5

Moreno 2� 6+8 0 11.8 240 104.2 21.0 61.9

7+26

Average of

columns

11.83 168.58 88.9 17.35 74.26

SD 1.44 87.85 12.36 3.84 15.97

GPC, grain protein content; FN, falling number; VB, volume of riticale bread with 30% of wheat flour – % from control wheat bread; Wac, water

absorption; N, null allele; –, not determined; 0, not detectable. The data are the averages of three repetitions.

Table 3

Dough and gluten properties of allelic variants of triticale

Genotype n GPC (%) Wac (%) Zeleny (ml) FN (s) VB (%)

Glu-A1 Glu-B1

2� 6+8 2 12.1 74.7 21.0 211 96.4

2� 7+19 5 12.8 75.4 16.4 149 97.8

2� 7+26 1 13.7 55.5 17.3 180 97.0

2� 13+16 1 10.4 – – 131 74.4

N 13+16 1 9.7 – – 62 75.8

N 7+8 1 11.2 – – 357 73.0

N 7+19 1 9.7 – – 62 75.8

N 7+26 1 11.0 87.5 – – 88.3

Average 11.37 73.25 18.23 164.57 84.81

SD 1.45 13.22 2.43 101.52 11.17

GPC, grain protein content; Wac, water absorption; FN, falling number; VB, volume of bread – % from control wheat bread; n, number of

cultivars.
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(r ¼ þ0:696� 0:228), significantly negative between

water absorption (r ¼ �0:559� 0:339), positive, but not
significant between Zeleny number (r ¼ 0:177� 0:492).
The rye proteins are not able to form gluten because of

the structure of proteins, high content of pentosans, and
high activity of alpha amylase (Weipert, 1996). In the

cases of HMW glutenin subunits 2�, 7+19 and 7+26,

gluten content was somewhat higher.

3.2. Falling number

The falling number influences the dough character-

istics and bread properties, and shows also the prehar-
vest sprouting. Preharvest sprouting is considered to be

the main argument against using triticale for bread-

making in regions with a moist climate. Investigating a

large number of triticale cultivars enables to select the

cultivars with satisfying quality. The viscoelastic prop-

erties of dough, as well as its ability to hold gas during

fermentation and maintain the loaf shape, are found to

be affected by the values of falling number. An extensive
starch degradation prevents the formation of a sticky

dough (Lafferty & Lelley, 2001). Flour with the opti-

mum falling number is required to produce an optimum

dough and optimum bread. Quite satisfactory baking

performance showed flours with falling numbers 220–

250 s, but poor results were obtained using flours with

falling numbers below 120 s (Ingver & Koppel, 1998;

Veskus & Kann, 1997). The falling numbers of investi-
gated triticale cultivars varied from very low (62 s for

SW 98578 and Dagro) and accordingly low volume of

bread (75.8% from control wheat bread) to too high

(357 s for Prego). Triticale flour with low falling number

gives a soft dough which may be too fluid to bake into

bread. Flour with high (more than 300 s) falling number

yields a relatively stable dough, but the bread structure

will be dense and its consistency hard. Volume of bread
was satisfying in the case of cultivars Lasko, Presto,

Tewo1 and Moreno (falling numbers 245, 180, 109.8 and

240, respectively). Although the falling number is con-

sidered as a varietal property, weather conditions have a

marked effect on this grain quality characteristic (Tewo

1 and Tewo 2, Table 2).

3.3. Zeleny number

The Zeleny sedimentation value (SDS-sedimentation)

was determined as one of the parameters for bread-

making quality. The SDS-sedimentation values of the

tested triticale cultivars varied from 10.5 to 21.0 ml, and

were comparable to data for triticale cultivars found by

Brzezinski and Lukaszewski (1998). These values are too

low for good bread-making quality. The cultivars dif-
fering in Glu-B1 alleles showed a slightly, though not

significantly, higher sedimentation value in the presence

of subunits 7+19 and 7+26. In these cases the volume of

bread was highest. Earlier it was shown that subunits 1

and 2� encoded by chromosome 1A, and 6+8, 7+8 and

7+9 encoded by chromosome 1B do not correlate with

strong gluten (Payne, Nightingale, Krattinger, & Holt,

1987; Uhlen, 1990). Other authors (Johansson et al.,
1995) demonstrated that subunit 2� had a fairly good

quality score showing a slight positive correlation with

the Zeleny sedimentation volume. This agrees with the

findings of the present work. Correlation between Zel-

eny number and volume of bread was significantly po-

sitive (r ¼ þ0:931� 0:216), negative correlation was

estimated between Zeleny number and water absorption

(r ¼ �0:723� 0:346). As the falling and Zeleny numbers
were low, the triticale breads were baked with an addi-

tion of wheat flour.

3.4. Baking

The results of the baking test are presented in Tables

2 and 4. Water absorption and dough consistency are

important in relation to mixing, dividing, panning and
proofing steps (Kasearu et al., 1997). For optimum de-

velopment the dough must attain a balance between

elastic and viscous properties. The dough should be

neither too elastic nor too extensible. Water absorption

is considered to be good if it remains in the range of 55–

65% (Kasearu et al., 1997). In this investigation water

absorption level was negatively correlated with loaf

volume (r ¼ �0:831� 0:249) and protein content (r ¼
�0:559� 0:339). Table 2 demonstrates that Wac of the

cultivars Vision, Dato, Modus and SV 92280 are too

high for good bread. The loaf volume which is generally

regarded as an important quality criterion is biggest for

bread baked from flour of 12.6% protein content, of 21

ml Zeleny number, falling number of 88 s and Wac of

56.1%. The flour from the cultivar Moreno gave a good

volume of bread with protein content of 12.7%, Zeleny
number of 21 ml, falling number of 240 and Wac of

61.9%. It is in good accordance with the results con-

cerning water absorption and protein content, however,

falling number 88 s was too low for good bread. There-

fore, experiments were carried out to bake breads with

wheat additions. Loaf volumes of wheat breads pre-

pared with triticale additions of 30%, 50% and 70% were

comparable with that of 100% wheat bread (Table 4).

Table 4

Volume of bread (% from control wheat bread)

% of triticale flour

Cultivar 30% 50% 70%

Tewo1 109.8 104.9 101.4

Tewo 2 94.4 97.2 88.7

Moreno 104.2 99.3 102.8

Presto 97.9 94.4 91.6

Average 96.13 98.95 96.13

SD 6.81 4.44 7.02
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This agrees with the data reported by Doxastakis et al.

(2002), and Pe~na and Amaya (1992), that the triticale

flour blends (up to 50%) with wheat flours produce

breads with quality similar to that of breads made from

wheat flours only. Sensory evaluation studies indicate
that triticale can be used satisfactorily as a good ingre-

dient in bread-making. All the loaves baked from flour

of different cultivars of triticale mixed with wheat flour

proved to be of acceptable quality and fit for human

consumption. All the loaves had a pleasant yellow col-

our, a fresh and pleasant smell and taste (Tohver et al.,

2000; T€aht et al., 1998).

3.5. HMW glutenin subunits and baking quality

It is now well established that the glutenin fraction is

the most important fraction related to bread-making

quality (Branlard et al., 2001; Mac Ritchie, Du Cross, &

Wrigley, 1990; Shewry et al., 2001). The high-molecular-

weight (HMW) subunits of glutenin are considered to be

most important for baking quality (Branlard & Darde-
vet, 1985; Gupta & Mac Ritchie, 1994; Kasarda, 1989)

because the composition of gluten proteins is genetically

determined and environmentally stable. Separation of

HMW glutenin subunits is shown in Fig. 1 and Table 2.

The comparison of the electrophoregram patterns of

triticale cultivars with those of rye and wheat showed

that most of the rye and wheat bands can be found in

triticale patterns. The glutenin patterns of the cultivars

Dato, Prego, and SW 98578 are more similar to the
glutenin pattern of rye, whereas the glutenin pattern of

Modus is closer to that of wheat.

Seven different alleles were revealed in the sample of

12 triticale cultivars: two at the Glu-A1 locus, five at Glu-

B1. Most frequent HMW glutenin subunits were 2� at

the Glu-A1 locus, and 7+19 at the Glu-B1. The genetic

diversity resulting from two loci analysed enabled to

distinguish 9 different patterns from 12 cultivars of
triticale grown in Estonia. Most of the cultivars were

uniform in their SDS electrophoretic patterns, some

were heterogeneous having different alleles at the Glu-1

locus: two variations were found for the Moreno (bands

6+8 and 7+26 at Glu-B1) and for Dato (bands 6+8 and

7+19 at Glu-B1, and N and 2� at Glu-A1). Polymor-

phism to be true for amphiploids if one of the parental

species (rye) is characteristically an open-pollinating
type (Virdi & Larter, 1984).

It was demonstrated that subunit 2� had a fairly good

quality score, showing a slight positive correlation with

the Zeleny sedimentation volume (Johansson et al.,

1995). Other authors showed that subunits 1 and 2�

encoded by chromosome 1A, and 6+8, 7+8 and 7+9

encoded by 1B did not correlate with strong gluten

(Johansson et al., 1995; Payne et al., 1987; Uhlen, 1990).
In the present investigation subunit 2� encoded by Glu-

A1, and subunits 7+19 and 7+26 encoded by Glu-B1

(Tables 2 and 3) were positively correlated with gluten

and protein content, water absorption and bread vol-

ume. Using much more cultivars, the influence of the

high-molecular-weight glutenin subunits on the techno-

logical qualities and the baking quality of triticale be-

come clearer.

4. Conclusions

1. The baking test has shown that many cultivars of

hexaploid triticale can be used in bread-making, mix-

ing the wheat flour with up to 70% triticale amount.

2. Considering the allelic composition, the best cultivars
would be Lasko, Pinokio, Prego, Dagro, Moreno,

Presto, Tewo, Vision, Dato. Considering the indices

characterising the bread-making properties (falling

number, protein content, Zeleny number, water ab-

sorption capacity, and bread volume), Moreno, Pre-

sto, Tewo, Dato and SV 92280 were the best

cultivars. This was in good accordance with the data

about HMW glutenin subunit composition.
3. The baking quality of triticale cultivarswas higherwith

HMWglutenin subunits 2� coded by the locusGlu-A1,

and 7+26 and 7+19 coded by the locus Glu-B1.

Fig. 1. SDS–PAGE of total protein fractions extracted from single

seeds of wheat, rye and triticale cultivars. 1. Chinese Spring, 2. Prego,

3. SW 98578, 4. Pinokia, 5. Lasko, 6. Beaver, 7. Sangaste.
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