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INTRODUCTION 

Sourdough can be described as a biologically active microbial preparation 
made from a mixture of flour and water fermented by lactic acid bacteria (LAB) 
and yeasts (Vogel et al., 1999). Sourdough is an essential intermediate product 
for the production of traditional rye bread in Estonia and other northeastern 
European countries (Vajakka, Kerojoki and Katina, 2003). Rye flours 
characteristically have active amylolytic enzymes and a weak ability to form a 
gluten matrix, thus making rye dough sensitive to the acidification rate (Stolz, 
2003; De Vuyst and Neysens, 2005). The metabolites produced by lactic acid 
bacteria during sourdough fermentation both improve the technological 
properties of the dough and also contribute to an increase in dough volume and 
the formation of desirable sensory properties of rye bread (Gobetti et al., 1995). 
Moreover, fermentation of the dough play a crucial role in bioprotection of the 
bread (Lavermiocca et al., 2000; De Vuyst and Neysens, 2005; Gerez et al., 
2009). As a result, fermentation failure often leads to significant economic losses 
for baking facilities due to both fluctuations in texture and organoleptic qualities 
and a reduced shelf-life of their baked products. 

Controlled fermentation conditions, together with high propagation 
temperatures, are utilized in most large–scale bakeries to stabilize sourdough 
microbiota and thereby ensure that they consistently produce high–quality end 
products (Vogel et al., 1996; De Vuyst and Neysens, 2005). However, many 
artisan bakeries still use traditional sourdough propagation technologies and face 
sufficient season–dependent fluctuations in microbial composition, which is 
largely caused by unstable fermentation conditions (De Vuyst and Neysens, 
2005; Minervini et al., 2014).  

When well–controlled production is impossible, the use of starter bacteria 
that is highly adapted to that specific sourdough type and ambient fermentation 
temperatures appears to be the most rational way to consistently produce high-
quality end products. Yet, the selection of starter bacteria for the baking industry 
is typically made based on the specific technological properties of the strain such 
as fast acidification or the production of desirable volatile compounds. This 
approach underestimates the importance of the adaptation of potential starter 
bacteria to the flour type and specific technological parameters applied in the 
current bakery (Leroy and De Vuyst, 2004; Coda et al., 2014). 

The main aim of this work was to select a robust, metabolically active and 
functional LAB starter for the further use in Type I sourdough processes. For 
this we (i) determined which technological parameters critically affect the 
stability of industrial Type I rye sourdoughs; (ii) applied these as selective 
factors in evolution experiments to find robust LAB strains; and (iii) isolated and 
characterized dominant LAB strains. In addition, biodiversity of fungi 
responsible for microbiological spoilage of rye bread was evaluated.This work 
continues the studies of Ene Viiard who focused on the diversity and stability of 
lactic acid bacteria during rye sourdough propagation.  
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1. LITERATURE REVIEW 

1.1 Traditional rye bread in Estonia 
 

Rye bread could be defined as bread prepared using at least 90% rye flour 
(Kapten–Leppik, 2007). Rye bread is traditionally consumed at a very high level 
in Estonia. According to Valjakka, Kerojoki and Katina (2003) Estonians eat 
approximately 19.9 kg of rye bread yearly. Rye bread is made without the 
addition of fat or milk, is rich in vitamins and dietary fibers, and is considered a 
valuable part of our daily diet (Liukkonen et al., 2007).  

As with any other Baltic country, Estonia has its own traditions of 
breadmaking. Traditional Estonian rye bread could be characterized by a specific 
sweet sour taste – the result of dough fermentation and the addition of scalded 
rye flour. The scalding step not only allowed one to inactivate undesirable 
enzymes of sprouted rye, but also sterilized the flour and thus stabilized the 
substrate used in fermentation (Valjakka, Kerojoki and Katina, 2003). 
Sourdough used for the initiation of fermentation process was typically kept in 
wooden kegs and was added to the cooled cooked flour. When the sourdough 
ripening process ended, the remaining flour was added and mixed into dough. 
Currently, many modern bakeries use sugar syrups in order to increase the 
sweetness of the dough either together with scalded flour or as a complete 
substitution of the scalding step. Caraway seeds that are either added to the 
dough during the sourdough fermentation process or applied directly to the 
surface of the bread loaf for decoration can also be considered as features of a 
traditional rye bread produced in the Baltic region (Valjakka,Kerojoki and 
Katina, 2003). 

Nowadays, many countries have replaced the traditional bread leavening 
process by adding baker’s yeasts or food additives. However, the sourdough 
process remains as a keystone of rye breadmaking in the Baltics. Moreover, new 
trends in healthy, preservative–free products started to turn customers back 
towards small local bakeries. Despite the fact that sliced and packed rye bread 
produced in large scale bakeries still dominate total sales, the popularity of 
small–scale bakeries with their “green“, baker’s yeasts–free, handmade, rye 
breads is rapidly growing (Valjakka, Kerojoki and Katina, 2003; Joudeikiene, 
2016). Also, the application of starter cultures simplifies the handling of 
sourdough in the production of traditional sourdough rye breads in artisanal 
bakeries (Stolz, 2003). 
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1.2 Acidification of the dough as essential part of rye bread 
production 

 
Rye flour has remarkably different baking properties compared to wheat 

flour. The structure of the crumb in bread prepared from wheat flour is based on 
the gluten matrix and consists of proteins including gliadin and glutenin. The 
gluten matrix is crucial for the gas holding capacity of wheat dough and 
therefore influences the volume of the bread. In contrast, rye proteins cannot 
form a proper gluten matrix because the gliadin and glutenin fractions are 
lacking in rye (Stolz, 2003; De Vuyst and Neysens 2005). Instead, both the 
structure of the crumb and the gas retention capacity of the rye dough completely 
depend on the ability of rye pentosans to bind water (Liukkonen et al., 2007). In 
order to improve the water binding capacity of rye pentosans it is recommended 
to decrease the pH of the dough to 4.4 – 4.2. Low pH also promotes peptisation 
and swelling of rye proteins which improves the rheology of the dough 
(Martinez–Anaya and Devesa, 2000). 

Another important difference between wheat and rye flour is the presence of 
active α–amylase in the latter. The optimal activity of α–amylase in rye flour lies 
in the same range as gelatinization temperature of rye starch (53 – 64°C). Thus, 
doughs that containin more than 20% rye flour should be acidified to inhibit 
excessive starch degradation caused by the action of α–amylases. High acidity 
decreases the inactivation temperature of α–amylases, and thereby shortens the 
period of dextrin production and decreases the viscidity of the crumb (Corsetti 
and Settanni, 2007; Stolz, 2003; De Vuyst and Neysens, 2005). Taken together, 
dough acidification is essential for the production of high quality rye bread. A 
desirable pH of the dough can be achieved by adding chemical acidifiers, 
however, their use in food manufacturing is restricted by food legislation and 
rejected by consumers (Leroy and De Vuyst, 2004). It is likely that the modern 
baking industry can use sourdough as a natural alternative to chemical 
acidification of the dough. 

1.3 Sourdough 

Sourdough could be defined as a mixture of flour and water fermented by a 
microbial community of LAB and yeasts (De Vuyst and Neysens, 2005). 
Traditional rye sourdoughs are usually propagated by mixing a part of the ripped 
sourdough with fresh flour and water – a process which is known as “refreshing” 
or “backslopping” (Hansen, 2004; De Vuyst and Neysens, 2005). The bacterial 
community within mature rye sourdough is typically dominated by members 
from the genus Lactobacillus while yeasts from the genus Candida and 
Saccharomyces typically dominate (Gobbetti, Corsetti and Rossi, 1994; Stolz, 
2003; De Vuyst et al., 2016; Gänzle and Ripari, 2016).  

The main function of LAB in dough fermentation is the conversion of 
carbohydrates into lactic and acetic acids, while sourdough yeasts mainly 
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contribute to the formation of volatile compounds and increase the bread volume 
by their production of carbon dioxide (Stolz, 2003). Dissociated organic acids 
produced by sourdough LAB decrease the pH of rye dough and improve its 
rheology, while undissociated forms inhibit the growth of undesirable microflora 
(Stolz, Hammes and Vogel, 1996; Martinez–Anaya and Devesa, 2000; 
Lavermicocca, Valerio and Visconti, 2003). Besides lactic and acetic acids, LAB 
produce a range of other compounds that affect the structure, aroma, and color of 
bread. Among them ethanol, diacetyl, and acetaldehyde are the most important 
(De Vuyst and Neysens, 2005). 

1.3.1 Carbohydrate metabolism of sourdough fermenting lactic acid 
bacteria 

LAB associated with sourdough fermentation can be classified into three 
categories based on their metabolism:  

I. Obligate homofermetative (e.g., Lactobacillus amylovorus, Lactobacillus 
farciminis, Lactobacillus mindensis) – LAB species which ferment hexoses via 
the Emden–Meyerhof–Parnas (EMP) pathway. These LAB mainly produce 
lactic acid and do not ferment pentoses due to the absence of the enzyme 
phosphoketolase (Axelsson, 1998; Kandler, 1983). 

II Facultative heterofermentative (e.g., Lactobacillus plantarum, 
Lactobacillus paralimentarius, Lactobacillus casei) – LAB species which 
ferment hexoses via EMP pathway and possess the enzyme phosphoketolase 
which allows them to ferment pentoses via the 6–
phosphogluconate/phosphoketolase (6–PG/PK) pathway (Kandler, 1983; 
Axelsson, 1998).  

Both obligate homofermetative and facultative heterofermentative LAB 
preferentially transport carbohydrates via the phosphotransferase system (PTS). 
The metabolism of hexoses other than glucose is subjected to carbon catabolite 
repression and fructose is used (if used) only as a carbon source (Gänzle, 2015). 

III. Obligate heterofermentative (e.g., Lactobacillus sanfranciscensis, 
Lactobacillus pontis, Lactobacillus brevis) – LAB species which ferment both 
pentoses and hexoses via 6–PG/PK pathway. Pentoses are fermented to lactic 
and acetic acid, whereas hexoses are converted either to lactic acid and ethanol 
or to acetic acid and carbon dioxide in equimolar amounts. Under anaerobic 
conditions, hexose degradation via the 6–PG/PK pathway results in only 1 mole 
of adenosine triphosphate (ATP) in contrast with the 2 moles produced as a 
result of homofermentative hexose degradation. However, many obligate 
heterofermentative LAB are able to gain additional energy by the activity of 
acetate kinase in the presence of external electron acceptors such as oxygen, 
fructose or citrate. This alternative pathway allows recycling of nicotinamide 
adenine dinucleotide hydride (NADH) and results in the production of acetate 
instead of ethanol and an additional mole of ATP (Kandler, 1983; Axelsson, 
1998; De Vuyst and Neysens, 2005; Gänzle, 2015). 
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Obligate heterofermentative LAB species prefer disaccharides over glucose 
during fermentation. The PTS systems in this category of LAB are not functional 
and fructose is preferentially used as an electron acceptor (Gänzle, 2015). 

Whereas homofermentative LAB prevail in a majority of food fermentations, 
in sourdough production, especially in traditional processes, heterofermentative 
LAB species dominate (Corsetti and Settanni, 2007; Gänzle and Ripari, 2016). 
The use of fructose as an external electron acceptor by heterofermentative LAB 
favors their competitiveness in a sourdough ecosystem. In addition, 
heterofermentative sourdough lactobacilli such as Lb. sanfranciscensis, Lb. 
pontis, and Lb. brevis possess maltose phosphorylase, a key enzyme responsible 
for the dominance of these LAB in sourdough. This enzyme allows for the 
phosphorolytic cleavage of maltose without using ATP during the 
phosphorylation process (Gänzle 2015). These species utilize maltose and 
accumulate glucose in the media in a molar ratio of about 1:1. Glucose liberated 
via maltose phosphorylase activity can be further used by maltose–negative LAB 
and yeasts (Kandler, 1983; Axelsson, 1998; De Vuyst and Neysens, 2005). 

1.3.2 Classification of sourdoughs  

On the basis of the technology applied, sourdoughs can be classified into 
three groups (Böcker, Stolz and Hammes, 1995): 

 – Type I or traditional sourdoughs 
 – Type II or accelerated sourdoughs 
 – Type III or freeze–dried sourdoughs 

Type I sourdoughs, also called traditional sourdoughs, are characterized by a 
firm or semi–liquid consistency and are produced in long fermentations at 
ambient temperature (20 – 30°C). Regular propagation of the sourdough is 
applied in order to keep the sourdough microbiota in an active state. This type of 
sourdough is often dominated by obligately heterofermentative LAB such as Lb. 
sanfranciscensis, Lb. brevis, Lb. pontis and Lactobacillus fermentum in 
association with maltose–negative yeasts Candida humilis, Candida holmii or 
Saccharomyces exiguus. (De Vuyst and Neysens, 2005). Gänzle and Ripari 
(2016) reported that Lb. sanfranciscensis was isolated from more than 75% of 
217 revived sourdoughs, hence making it the most frequently reported species in 
Type I sourdough. Depending on the fermentation conditions, other LAB species 
such as facultative heterofermentative Lb. plantarum, Lb. paralimentarius, Lb. 
casei and obligate homofermentative Lb. mindensis, Lactobacillus acidophilus, 
Lactobacillus delbrueckii may be present (Hammes and Gänzle, 1998; Vogel et 
al., 1999). Because both indigenous yeasts and heterofermentative LAB emit 
carbon dioxide during the fermentation, Type I sourdough could be applied for 
dough leavening without the additional use of baker’s yeasts. The fermentation 
time of traditional sourdoughs depends on the technological scheme employed 
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within each bakery and may vary between 3 to 48 hours. The pH of a mature 
Type I sourdough is about 4.0 (De Vuyst and Neysens, 2005). 

Together with the growing scales of the rye bread production, the need for 
more effective and highly controlled sourdough handling processes became more 
important. As a result, Type II sourdoughs were developed (De Vuyst and 
Neysens, 2005). Because of their liquid consistency, Type II sourdoughs can be 
pumped and thus easily transported within the production area. A liquid 
consistency also allows one to run large–scale fermentation process using 
thermostated bioreactors or tanks equipped with pH and temperature sensors 
(Decock and Capelle, 2005). The duration of a typical Type II sourdough 
fermentation process is longer than those applied for traditional sourdoughs and 
usually lasts between 2 – 5 days. In order to accelerate the process of 
acidification, higher fermentation temperatures (>30°C) are applied. The acidity 
of Type II sourdoughs is higher than traditional sourdoughs. At the end of a 24h 
fermentation cycle a pH below 3.5 can be achieved. Such specific fermentation 
conditions affects the selection of dominant microbiota and provides growth 
advantages to thermophilic and acid tolerant LAB such as Lactobacillus panis, 
Lb. pontis and Lactobacillus amylovorus (Stolz and Böcker, 1996). As a rule, the 
growth of indigenous yeast is inhibited due to the elevated fermentation 
temperature, and thus Type II sourdoughs are mainly used only as dough 
acidifiers. The leavening of the final dough is achieved by adding baker’s yeasts. 

Mature Type II sourdoughs are often used to produce Type III sourdoughs 
(Corsetti, 2013) which are typically spray– or drum–dried sourdough 
preparations. They are composed of LAB strains characterized by their ability to 
survive the drying process: facultative heterofermentative Pediococcus 
pentosaceus and Lb. plantarum as well as obligately heterofermentative Lb. 
brevis (Stolz and Böcker, 1996). The drying process stabilizes the sourdough and 
thereby increases its shelf–life. At an industrial level they are used as acidifying 
supplements and aroma carriers (Corsetti, 2013). 

 
1.3.3 Initiation of fermentation process and its impact on sourdough 

microbiota 

Dough fermentation can be initiated in various ways (De Vuyst and Neysens, 
2005): 

1. Relying on indigenous microbiota within the raw materials (mainly 
flour) used in the dough preparation – this process is termed 
“spontaneous fermentation”  

2. Addition of “mother dough” – a part of mature sourdough from the 
previous fermentation cycle. This type of sourdough propagation is also 
known as “backslopping”  

3. Addition of commercial starter culture 
 
 



20 

1.3.3.1 Spontaneous fermentation 

Microflora within rye flour is composed of both bacteria and fungi and are 
present in amounts that vary between 104 – 106 colony forming units (CFU) g-1 
(De Vuyst and Neysens, 2005). Bacteria are mainly mesophilic and include 
Gram–negative aerobic rods (Pseudomonas, Acinetocacter etc.), facultative 
anaerobes (Enterobacteriaceae), Gram–positive homo– and heterofermenative 
LAB (De Vuyst and Neysens, 2005, Minervini ert al., 2014). The fungi present 
are dominated by yeasts (Candida, Pichia, Cryptococcus, Torulaspora, 
Saccharomyces etc.) and moulds. The latter can originate from both the field 
(Cladosporium, Fusarium, Alternaria etc.) or from storages (Aspergillus, 
Penicillium) (Stolz, 2003; De Vuyst and Neysens, 2005).  

A fresh mixture of flour and water is rich in carbohydrates and has a neutral 
pH (~6.2). This nutritional environment is ideal for the growth of indigenous 
microorganisms within flour. Studies on spontaneously fermented sourdoughs 
have revealed that initial fermentation is caused by bacteria that belong to the 
Enterobacteriaceae family (Stolz, 2003; De Vuyst and Neysens, 2005). These 
microorganisms produce lactic and acetic acids as well as ethanol and carbon 
dioxide. 

When the pH drops below 5.0, the indigenous LAB within flour gain a 
growth advantage and rapidly replace gram–negative enterobacteria. 
Homofermentative LAB such as Lb. delbrueckii and Lb. farciminis begin to 
develop, together with facultatively heterofermentative species such as Lb. casei 
and Lb. plantarum, obligatory heterofermentative LAB such as Lb.brevis and Lb. 
fermentum, and pediococci (Pediococcus acidilactici, Pc. pentosaceus) (De 
Vuyst and Neysens, 2005). In mature spontaneous sourdoughs LAB can be 
found in numbers 8 – 9 log CFUg-1 (Stolz, 2003).  

The yeast species found in mature spontaneous rye sourdough are dominated 
by Saccharomyces turbidans, Saccharomyces marchalianus, Torula albida, 
Kazachstania exigua (synonym Saccharomyces exiguus; anamorph Candida 
(Torulopsis) holmii), Saturnispora saitoi and Saccharomyces cerevisiae. 
Because S. cerevisiae is not typically found in the raw material, it can be 
assumed that its presence in spontaneous sourdoughs is mainly due to 
contamination from the bakery environment (Stolz, 2003; De Vuyst and 
Neysens, 2005). 

1.3.3.2 The addition of mature sourdough 
 

For traditional breadmaking, the use of random microflora of spontaneously 
started sourdoughs creates a high risk of forming an unstable end product. 
Instead, traditional bakeries, and many industrial bakeries, prefer to use a so 
called “mother dough”. The latter is a mature sourdough whose microbial 
population demonstrates stability in a long–term sourdough propagation cycle. It 
can be obtained from backslopping of spontaneously started sourdough after a 
number of refreshment cycles (Stolz, 2003; De Vuyst and Neysens, 2005). 
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Microbiological analysis of this type of fermented dough usually reveals the 
presence of some microorganisms typical for spontaneously fermented 
sourdoughs (enterobacteria, homofermentative LAB), however, the dominant 
microflora is generally composed of heterofermentative LAB species (De Vuyst 
and Neysens, 2005).  

More than 60 LAB species have been isolated from different backslopped 
sourdoughs (Rosenquist and Hansen, 2000; De Vuyst et al., 2002; DeVuyst et 
al., 2014; Gänzle and Ripari, 2016). Of these, Lb. plantarum and Lb. 
sanfranciscensis are reported as the most frequently found (about 50% of 
sourdoughs) species (Gänzle and Ripari, 2016). Despite the biodiversity of 
sourdough related LAB, none of these species can be considered as exclusively 
sourdough (Gänzle and Ripari, 2016).  

Yeast cells are often present in large numbers in this type of sourdough. More 
than 20 yeast species were detected in mature sourdoughs (De Vuyst and 
Neysens, 2005; De Vuyst et al., 2016). Among them, K. exigua, Pichia 
kudriavzevii (synonym Issachenkia orientalis; anamorph Candida crusei), C. 
humilis and Pichia saitoi were isolated from rye sourdoughs (Stolz, 2003; De 
Vuyst et al., 2014). Some of these yeasts are maltose–negative, such as K. 
exigua, C. humilis and C. krusei and form associations with lactobacilli in 
sourdough (De Vuyst and Neysens, 2005; Corsetti and Settanni, 2007). Thus, 
both K. exigua and C. humilis are not able to utilize maltose, and grow at excess 
of glucose which accumulates in the sourdough environment due to the maltose 
phosphorylase activity of some heterofermentative LAB such as Lb. brevis, Lb. 
pontis and Lb. sanfranciscensis. (Stolz et al, 1995). 

The difference in the composition of microbial communities within 
spontaneously started and propagated sourdoughs also affects the quality of the 
baked bread. Rye breads prepared from spontaneously fermented dough have a 
low volume and an “empty“ taste due to an insufficient amount of 
technologically valuable metabolites (lactic and acetic acid, volatiles). In 
contrast, breads prepared from backslopped sourdough have a right consistency 
and classic aroma of rye bread (Stolz, 2003).  

1.3.3.3 The addition of starter culture 
 

As with any other fermented food application the interest in using starter 
cultures for breadmaking is rapidly growing. Despite the fact that backslopping 
is considered as a reliable method for the selection of sourdough adapted LAB 
strains, the formation of a stable microbial community by long–term propagation 
is time consuming and the end result always depends on both the indigenous 
microbial consortia within the raw materials and the applied fermentation 
conditions (De Vuyst and Neysens, 2005; Van der Muelen et al., 2007; Di Cagno 
et al., 2014; Minervini et al., 2015). Under unstable propagation conditions, 
microbiota within the mother sourdough could significantly vary in both the 
number of microorganisms and their proportions (Ottogalii et al., 1996). In order 
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to ensure that the quality of the end product remains stable, some industrial 
bakeries prefer to use commercial starter cultures to initiate the fermentation 
process (De Vuyst and Neysens, 2005).  

Starter cultures have been defined as pure or mixed culture preparations of 
live microorganisms or their resting forms whose metabolic activity is well–
defined and whose addition to the raw material results in the production of 
fermented foods of desired quality in a shorter period of time (Vogel et al., 
2011). Hence, starter cultures for baking applications should be able to produce 
properly acidified sourdough for further use as both a flavor carrier, texture–
improving, and functional dough ingredient (De vuyst et al., 2009).  

Starter cultures used in baking industry can be classified into two groups. The 
first group are the so called “undefined” cultures such as the San Francisco sour 
for wheat bread production (Kline and Sugihara, 1971) or the Böcker–
Reinzucht–Sauer used as sourdough starter for rye bread production (Böcker, 
Vogel and Hammes, 1990). These starters of undefined microbial consortia are 
subjected to continious changes in their specific composition due to the phage 
attacks, mutations, and intraspecific competition (Vogel et al., 2011). The second 
group are termed “defined cultures“ – single– or multi–strain starter, whose 
carefully selected specific composition allowes a higher level of control over the 
dough fermentation process (Vogel et al., 2011). In recent years, both single– 
and multiple strain freeze–dried starter cultures have been developed. Starters 
that contain pure cultures of Lb. sanfranciscensis, Lb. paralimentarius, Lb. 
pontis, Lb. amylovorus, Lb. delbrueckii, Lb. fermentum, Lb. reuteri, Lb. 
plantarum, and Lb. brevis as well as a wide variety of mixed–cultures are 
available for the use in baking industry (Gänzle, Vermuelen and Vogel, 2007, 
Weckx et al, 2010).  

There are three main criteria used to select starters (Coda et al., 2014):  

1) Technological (acidification rate; osmotic sensitivity; the growth at 
selected temperature; synthesis of antibacterial and antifungal compounds 
etc. (Coda et al., 2011; Coda et al., 2014) 

2) Sensory (synthesis of aroma compounds or their precursors; 
heterofermentative metabolism; release of free amino acids etc.(Gobbetti 
et al., 2005; Petell, Onno and Prost, 2017) 

3) Nutritional (degradation of anti–nutritional factors; synthesis of 
polysaccharides etc. (Coda et al., 2014) 

In general, selection of starter bacteria for industrial needs often relies only 
on a small number of specific technological parameters such as rapid 
acidification. In addition, allochthonous starter cultures that originate from non–
cereal matrixes are commonly used (Leroy and De vuyst, 2004; Coda et al., 
2014). Commercial allochthonous starters have several limitations. In general, 
their selection does not take into account features other than fast acidification. In 
addition, they possess a low metabolic flexibility and poor adaptation to the main 
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nutritional and functional properties of the current matrix. As a result, 
allochthonous starter strains are often outcompeted in long–term propagation 
process by autochthonous microorganisms which often results in fermentation 
failure and an unstable final quality of the baked products (De Vuyst et al., 2009; 
Coda et al., 2014).  

One challenge in fermenting rye dough is balancing the ability to perform 
rapid acidification while forming a suitable sensory profile, producing shelf–life 
extending compounds, and ensuring the robustness of the starter in a sourdough 
cycle. Recent studies show that selection of starter bacteria based on specific 
functional properties should be more focused on autochthonous LAB strains and 
should be combined with studies of both microbial growth kinetics and 
intraspecific associations with other autochthonous microorganisms in the matrix 
of interest (Minervini et al., 2010; Coda et al., 2014).  
 
1.3.4 Factors that influence the stability of traditional sourdoughs 

 
The microbial communities within sourdoughs depend on both endogenous 

and exogenous factors (Hammes and Gänzle, 1998; De Vuyst and Neysens, 
2005; Vogelmann and Hertel, 2010; Di Cagno et al., 2014). The main 
endogenous factors that affect microbial communities within sourdoughs are the 
chemical and microbiological compositions of the raw materials, while the main 
exogenous factors include technological parameters, such as temperature, dough 
yield, and aeration (De Vuyst and Neysens, 2005; Huys, Daniel and De Vuyst, 
2013). The impact of these parameters and their combinations during 
backslopping results in both the selection of sourdough–specific LAB and yeasts 
and aids in preventing the growth of other microorganisms that originate from 
non–sterile raw materials or the bakery environment (De Vuyst and Neysens, 
2005). 

1.3.4.1 Endogenous factors 

The flour used to propagate traditional sourdoughs may influence the stability 
of microbial consortia in various ways. Despite the fact that traditional 
sourdoughs are usually propagated using the same type of flour, the nutritional 
composition of the latter can vary depending on the harvest conditions. With the 
exception of very robust microorganisms, even small variations in substrate 
quality may affect the sourdough microbiota, because their ability to adapt to 
specific substrates is highly strain–specific (Vogelmann et al., 2009; Minervini 
et al., 2012; Minervini et al., 2014). In addition, flours used in backslopping 
processes are not sterile, and are thus a source of contaminating microorganisms. 
Those microorganisms, in turn, could outcompete some of the sourdough strains 
and even become dominant (De Vuyst et al., 2009).  

Apart from the raw materials used in sourdough processes,  “house” 
microbiota is another important source of microbial contaminants. It has been 
reported that microorganisms that colonize the bakery environment and 
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equipment can influence both the stability of and microbial composition of 
traditional sourdoughs (Scheirlink et al., 2009; Minervini et al., 2015). 

1.3.4.2 Exogenous factors 

Besides raw materials and the bakery environment, which are responsible for 
the metabolic activity and diversity of microbial contaminants, specific 
sourdough fermentation parameters such as dough yield (DY), fermentation 
temperature, fermentation time, inoculum size, redox potential, and aeration play 
a crucial role in stabilizing traditional sourdoughs (Minervini et al., 2014; De 
Vuyst et al., 2014).  

DY can be determined as the ratio between dough weight and flour weight 

multiplied by 100 ቀDY ൌ
flour	weight		water	weight

flour	weight
ൈ 100ቁ. Because water, 

together with flour, are the main ingredients of dough, DY describes the amount 
of water used in the dough (Lund, Hansen and Lewis, 1989). The DY of 
traditional sourdoughs lies in the range of 150 – 225, which translates to a dough 
rheology anywhere between firm and semi–liquid (Kulp, 2003). The DY has a 
direct influence on the water activity and acidity of the sourdough. The 
sourdoughs with low DY provide microorganisms with a higher concentration of 
carbohydrates and a lower water activity compared with high DY sourdoughs. 
Because LAB are generally less tolerant to low water activity than yeasts, 
sourdoughs with low DY are easily colonized by the latter, however, this also 
creates a more selective environment for LAB. (Corsetti et al., 2007; Minervini 
et al., 2012b; Vrancken et al., 2011; Zotta et al., 2009). More liquid sourdoughs 
are characterized by faster and stronger relative acidification, despite the fact 
that the production of acetic acid is generally lower in sourdoughs with high DY 
(Decock and Cappelle, 2005; Banu et al., 2011).  

Traditional sourdough propagation processes runs under semi–anaerobic 
conditions. However, oxygen can get into sourdough at the beginning of a new 
fermentation cycle, when a portion of the mature dough is mixed with a fresh 
portion of flour and water (Mihhalevski et al., 2011; Viiard et al., 2012). The 
level of oxygen influences the redox potential of the dough (Minervini et al., 
2014). As the result, LAB that have an ability to use oxygen as external electron 
acceptors may gain an ecological advantage in aerated doughs (De Vuyst and 
Nyensens, 2005; Mihhalevski et al., 2011). Sourdough yeasts are usually less 
affected by the presence or absence of oxygen. However, some species such as 
P. kudriavzevii can only grow under aerobic conditions and thus prefer 
sourdoughs with high DY where aeration occurs both due to the stirring and 
pumping (Vogelmann and Hertel, 2010). 

The initial pH of the dough is another important factor that affects the 
stability and dynamic shifts in the microbial community within traditional 
sourdoughs (Minervini et al., 2014; De Vuyst et al., 2014). The initial pH of 
sourdough is determined by the share of mature sourdough (“mother dough”) 
used for backslopping. In traditional sourdoughs the percentage of ripe 
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sourdough used for refreshment lies in range of 10 to 40% of the total dough 
weight (Brandt, Hammes and Gänzle, 2004). The higher the share of the “mother 
dough”, the lower the initial pH of the dough. Thus, a high ratio of “mother 
dough” inhibits the growth of sourdough lactobacilli, yet does not affect the 
growth of acid–tolerant sourdough yeasts (Gänzle, Ehrmann and Hammes, 1998; 
Brandt, Hammes and Gänzle, 2004). 

Besides DY, pH, and redox potential, fermentation temperature is considered 
as important parameters that determine the stability and metabolite kinetics of 
sourdough (Minervini et al., 2014; De Vuyst et al; 2014). Seasonal or even daily 
temperature changes may affect the development of microbial communities in 
traditional sourdough (Vera et al., 2012) and, consequently, the ratio of lactic to 
acetic acid. A shift towards lactic acid production occurs at higher fermentation 
temperatures (De Vuyst et al; 2014) because higher fermentation temperatures 
favor the growth of homofermentative LAB. In contrast, lower fermentation 
temperatures positively influence the growth of yeasts and heterofermentative 
LAB species and favor the production of acetic acid, ethanol, and flavour 
formation (Gänzle, Ehrmann and Hammes, 1998; Moroni, Arendt and Dal Bello, 
2011; Vogelman and Hertel, 2011). Finally, high fermentation temperature may 
negatively affect the mutualistic association between maltose–positive LAB and 
maltose–negative yeasts because the latter are not able to grow at temperatures 
above 35°C (Gänzle, Ehrmann and Hammes, 1998; Brandt, Hammes and 
Gänzle, 2004; Vogelman and Hertel, 2011). 

 
1.4 Microbiological spoilage of bread 

As with any other food product with a high water activity, breads are subject 
to microbiological spoilage caused by bacteria and fungi (Saranraj and Geetha, 
2012). The most common bacterial bread disease, called “rope”, is caused 
mainly by the spore forming bacteria Bacillus subtilis, however, other species 
within the genus Bacillus, including Bacillus cereus, Bacillus licheniformis, and 
Bacillus megaterium are also capable of causing “rope”. Spores of rope–
inducing bacilli are widely found in raw ingredients such as flour, sugar, and 
yeast biomass and are resistant to heat treatment, which makes them a common 
problem for bakeries (Smith, 1993). Moreover, spores of these Bacillus species 
can germinate and grow under both aerobic and anaerobic packaging conditions 
(Smith et al., 2004). One of the main factors that limit the growth of roping 
bacilli is low pH (Pepe et al., 2003). Traditional sourdough rye breads have 
much lower pH (3.5 – 4.8) compared to wheat breads, which makes them 
resistant to bacterial spoilage. Thus, fungal spoilage is the main factor that limits 
the shelf–life of rye breads (Legan, 1993). 

Both yeasts and molds are associated with the fungal deterioration of bread. 
There are two types of yeast spoilage – fermentative spoilage and visible growth 
on the surface of the bread. The latter results in the development of white spots 
on the surface of the infected product – a phenomenon known as “chalk” bread 
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disease. The two main yeast species associated with chalk bread defect are 
Hyphopichia burtonii, also known as “chalk–mould” and Endomyces fibuliger 
(Deschuyffeleer et al., 2011). However, in a study conducted by Lund et al. 
(1996), Pichia anomala was reported as one of the dominant yeast species 
isolated from spoiled rye breads.  

Together with yeasts, moulds create a serious and costly problem for the 
baking industry. According to Malkki and Rauha (2000) up to 5% of the total 
yearly bread production worldwide may be lost due to mould spoilage. Mould 
spores are killed by heat treatment during the baking process which implies that 
post treatment contamination takes place through the air and from equipment 
during cooling, slicing, and packaging (Legan, 1993). Although rye breads can 
be contaminated by a range of different moulds, it seems that Penicillium and 
Aspergillus species are the most predominant (Lund et al., 1996). Penicillium 
verrucosum, Aspergillus ochraceus, Aspergillus bombycis and many other 
representatives of these two genera are well known mycotoxin producers, 
including aflatoxins B1, B2, G1, and G2, and ochratoxin A (Varga, Frisvad and 
Samson, 2011; Schmidt, 2003, ). Considering that Dich et al. (1979) found an 
aflatoxin producing Aspergillus flavus in spoiled rye bread and an 
ochratoxigenic A. ochraceus was isolated from moldy bread in Italy (Visconti 
and Bottalico, 1983), it is clear that besides the economic losses, mould spoilage 
of bread could also lead to public health problems. 
 
1.5 Sourdough LAB as biopreservative agents for baking industry  

As discussed above, the fungal spoilage of rye bread is a big problem within 
the baking industry. In Western Europe alone, it is estimated that the baking 
industry loses more than 200 million euros annually due to fungal spoilage 
(Pawlowska et al., 2012). A broad range of chemicals is used in the battle against 
spoiling fungi (Brul and Coote, 1999; Davidson, 1999). However, legislative 
restrictions regarding the use of chemicals for food production, together with a 
rapidly growing trend in “green”, additives–free food products, has resulted in 
the development of a new trend known as “biopreservation”.  

Biopreservation can be defined as the extension of the shelf–life of food by 
the use of microorganisms, typically through the production of several natural 
antimicrobial agents (Leroy and De Vuyst, 2004; Pawlowska et al., 2012). LAB 
can be considered very promising biopreservative microorganisms because they 
are generally recognized as save (GRAS) and are used as starter cultures for the 
manufacture of a wide variety of foods (Leroy and De Vuyst, 2004). LAB 
produce a range of antimicrobial compounds such as organic acids, hydrogen 
peroxide, proteinaceous compounds, and reuterin (multi–compound consisted 
from 3–hydroxypropionaldehyde, its hydrate and its dimer) (Corsetti and 
Settannii, 2007; Axel, Zannini and Arendt 2016). Some of these antimicrobial 
compounds are resistant to the baking process and can control the growth of 
spoilage fungi.  
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It has been reported that, in addition to their influence on dough rheology, 
loaf volume, crumb structure and bread aroma, dough fermentation, in 
particularly sourdough LAB, also play a crucial role in the extension of the 
shelf–life of bread (Gerez et al., 2009; Lavermicocca et al., 2000; Dal Bello et 
al., 2007; Ryan et al.,2011). Dal Bello et al. (2007) revealed that Lb. plantarum 
FST 1.7 has the ability to inhibit bread spoilers that belonged to the genus 
Fusarium. The Main antifungal compounds identified in that study were lactic 
and phenyllactic acids, and two cyclic dipeptides. Another strain of Lb. 
plantarum was examined in a study conducted by Lavermicocca et al. in 2000. 
As a result, the tested strain demonstrated the ability to inhibit Aspergillus niger 
growth in both sourdough and prepared breads. They identified acetic, lactic and 
phenyllactic as antifungal compounds. Moreover, in some cases, the antifungal 
activity of tested LAB strains even exceeded the efficiency of some chemical 
preservatives (Lavermicocca et al., 2000; Pawlowska et al., 2012).  

Research exploring the use of antifungal compounds produced by sourdough 
LAB is still quite novel. Only a limited number of inhibiting compounds have 
been described, and, in some cases their mechanisms of action remain unclear 
(Brul and Coote, 1999; Schnürer and Magnusson, 2005; Dalie, Descamps and 
Richard–Forget, 2010). However, the potential use of LAB with antifungal 
properties seems to be very attractive for traditional breadmakers both for 
legislatory and marketing reasons and can help to find a balance between 
consumer demands and economic losses caused by fungal contamination. 
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3. AIMS OF THIS DISSERTATION 

The aim of this work was to select functional starter LAB strains for Type I 
sourdough processes. We obtained these strains from mature spontaneously 
started Type I rye sourdough after two months of controlled propagation using 
critical technological parameters that determine the stability of industrial rye 
sourdoughs as selective factor. We then characterized the dominant lactic acid 
bacteria in order to evaluate their potential as robust functional starter cultures 
for Type I sourdoughs. Specifically, we studied the following: 

I. Factors that affect the performance of dough fermentation in bakeries that 
use traditional sourdough processes (Publication I)  

II. Characteristics of the dominant strains isolated from spontaneously started 
Type I rye sourdough after a long–term controlled fermentation under selective 
pressure. Here we assessed the potential of selected strains for application in 
Type I sourdough fermentation processes and their ability to prolong the mould–
free shelf life of rye bread (Publications II and III) 

III. The diversity of contaminating fungi isolated from rye breads purchased 
from various Estonian bakeries. The aim here was to create a collection of mould 
species for further antifungal studies (Publication IV) 
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4. MATERIALS AND METHODS 

Detailed description of materials and methods used are available in 
Publications I to IV. 

4.1 Sourdough samples 

4.1.1 Industrial sourdough samples 

Industrial sourdough samples were originated from four Estonian bakeries 
referred to as Abakery, Bbakery, Cbakery, and Dbakery. All sourdoughs were prepared 
from flour of the same origin (rye flour type 1370, extraction rate 85%, Tartu 
Mill AS, Estonia).  

 
Table 1. Industrial sourdough samples collected from four Estonian bakeries (Abakery, 
Bbakery, Cbakery and Dbakery) and their propagation conditions. In Cbakery and Dbakery the 
fermentation was carried out at room temperature (RT). “Months” indicate time passed 
from the beginning of a new sourdough cycle (Abakery, Bbakery, and Cbakery) or from the 
collection of the first sourdough sample (Dbakery). 

Bakery  Abakery Bbakery Cbakery Dbakery 

Fermentation 
temperature

32°C 42–44°C RT (up to 28°C) RT (19–30°C) 

Dough yield 250 400 ~ 200 ~ 200 

Analyzed 
samples 

A0 – freeze 
– dried 
sourdough 

Bs – 3 
years 
propagated 
sourdough

C0 – freeze – 
dried commercial 
starter 

D1 – approx. 30 
years propagated 
sourdough 
(19°C) 

A1 – 1.2 
months 
  

B0 – fresh 
sourdough 
starter 

C1 – 12 months
  

D2 – 3 months 
(30°C) 
  

A2 – 3.5 
months

B1 – 0.25 
months 

C2 – 21 months D3 – 5 months 
(28°C) 

A3 – 4.5 
months

B2 – 1 
month

C3 – 28 months D4 – 19 months 
(23°C) 

A4 – 8.5 
months

B3 – 2.5 
months 

    

   B4 – 6 
months 
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Based on the propagation technology employed at each bakery (Table 1) 
Abakery and Bbakery sourdoughs can be referred to Type II, whereas Cbakery and 
Dbakery sourdoughs are classified as Type I. In Abakery and Bbakery, sourdough 
propagation was carried out under a controlled temperature, while Cbakery and 
Dbakery propagated sourdoughs at ambient temperature, which fluctuated 
seasonally. A number of relevant sourdough propagation parameters are 
described in Publication I: fermentation temperature and time, inoculum size, 
dough yield, starter used to initiate fermentation, and sampling schedule. 

4.1.2 Laboratory sourdough samples 
4.1.2.1 Spontaneously started sourdough 

Sourdough fermentation was initiated by mixing rye flour and sterile 0.5% 
NaCl solution in proportion 1:1. Rye flour (Type 1370, Tartu Mill, Estonia) from 
a single 50 kg bag was used for all experiments. After mixing, three sourdough 
batches were fermented at 20°C and another three at 30°C. After 24 hours of 
fermentation, each sourdough was renewed at an inoculation rate of 1:10. In 
total, each sourdough experienced 56 backslopping cycles. The three sourdoughs 
fermented at 20°C are referred to as 20–I, 20–II, and 20–III while those 
fermented at 30°C are referred to as 30–I, 30–II, and 30–III (Publication II). 

4.1.2.2 Sourdoughs inoculated by single–culture starter bacteria 

Starter LAB (Lb. plantarum M30I–1, Lb. brevis M30I–2, Lb. paralimentarius 
M30I–3 and Lactobacillus crustorum M30I–9) were cultivated overnight at 30°C 
in Sourdough bacteria (SDB) broth (maltose 20 gl-1, Tween 80 0.3 gl-1, trypticase 
5 gl-1, pH5.6). We prepared four dough batches using 10 KGy irradiated rye 
flour and sterile 0.5% NaCl solution (1:1). Each batch was inoculated with a 
single culture of starter LAB to achieve a final concentration of 106 CFUg-1 
bacterial cells in the dough. After mixing, each dough was divided in 2 portions 
and incubated for 12h. One portion was incubated at 20°C and another at 30°C 
(Publication III).  

4.1.2.3 Sourdoughs inoculated by mixed–culture starter 

Starter LAB were cultivated as described in the previous paragraph. Maltose 
negative yeast Candida humilis SR1 was cultivated overnight at 30°C in Yeast 
Extract Peptone Dextrose (YPD) broth (dextrose 20 gl-1; peptone 20 gl-1; yeast 
extract 10 gl-1). Doughs prepared as described above were inoculated with a 
single culture of selected starter LAB together with C. humilis SR1 to achieve a 
final concentration of 106 CFU g-1 bacterial cells and 104 CFU g-1 yeast cells in 
the dough. After mixing, each sourdough was divided into 2 portions and 
incubated for 12h. One portion was incubated at 20°C and another at 30°C. After 
12 hours of fermentation, the sourdoughs were refreshed 1:10. In total, each 
experimental sourdough went through fourteen refreshment cycles(Publication 
III).  
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4.2 Analysis of sourdough samples 

4.2.1 Chemical analysis 

I. For analysis of pH and total titratable acidity (TTA) the sourdough was 
homogenized with distilled water using a Polytron PT2100 homogenizer 
(Kinematica AG, Switzerland). TTA and pH were measured using a DL22 Food 
and Beverage Analyzer (Mettler–Toledo LLC., USA) (Publications I, II and III). 

II. Concentrations of lactic and acetic acids in mature sourdoughs were 
measured using High Performance Liquid Chromatography (HPLC). A 
Separations Module Waters 2695 Alliance HPLC was used together with a 
Refractive Index Detector 2414 (both from Waters Corporation, USA) and 
Organic Acid Analysis column (Aminex HPX–87H ion exclusion column, 300 
mm X 7.8 mm (Bio–Rad Laboratories Inc., USA)). A sulfuric acid solution (2.2 
ml per 1 l MilliQ water) was used as a solvent with flow rate 0.6 ml min−1, at a 
temperature of 35°C (Publication III).  

III. The extraction of volatile compounds from the dough was carried out 
using solid–phase microextraction (SPME). Analysis of the volatile compounds 
in the sourdoughs was performed using a Micromass GCT Premier gas 
chromatograph system (Waters, Milford, MA, USA) coupled with a PAL 
autosampler (CTC Analytics AG, Lake Elmo, MN, USA). After the SPME 
procedure, the volatile compounds were desorbed in splitless mode into a GC 
injection port equipped with a 0.75 mm internal diameter liner at 250°C for 10 
minutes. A DB5–MS column (30 m length × 0.25 mm i.d. × 1.0 μm film 
thickness; J&W Scientific, Folsom, CA, USA) was used with helium as a carrier 
gas at a flow rate of 1.0 ml min−1. The identification and quantification of 
volatile compounds was carried out using MassLynx software (Waters, Milford, 
MA, USA) (Publication III). 

4.2.2 Microbiological analysis  

I. Bacterial counts were determined by planting on SDB and de Man, Rogosa 
and Sharpe (MRS) agar (Lab M Ltd, UK) agar containing 100 μgl−1 
cycloheximide (Sigma–Aldrich, USA). CFUs were counted from agar plates 
with suitable dilutions (Publications I and II and III).  

II. Yeast counts were measured by plating on YPD agar plates containing 100 
μgl−1 chloramphenicol (Sigma–Aldrich, USA). Petri dishes were incubated 
overnight at 30°C under aerobic conditions. CFUs were counted from agar plates 
using suitable dilutions (Publication II and III). 
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4.2.3 Total DNA extraction and cultural–independent analysis of 
sourdough microbiota 

I. Extraction of whole DNA was performed using a GenElute Bacterial 
Genomic DNA Kit (Sigma–Aldrich., USA), according to the manufacturer’s 
protocol (Publications I and II).  

II. To conduct a Denaturing Gradient Gel Electrophoresis (DGGE) analysis 
of the yeast community we amplified the 28S rRNA genes using primers U1GC 
and U2. To conduct pyrosequencing analysis V1–V2 hypervariable regions of 
16S rRNA were amplified using universal primers 8F and 357R (Publications I 
and II). 

III. Denaturing Gradient Gel Electrophoresis (DGGE) was carried out using 
the INGENYphorU system (Ingeny International Bv., Netherlands). All clearly 
visible bands were cut from the gel, purified, and reamplified using primers or 
U1 and U2 (Publications I). 

IV. For Agarose gel electrophoresis (AGE) analysis of yeast community 
amplification of Internal Transcribed Spacer (ITS) region was made using 
primers ITS1 and ITS4. Obtained amplicons were visualized on agarose gel, 
sliced out, purified and reamplified using primers ITS1 and ITS4 (unpublished 
data). 

V. Sanger sequencing of selected amplicons was conducted in a commercial 
facility (Estonian Biocentre, Tartu, Estonia). Nucleotide sequences were 
analyzed using the BLASTn algorithm together with the GenBank database 
(National Center for Biotechnology Information, USA) (Publications I and II). 

VI. Pyrosequencing of Bar–coded 16S rRNA Gene Amplicons was made in a 
university facility (Centre for Biology of Integrated Systems, Estonia). The 
resulting pyrosequencing data was analyzed using the software package 
MOTHUR, version 1.27.0. Operational Taxonomic Units (OTUs) were defined 
using the average neighbor clustering algorithm within MOTHUR with a 97% 
similarity threshold. The closest match at a species level was found for each 
OUT using the BLASTn algorithm together with the GenBank database 
(National Center for Biotechnology Information, USA) with a similarity of 97% 
and a coverage of 90% (Publications I and II)..  

4.3 Bread samples 

The ten sliced sourdough rye breads studied in Publication IV were produced by 
five different Estonian bakeries, designated A, B, C, D and E. Loaves were made 
without any preservatives and packed into plastic bags.  
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4.4 Identification of microbial isolates 

I. Bacterial DNA was extracted from isolated colonies using Whatman 
indicating FTA MiniCards (GE Healthcare Ltd., UK) and the method provided 
by the manufacturer (Publications I and II). Fungal DNA was extracted using 
phenol/chloroform/isoamyl alcoholic extraction (Publication IV).  

II. PCR–fingerprinting analysis of bacterial and fungal isolates was
conducted using the primers (GTG)5 (Publications I and II) and M13 
(Publication IV), respectively. PCR–fingerprints were visualized on agarose gel. 

III. To identify bacterial isolates, 16S rRNA gene fragments were amplified
using the universal primers 27f–YM and 16R1522 (Publications I and II). Fungi 
were identified by amplifying the D1/D2 variable domains of the 28S rRNA 
gene, Internal transcribed spacer (ITS) region, and the β–tubulin gene with the 
primer pairs NL1/NL4, ITS1/ITS4, and Bt2a/Bt2b, respectively (Publications I, 
II and IV).  

IV. Sanger sequencing of the amplicons was performed at a commercial
facility (Estonian Biocentre, Tartu, Estonia). Nucleotide sequences were 
analyzed using the BLASTn algorithm together with the GenBank database 
(National Center for Biotechnology Information, USA) (Publications I, II and 
IV). 

4.5 Characterization of dominant LAB isolated from spontaneously 
fermented sourdough 

LAB used in the study: Lb. plantarum M30I–1, Lb. brevis M30I–2, Lb. 
paralimentarius M30I–3 and Lb. crustorum M30I–9 were isolated from 
spontaneously started laboratory rye sourdough (Publication II).  

I. We studied the carbohydrate fermentation profiles of selected LAB strains 
using API 50 CH identification kit according to the method provided by the 
manufacturer (bioMe´rieux, France) (Publication II). 

II. The growth of single–culture bacteria in dough at different temperatures
was characterized using an isothermal microcalorimeter TAM III (Publication 
III) 

III. The ability of selected LAB to suppress the growth of reference
microorganisms was tested in both an agar well diffusion assay and dual culture 
overlay assay. The reference microorganisms used for this study: Bacillus cereus 
ATCC 10876, Staphylococcus aureus ATCC 25923, Yersinia enterocolitica 
ATCC 27729, Escherichia coli ATCC 25922 and Aspergillus brasiliensis ATCC 
16404 were kindly provided by the Laboratory of Food and Environmental 
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Investigations (Institute of Food Safety, Animal Health and Environment – 
“BIOR”, Latvia) (Publication III).  

4.6 In situ study of the antifungal activity of Lactobacillus brevis 
M30I–2 against bread spoiling fungi 

Reference mould strains A. niger B213, Aspergillus tubingensis B123, 
Aspergillus chevalieri D121, Penicillium corylophilum A111 and Penicillium 
citrinum D221 were isolated from mouldy rye bread (Publication IV).  

4.6.1 Bread making 

Sourdough for bread making was prepared as described in Section 4.1.2.2. 
Rye dough was mixed according to the following recipe: sourdough – 33%, 
sterile water – 28%, sterile flour – 39%. These doughs were fermented for 110 
minutes at 30°C, put into baking forms and proofed at 30°C for an additional 45 
minutes. Baking was carried out in a Self Cooking Centre (Metos Systems 
Rational, Weikersheim, Germany) as follows: 10 minutes at 230°C, 15 minutes 
at 200°C, 15 minutes at 180°C, and 10 minutes at 150°C. The baked breads were 
cooled to room temperature, sliced and placed in petri dishes. Both the cooling 
and slicing procedures were conducted under sterile conditions (Publication III). 

4.6.2 In situ antifungal assay 

Spores of reference moulds were collected from the surface of the plates by 
shaking them with 1.5 ml of sterile 0.5% NaCl solution. The concentration of 
mould spores was determined using a hemocytometer and adjusted to 106 spores 
ml-1. Bread slices were spot inoculated by 5µl of spore suspension or using a 
piece of reference mould mycelium 5 mm in diameter and stored at 25°C for a 
week. Visual sings of mould germination were checked daily (Publication III).  
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5 RESULTS AND DISCUSSION 

5.1 Impact of propagation parameters on the stability of industrial 
sourdoughs (Publication I) 

Fermentation of the dough is a crucial step for rye bread making. Both the 
activity and stability of sourdough microbiota available for successful 
fermentation of the dough depend on multiple factors. In Publication I, we 
studied the effect of fermentation parameters applied at the industrial level on 
the stability of rye sourdoughs obtained from two large–scale (Abakery and Bbakery) 
and two small–scale (Cbakery and Dbakery) Estonian bakeries. 

Sourdoughs collected from both large–scale bakeries demonstrated 
remarkable stability in both bacterial cell density and chemical parameters 
(Table 2). The mean LAB counts were 8.95 log CFUg–1 and 8.67 log CFUg–1 for 
Abakery and Bbakery, respectively, while the average pH of the sourdoughs obtained 
from these bakeries was 3.64 and 3.56 throughout the study.  

Table 2. pH, TTA and bacteria counts in industrial rye sourdoughs from four Estonian 
bakeries 
 pH TTA log(CFUg-1) 
 Mean ± STDEV 
A1 3.67±0.06 22.30±0.56 8.82±0.07 
A2 3.71±0.01 18.89±0.05 9.04±0.06 
A3 3.63±0.04 21.30±0.41 8.84±0.07 
A4 3.53±0.02 21.84±0.30 9.08±0.03 
    
Bs 3.60±0.05 31.33±0.13 8.63±0.16 
B0 3.40±0.12 21.60±0.58 8.56±0.14 
B1 3.63±0.08 30.23±0.02 8.11±0.06 
B2 3.57±0.06 31.38±1.27 8.94±0.08 
B3 3.57±0.05 34.51±1.28 8.93±0.24 
B4 3.58±0.06 33.18±1.09 8.85±0.05 
    
C1 4.11±0.09 16.50±1.11 6.56±0.07 
C2 4.00±0.07 18.20±0.03 6.64±0.01 
C3 4.18±0.11 17.10±0.58 8.28±0.03 
    
D1 4.28±0.06 16.94±1.08 8.00±0.03 
D2 3.96±0.16 18.30±1.06 8.80±0.08 
D3 3.86±0.06 23.19±1.10 9.05±0.12 
D4 4.12±0.11 17.85±0.03 8.01±0.11 
 

Despite having similar pH values, Bbakery sourdough was characterized by a 
significantly higher TTA (Table 2). This could be the result of the sourdough 
propagation conditions because it has already been shown that the high DY and 
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increased fermentation temperature used in this bakery favor acidification 
(Minervini et al., 2014; De Vuyst et al., 2014).  

Beside having stable chemical compositions, the sourdoughs that originate 
from both large–scale bakeries demonstrated very stable specific microbial 
populations. The LAB strains that dominated in Abakery sourdough belonged to 
the species Lb. panis, Lb. pontis, and Lactobacillus helveticus (Fig. 1), while the 
yeasts were represented by a single species – Kazachstania telluris (formerly 
Saccharomyces telluris, Arxiozyma telluris) (Fig. 2). This yeast species is known 
as a pathogen in rodents and cannot be referred to as a typical sourdough yeast 
(De Vuyst et al., 2016). However, this thermophilic yeast can potentially 
colonize a sourdough ecosystem due to its ability to utilize glucose and grow on 
glucose, ethanol, and lactic acid (Kurtzman et al., 2005).  
 

 
Figure 1. Diversity of bacterial communities in the industrial rye sourdoughs from four 
Estonian bakeries (Abakery, Bbakery, Cbakery and Dbakery) as determined by pyrosequencing of 
16S rRNA gene amplicons 
 

The high fermentation temperature applied in Bbakery resulted in the selection 
of a stable bacterial population consisting of Lb. amylovorus and Lactobacillus 
frumenti (Fig. 1). Both of these thermophilic, acid–tolerant bacteria species were 
previously identified as prevalent in other industrial rye sourdoughs propagated 
at elevated fermentation temperatures, similar to that (42 – 44°C) applied in 
Bbakery (Müller et al., 2001; De Vuyst et al., 2014). No yeast species were 
detected in Bbakery sourdough, probably due to the unfavorable conditions created 
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by employing a high fermentation temperature (Minervini et al., 2014; De Vuyst 
et al., 2014). 

In contrast with samples collected from large–scale bakeries where the 
fermentation conditions were highly controlled by industrial equipment, 
sourdoughs obtained from Cbakery and Dbakery, were propagated at ambient 
temperature and found to be much less stable. Samples collected in Cbakery and 
Dbakery during the winter period (samples C1, C3, D1, D4 in Table 2) were 
characterized by higher pH, probably due to the low ambient temperature. 
Changes in pH correlated with fluctuation in the LAB cell density and specific 
composition of the bacterial consortia and were also in direct relation with the 
ambient temperature within the bakery (Table 2). Thus, the sourdoughs collected 
in Cbakery during the colder period contained a microbial population dominated by 
Lb. sanfranciscensis and Lactobacillus zymae with the latter predominating in 
the coldest month (C1). During the warmer period, Lb. zymae was outcompeted 
by Lb. pontis.  

Representatives of L. zymae and L. pontis species were also detected among 
the dominant population of LAB in Dbakery, which utilized sourdough 
propagation parameters that are very similar to those applied in Cbakery. Apart 
from Lb. zymae and Lb. pontis sourdough samples from Dbakery contained LAB 
from the species L. helveticus (Fig. 1). As with Cbakery sourdoughs, the relative 
proportion of these species in the samples depended on the ambient temperature 
in the bakery. In the wintertime (samples D1, D4), the growth of Lb. zymae was 
favored, while mainly Lb. pontis and Lb. helveticus were detected in samples 
(D2 and D3), which were collected during warmer periods (Fig. 1).  

 
Figure 2. Identification of yeast communities within industrial rye sourdoughs from three 
Estonian bakeries (Abakery, Cbakery and Dbakery) using DGGE analysis of 28S rRNA gene 
amplicons. 1, 2 – K. telluris; 3 – Cereal DNA; 4, 5, 6, 7 – C. humilis 

The only yeast identified from the sourdough samples from both small–scale 
bakeries (Cbakery and Dbakery) belongs to C. humilis species (Fig. 2). In traditional 
sourdoughs this maltose–negative yeast species often forms a trophic 
relationship with maltose–positive LAB such as Lb. sanfranciscensis and Lb. 
pontis species (Gänzle, Ehmann and Hammes, 1998). The glucose that 
accumulates in the environment due to intracellular maltose phosphorylase 
activity of those LAB, is consumed by C. humilis, who is not able to utilize 
maltose (Hammes, Stolz and Gänzle, 1996; Martinez–Anaya, 2003). C. humilis, 
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in turn, degrades sucrose and fructose–oligosaccharides thereby liberating 
fructose which can be used by Lb. sanfranciscensis and Lb. pontis as an external 
electron acceptor, thus increasing the cell yield and production of acetic acid 
(Gänzle, Vermuelen and Vogel, 2007).  

5.2 Selection of functional starter bacteria for traditional sourdoughs 
(Publications II and III) 

The maintainance of stable microbial consortia in traditional sourdough may 
require additional investments in equipment and training for operators working 
in production. For artisanal and small–scale industrial bakeries that carry out 
Type I sourdough fermentation processes, the use of starter bacteria highly 
adapted to the unstable fermentation conditions could be a rational way of 
maintaining the quality of the rye bread produced. In this study we directed the 
evolution of microbial consortia to select LAB that are adapted to the parameters 
used to prepare traditional Type I rye sourdough. We then isolated and 
characterized the dominant LAB from mature long–term propagated sourdough 
and evaluated their potential application as bioactive, competitive, and functional 
starter bacteria for traditional sourdough process.  

5.2.1 Selection of dominant microorganisms in spontaneously 
started Type I rye sourdough using fermentation temperature 
as a selective factor 

Spontaneous rye sourdoughs were started at 20°C and 30°C in three parallel 
batches. Flour from the same batch was used to produce the sourdough in all 
experiments.  

The evolution of the sourdough microbial consortia occurred more rapidly at 
30°C. Thus, after the first 24 hours of fermentation at 20°C bacteria from the 
genera Enterobacter, and Pantoea prevailed, whereas in sourdoughs fermented 
at 30°C in addition to Enterobacteria, sourdough nonspecific LAB belonged to 
Weissella, Lactococcus, and Leuconostoc dominated (Fig. 3). The non-specific 
sourdough LAB produced organic acids decreasing pH and increasing the TTA 
of the dough (data not shown). However, pH drop below 4.0 causes inhibiting 
effect on sourdough non–specific LAB, favoring the growth of acid–tolerant 
LAB species (Minervini et al., 2014; De Vuyst et al., 2014).  

At the end of the first week of experiments in doughs fermented at 30°C, 
non-specific sourdough LAB were partly replaced by sourdough–specific 
species (Lb. plantarum and Lb. brevis). In contrast Weissella, Lactococci, and 
Pediococci still prevailed in sourdoughs fermented at 20°C (Fig. 3), which were 
characterized by lower acidity (data not shown). 
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During the next two weeks of daily backslopping, the diversity of the six 
bacterial communities continued to decrease. Starting from the 21st cycle to the 
35th cycle, the bacterial compositions within the sourdoughs were stable and 
comparable between batches.  

Although temperature is an important parameter that determines metabolite 
kinetics and the establishment of microbial consortia during sourdough 
fermentation (Meroth et al., 2003; Vrancken et al., 2011; Minervini et al., 2014; 
De Vuyst et al., 2014), in this study, fermentation temperature mostly affected 
the ratios between the limited number of dominant LAB species in the 
community rather than selecting for different species. Thus, after 56 propagation 
cycles, facultatively heterofermentative Lb. paralimentarius was found to 
dominate in sourdoughs fermented at 30°C with different combinations of Lb. 
plantarum, Lb. brevis, and Lb. crustorum found at sub–dominant levels (>15%). 
In sourdoughs fermented at 20°C obligately heterofermentative Lb. brevis in 
combination with facultatively heterofermentative Lb. plantarum, Lb. 
paralimentarius, and Lb. crustorum prevailed. 

In contrast with the bacterial consortia, the dynamics of the yeast population 
during the earlier stages of propagation was not affected by the fermentation 
temperature applied. The yeast community in all studied sourdoughs was 
generally stable during the first three weeks of daily propagation and consisted 
from a single yeast species – Kazachstania unispora (formerly Saccharomyces 
unisporus) (Fig. 4). A drastic increase in the number of yeast species appeared 
near the end of the first month of backslopping (day 28, Fig. 4) when we began 
to find yeast from the species S.cerevisiae, and Candida glabrata in sourdoughs 
fermented at both temperatures (Fig. 4).  

During the next 28 cycles of propagation, the yeast species S. cerevisiae and 
C. glabrata disappeared from the sourdough batches fermented at 20°C. By the 
end of the experiment K. unispora was found to be the only yeast species in all 
sourdoughs fermented at the lower temperature. In contrast, sourdoughs 
fermented at 30°C yeast from the species C. krusei appeared at the 35th 
fermentation cycle. After the 56th backslopping cycle, the yeast populations 
within the sourdoughs propagated at 30°C consisted of K. unispora along or in 
combination with S. cerevisiae, C. krusei, and C. glabrata (Fig. 4). 

It has been shown that the stabilization of LAB consortia in spontaneously 
started sourdoughs occurs in a three–stage evolution process over the course of 
five to ten days (De Vuyst and Neysens, 2005; Weckx et al., 2010; Ercolini et 
al., 2013; Moroni, Arendt and Dal Bello, 2011). During this time, the acidity 
drops and stabilizes together with the LAB count to a level common for mature 
sourdough. However, in our study further succession of species occurred even 
after the fifth week of propagation (Figure 3). 

It is known that yeasts and LAB often interact with each other in sourdough 
ecosystems (Minervini et al., 2014; De Vuyst et al., 2014). Being maltose–
negative, K. unispora, C. krusei, and C. glabrata can enhance the growth of 
maltose positive LAB, such as Lb. brevis (Ravyts and De Vuyst, 2011; De Vuyst 
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et al., 2016). Hence, the appearance of the new yeast species in some of the 
batches we tested may be the reason for the observed instability. 

 

 
Figure 4. Identification of yeast communities within spontaneously started laboratory 
rye sourdoughs using AGE analysis of ITS1/4 amplicons. 1– K. unispora; 2 – C. krusei; 
3 – S. cerevisiae; 4 – C. glabrata. 
 

5.2.2 Isolation of dominant LAB strains and characterization of 
their metabolic profiles 

 
In total, 120 colonies of LAB were isolated from spontaneously–started rye 

sourdoughs after 56 days of laboratory–scale propagation at two different 
temperatures. The isolates were then clustered into four REP groups based on 
Rep–PCR fingerprinting (data not shown). Representatives from each group 
were identified using 16S rRNA partial gene sequencing and were found to be 
Lb. paralimentarius (Lb. paralimentarius M30I–3) and Lb. crustorum (Lb. 
crustorum M30I–9), Lb. plantarum (Lb. plantarum M30I–1) and Lb. brevis (Lb. 
brevis M30I–2). The two latter species are considered as the two most frequently 
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isolated LAB from sourdoughs (Corsetti and Settanni, 2007; De Vuyst et al., 
2014). 

We went on to characterize the metabolic profiles of the four dominant LAB 
species. The strain Lb. plantarum M30I–1 was able to ferment the largest range 
of carbohydrates (Table 3). Such a diverse carbohydrate metabolism can explain 
the predominance of Lb. plantarum species in cereal fermentations (Minervini et 
al., 2010; Manini et al., 2016). Together with Lb. paralimentarius, M30I–3, Lb. 
plantarum M30I–1 was able to ferment all four major rye flour carbohydrates 
(glucose, fructose, maltose, sucrose), while Lb. brevis M30I–2 and Lb. 
crustorum M30I–9 were sucrose–negative (Table 3).  

Table 3. Carbohydrate fermentation profiles of Lb. plantarum M30I–1, Lb.brevis M30I–
2, Lb. paralimentarius M30I–3 and Lb. crustorum M30I–9

Lb. plantarum 
M30I–1 

Lb. brevis 
M30I–2 

Lb. paralimentarius 
M30I–3 

Lb. crustorum 
M30I–9 

L – arabinose + + + – 

D – ribose + + + – 

D – xylose + + + – 

D – galactose + + – + 

D – glucose + + + + 

D – fructose + + + + 

D – mannose + – + + 
D – 
celiobinose 

+ – + + 

D – maltose + + + + 

D – melibiose + + – – 

D – saccharose + – + – 

D – trehalose + – + + 

Inulin + – – – 

D – melezitose + – + – 

D – raffinose + – – – 

D – mannitol + – – – 

D – sorbitol + – – – 
Esculin ferric 
citrate 

+ – + –
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5.2.3 The growth of selected LAB in Type I sourdough at 20°C and 
30°C 

Because fermentation temperature is one of the key factors that affects the 
growth of microorganisms in sourdough cycles (Minervini et al., 2014; De Vuyst 
et al., 2014; Vrancken et al., 2011; Neysens and De Vuyst 2005; Brandt, 
Hammes and Gänzle, 2004), bakeries that apply ambient temperatures for 
sourdough fermentation require starter cultures with an ability to grow and 
acidify the dough over a wide range of temperatures.  

The fermentation temperatures used in our trials resulted in significantly 
different metabolic performance of strains we tested. When studied doughs were 
fermented at 30°C, all LAB strains demonstrated rapid growth with a shorter 
exponential growth phases and higher maximum heat flows compared with 
doughs fermented at 20°C (Table 4, Fig. 5).  

 
Table 4. Growth characteristics of Lb. plantarum M30I–1(LP), Lb. brevis M30I–2 (LB), 
Lb. paralimentarius M30I–3 (LPR) and Lb. crustorum M30I–9 (LC) during cultivation 
at 20 and 30°C. μmax – maximum specific growth rate, Pmax – maximum heat flow, 
log(CFUg-1) – bacteria counts. 

Temperature Starter 
μmax, 
h –1 

Pmax,  
µWg‐1 

log(CFUg-1) 

Mean ± STDEV 

20ºC 

LP 0.127±0.01 NR* 8.73±0.41 
LB 0.175±0.01 239.5±0.01 9.14±0.11 

LPR 0.095±0.00 NR 8.45±0.02 
LC 0.121±0.03 NR 8.64±0.00 

     

30ºC 

LP 0.472±0.02 268.6±0.01 9.23±0.16 
LB 0.354±0.00 487.1±0.02 9.68±0.08 

LPR 0.392±0.01 247.8±0.00 9.10±0.01 
LC 0.451±0.01 254.6±0.01 9.20±0.01 

*NR – not reached 
 
Starter LAB also displayed high acidifying activity and successfully dropped 

the pH below 4.3 after the 6th hour of fermentation at 30°C (Fig5). It is widely 
accepted that higher fermentation temperatures favour the acidification process 
because of the increased production of lactic acid (De Vuyst et al., 2014). 
Indeed, the concentrations of lactic acid found in samples fermented at 30°C 
were up to four times higher compared with sourdoughs fermented at 20°C, 
whereas we observed only slight changes in the amount of acetic acid (Table 5). 

Cultivation at 20°C drastically changed the performance of potential starter 
bacteria. The maximum specific growth rates of Lb. plantarum M30I–1, Lb. 
paralimentarius M30I–3 and Lb. crustorum M30I–9 strains decreased up to four 
times compared with the rates achieved during cultivation at 30°C. Lb. brevis 
M30I–2 was the only strain whose maximum specific growth rate was 
significantly less affected by a decrease in cultivation temperature (Table 4). The 
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lower fermentation temperature had a negative effect on acidifying activity of 
the bacteria we tested. Thus, only Lb. plantarum M30I–1 and Lb. brevis M30I–2 
were active enough to drop the pH of the fermented doughs below 4.3 by the end 
of the fermentation cycle (Table 5). This pH is considered a benchmark of a 
successfully developed fermentation process (Corsetti, 2013).  
 
Table 5. Metabolite production of Lb. plantarum M30I–1(LP), Lb. brevis M30I–2 (LB), 
Lb. paralimentarius M30I–3 (LPR) and Lb. crustorum M30I–9 (LC) during cultivation 
at 20 and 30°C.  

Temperature Starter 
pH TTA 

Lactate, 
 mmol gDM–1 

Acetate, 
 mmol gDM–

1 
Mean ± STDEV 

20ºC 

LP 4,12±0.04 11.9±0.33 111.91±0.12 22.68±0.30 
LB 4.14±0.05 12.6±0.22 103.38±0.00 102.17±0.40 

LPR 4.40±0.02 9.05±0.22 82.01±0.33 ND* 
LC 4.42±0.02 8.93±0.45 50.13±0.12 27.17±0.20 

      

30ºC 

LP 3.62±0.04 18.16±0.50 260.68±0.09 26.40±0.22 
LB 3.93±0.07 20.63±0.30 191.93±0.50 109.95±0.22 

LPR 3.68±0.14 17.02±0.97 230.65±0.17 25.82±0.33 
LC 3.74±0.06 17.10±0.20 233.44±0.33 26.42±0.33 

*ND – not detected 
 

It has been shown that microorganisms growing in the transition between the 
exponential and stationary growth phases are preferable for sourdough 
propagation due to their higher cell counts and acidifying activity (Gaggiano et 
al. 2006). Among all tested LAB strains, only Lb. brevis M30I–2 was able to end 
exponential growth phase within 12h when inoculated within doughs fermented 
at 20°C (Fig.5). The high activity of Lb. brevis M30I–2 at 20°C could explain 
the predominance of this strain in the microbial population of spontaneously 
started Type I rye sourdoughs described in Publication I. 
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Figure 5. pH change (grey lines) and power time curves (black lines) describing the 
growth of individual starter bacteria in rye sourdough at 20°C ( I )and 30°C ( II ).  
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5.2.4 Characterization of volatile compounds produced by selected 
strains during fermentation of Type I sourdough 

 
Organoleptic properties, especially taste and aroma, still remain to be the 

main factors that define customer preferences when it comes to choosing rye 
bread (Salim–ur–Rehman et. al., 2006). It is widely accepted that the baking 
process defines the final aroma of the crust, with its typical roasty note, whereas 
the sensory properties of the crumb are developed mainly due to the activity of 
microorganisms during dough fermentation (Corsetti and Settanni, 2007; De 
Vuyst et al., 2016). In this way, the repeatability of the aroma profile under 
unstable propagation conditions should be taken into account during the 
selection of potential starters for the baking industry. Within the LAB tested in 
our study Lb. plantarum M30I–1, Lb. paralimentarius M30I–3 and Lb. 
crustorum M30I–9 produced an almost identical composition of volatile 
compounds, whereas a unique aroma profile was found in doughs fermented by 
Lb. brevis M30I–2. However, all of the strains we tested were able to produce a 
stable qualitative composition of volatiles at both of propagation temperatures. 
Thus, six alcohols were found in sourdoughs fermented with the LAB strains we 
studied (Table 6) and a portion of these were previously found in traditional 
sourdoughs of different origins (Damiani et al., 1996; Di Cagno et al., 2014; 
Kaseleht et al., 2011). Most of the alcohols we identified are common within all 
sourdoughs we have tested. An exception was 2–Methyl–1–butanol which was 
not detected in samples inoculated with the Lb. brevis strain (Table 6).  

We detected six different esters in the samples we studied. Ethyl acetate, 
Isoamyl acetate, Hexyl acetate, Phenylethyl acetate and Ethyl undecanoate were 
found in all fermented doughs, whereas no traces of Propyl decanoate were 
detected in sourdoughs prepared using the strain Lb. brevis M30I–2 (Table 6). 
Of all the compounds we identified, only Ethyl acetate and Hexyl acetate were 
previously reported as volatile compounds originating from Type I sourdoughs 
(Damiani et al., 1996; Kaseleht et al., 2011; Di Cagno et al., 2014).  

The most considerable difference in the composition of volatile compounds 
within the strains we tested was found between aldehyde components. Five 
different aldehydes were detected in the fermented doughs and only 
Butyrolactone was found in all samples studied. Sourdoughs fermented by Lb. 
brevis M30I–2 demonstrated the most unique aroma profile composed from 
Butyrolactone, (z)–2–Decenal and (E,E)–2,4–Decadienal (Table 6). The last two 
compounds were found only in doughs inoculated with the Lb. brevis M30I–2 
strain. Aldehydes are assumed to be one of the key flavor compounds in rye 
based baked products. Thu, (E,E)–2,4–Decadienal has been previously reported 
as a contributor to the overall flavor of the crumb in rye breads (Burdock, 2009; 
Kirchhoff and Schieberle, 2001). 
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Table 6. Volatile compounds detected in experimental sourdoughs after 12 hours of 
fermentation at 20°C and 30°C. LP – dough inoculated with Lb. plantarum M30I–1, LB 
– dough inoculated with Lb. brevis M30I–2, LPR – dough inoculated by Lb. 
paralimentarius M30I–3, LC – dough inoculated by Lb. crustorum M30I–9. 

Compound 
LP LB LPR LC 

20 30 20 30 20 30 20 30 

Ethanol + + + + + + + + 

2–Methyl–1–butanol + + ND ND + + + + 

2,3–Butanediol + + + + + + + + 

2–Ethyl–1–hexanol + + + + + + + + 

1–Octanol + + + + + + + + 

1–Dodecanol + + + + + + + + 

Ethyl acetate + + + + + + + + 

Isoamyl acetate + + + + + + + + 

Hexyl acetate + + + + + + + + 

Phenylethyl acetate + + + + + + + + 

Propyl decanoate + + ND ND + + + + 

Ethyl undecanoate + + + + + + + + 

Butyrolactone + + + + + + + + 

Benzaldehyde + + ND ND + + + + 

(Z)–2–Decenal ND ND + + ND ND ND ND 

(E,Z)–2,4–Decadienal + + ND ND + + + + 

(E,E)–2,4–Decadienal ND ND + + ND ND ND ND 

Acetic acid + + + + + + + + 

Butyric acid + + + + + + + + 

2–Ethylhexanoic acid + + ND ND + + + + 

Heptanoic acid + + + + + + + + 

Octanoic acid + + + + + + + + 

Nonanoic acid + + + + + + + + 

Dodecanoic acid + + + + + + + + 
*ND – not detected 

5.2.5 Study the co–existence of selected LAB with maltose negative 
yeast species in traditional rye sourdough 

 
“Baker’s yeast free bread” is a rapidly growing trend in the market. 

Moreover, the use of baker’s yeasts in traditional bakeries is sometimes 
restricted by typical technological schemes applied for making rye bread (Stolz, 
2003). In these cases, the number of indigenous yeasts in the microbial consortia 
of sourdough should be high enough to produce a sufficient amount of gas. Thus, 
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it is essential to study the associations between potential starter bacteria and 
endogenous yeast species within Type I sourdoughs. 

Table 7. TTA, pH, bacterial and yeast counts in experimental mixed sourdoughs 
fermented at 20 and 30°C after 14 refreshment cycles. LP – Lb. plantarum M30I–1; LB 
– Lb. brevis M30I–2; LPR – Lb. paralimentarius M30I–3; LC – Lb. crustorum M30I–9. 

Starter 
pH TTA 

LAB 
log(CFUg-1) 

Yeast 
log(CFUg-1) 

Mean ± STDEV 

LP + C. humilis 
20°C 3.82±0.03 15.67±0.10 9.30±0.50 8.11±0.17 
30°C 3.74±0.05 18.38±0.11 9.23±0.33 6.60±0.11 

LB + C. humilis 
20°C 3.85±0.09 18.67±0.18 9.48±0.17 7.60±0.34 
30°C 3.71±0.02 20.82±0.05 9.50±0.65 7.15±0.22 

LPR + C. humilis 
20°C 3.90±0.03 15.07±0.07 9.21±0.44 8.42±0.69 
30°C 3.77±0.03 17.32±0.08 9.13±0.12 7.78±0.21 

LC + C. humilis 
20°C 3.80±0.07 15.53±0.08 9.53±0.28 8.34±0.85 
30°C 3.73±0.07 18.47±0.02 9.29±0.17 7.56±0.09 

We analyzed sourdoughs inoculated with mixed starter cultures and 
propagated during 14 cycles and found very similar pH values and bacterial 
counts between all samples, independent of the fermentation temperature applied 
(Table 7).  

In doughs inoculated with Lb. plantarum M30I–1, Lb. paralomentarius 
M30I–3 and Lb. crustorum M30I–9, we found similar TTA values between 
batches fermented at the same temperature. These values were found to lie in the 
range of 15.07 – 15.67 for doughs fermented at 20°C and 17.32 – 18.47 for 
doughs fermented at 30°C. It is known, that the presence of fructose in the dough 
favors the production of acetate by obligate heterofermentative LAB (Gänzle, 
2015). In rye flour the amount of fructose is low, however, in the dough it can be 
liberated from sucrose and fructose–oligosaccharides due to the activity of 
enzymes in yeast (Martinez–Anaya, 2003). Indeed, doughs fermented by Lb. 
brevis M30I–2 demonstrated the highest TTA values at the both fermentation 
temperatures probably, due to the high amount of acetic acid (Table 7). 

In high quality mature sourdough, the optimal ratio between yeasts and LAB 
is considered to be about 1:100 (Gobetti et al., 1994; Ottogalli et al., 1996). In 
the sourdoughs we studied, this ratio remained constant between temperatures 
only in batches fermented with Lb. brevis M30I–2. In case of Lb. plantarum 
M30I–1, Lb. paralimentarius M30I–3, and Lb. crustorum M30I–9 a decrease in 
fermentation temperature caused an increase in the count of yeast in the doughs. 
In a sourdough ecosystem, lactobacilli could suppress the growth of yeasts both 
by outcompeting them for critical nutrients or by producing antifungal 
compounds (Corsetti, 2013). However, the high count of both yeast and LAB in 
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all sourdough experiments pointed towards a mutualistic type of interaction 
between the LAB strains we studied and C. humilis SR1. 

5.2.6 Influence of single starter culture on the growth of potential 
pathogens and reference mould in vitro 

The microbial spoilage of bread is considered to be one of the main factors 
that affect their shelf–life (Smith et al., 2004). Despite the fact that the relatively 
high acidity and low water activity of rye bread restrict the growth of 
contaminative bacteria, some cases of bacteria–related foodborne outbreaks 
within baked products have been reported (Smith and Simpson, 1995). In this 
study, we screened potential starter bacteria for their ability to suppress the 
growth of the food–borne pathogens: E. coli ATCC 25922, B. cereus ATCC 
10876, Y. enterocolitica ATCC27729, and S. aureus ATCC25923.  

All tested LAB showed inhibiting activity of moderate to high intensity 
against all reference foodborne pathogen, when tested in a form of active 
biomass (Table 8). Conversely, cell–free supernatants (CFS) obtained from the 
LAB strains we tested demonstrated only limited inhibiting activity (Table 8). 
Because no antibacterial activity was detected in neutralized CFS (data not 
shown), we can assume that the inhibitory effect is a result of the acidic nature of 
the inhibitive compounds produced by the LAB we tested.  

In contrast with the relatively rare cases of bacterial contamination of 
sourdough breads, fungal spoilage is reported to be the major cause of 
microbiological spoilage of rye breads (Legan, 1993; Smith et al., 2004). A 
number of studies have confirmed that specific LAB strains possess anti-fungal 
activity (Rouse et al., 2008; Gerez et al., 2009; Ryan et al., 2011), including 
bacteria isolated from sourdough ecosystems (Dal Bello et al., 2007; Hassan et 
al., 2015). In our study, the anti–fungal activity of starter LAB was tested in 
vitro using A. brasiliensis ATCC 16404 as a reference fungi. As a result, among 
all LAB we tested, only Lb. brevis M30I–2 was able to suppress the germination 
of this reference mould. Strong inhibition of mould growth was detected when 
Lb. brevis M30I–2 was tested in a form of active biomass. While weak inhibition 
of the growth of targeted fungi was observed in a trial with CFS obtained from 
an Lb. brevis M30I–2 strain (Table 8), however, this effect completely 
disappeared after neutralization of CFS (data not shown).  

The results obtained suggest that the observed antifungal activity of the strain 
was caused by organic acids produced by Lb. brevis M30I–2. HPLC analysis of 
the sourdoughs revealed that in addition to the lactic acid produced by all LAB 
strains, intense production of acetic acid took place in sourdoughs fermented by 
Lb. brevis M30I–2 (Table 5). Acetic acid has a dissociation constant of 4.8. As a 
result, at pH values below 4, as achieved by Lb. brevis M30I–2 in our 
experiments, it is present in the sourdough in an undissociated form. This 
uncharged form of acid is lipid soluble and may easily diffuse inside the fungal 
cell membrane and dissociate inside it (Piard and Desmazeaud, 1991). The H+ 
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protons released acidify the cytoplasm hence inhibiting the action of endogenous 
enzymes and forcing the cell to waste energy for the exporting excess protons. In 
addition, an excess of H+ protons can denature acid sensitive proteins within the 
microbial cell (Piard and Desmazeaud, 1991; Russell and Diez–Gonzalez 1998; 
Schnürer and Magnusson, 2005). Finally, the high levels of anions that 
accumulate in the cytoplasm after dissociation of acetic acid can have osmotic 
effects on the fungal cell (Young and Foegeding, 1993).  

 
Table 8. Effect of live biomass (B) and cell free supernatant (CFS) on the growth of 
reference bacteria and mould in–vitro. 

  

Lb. 
plantarum 

M30I–1 
Lb. brevis 
M30I–2 

Lb. 
paralimentarius 

M30I–3 

Lb. 
crustorum 
M30I–9 

  B CFS B CFS B CFS B CFS 
E. coli  
ATCC 25922 

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

B. cereus  
ATCC 10876 

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

S. aureus  
ATCC 25923 

++ + ++ – +++ + +++ – 

Y. enterocolitica 
ATCC 27729 

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

A. brasiliensis 
ATCC 16404 

– – +++ + – – – – 

Antimicrobial activity was interpreted as follows: “–” – no inhibition; “+” – inhibition 
zone = 0.1 – 0.5cm; “++” – inhibition zone = 0.5 – 1.0cm; “+++” – inhibition zone 
>1.0cm 

 
Mould suppression by different strains of Lb. brevis species has previously 

been described in a number of studies. Thus, nine different strains of Lb. brevis 
isolated from sourdoughs and brewing barely have been described as producers 
of proteinaceous compounds and organic acids with a wide–spectrum antifungal 
activity (De Muynck et al., 2004; Gerez et al., 2009; Mauch et al., 2010; Guo et 
al., 2011). In other study performed by Tatsadjieu, Tchikoua and Mbofung 
(2016) two strains of Lb. brevis isolated from corn samples demonstrated the 
ability to inhibit up to 91% of all tested fungal strains during the in vitro 
screening. The synergistic effect of organic acids and ethanol produced by 
heterofermentative Lb. brevis was assumed to be the cause of this strong 
inhibiting activity (Tatsadjieu, Tchikoua and Mbofung, 2016). Due to the 
promising results of our in vitro antifungal study Lb. brevis M30I–2 strain was 
selected for further studies in situ. 
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5.2.7 The ability of Lactobacillus brevis M30I–2 to prolong the shelf–
life of rye bread  

 
It has been reported, that the formation of antifungal compounds by LAB can 

vary depending on the cultivation matrix (Lavermicocca et al., 2000; Stiles et al., 
2002). In order to verify the results of our in vitro assay, we conducted 
additional trials with rye breads prepared using Lb. brevis M30I–2 as a starter 
culture. As a result, we detected that Lb. brevis M30I–2 has the ability to inhibit 
spore germination and suppress the development of fungal mycelium and the 
sporulation process in contaminated breads (Table 9).  
 
Table 9. The ability of Lb. brevis M30I–2 to suppress the growth of mould species 
specific for rye breads. S– breads contaminated with spore suspension. M–breads 
contaminated with mycelium.  

Mould–
free 

shelf life, 
days* 

Penicillium 
corylophilum 

A111 

Penicillium 
citrinum 

D221 

Aspergillus 
niger 
B213 

Aspergillus 
chevalieri 

D121 

Aspergillus 
tubingensis 

B123 

 S M S M S M S M S M 
1 – – – – – – – – – – 
2 – + – – – + – – – + 
3 – + – + – + – + – + 
4 + ++ – + – ++ – + – + 
5 ++ ++ – + – ++ – + – ++ 
7 ++ ++ – + – ++ – + – ++ 

Fungistatic activity was evaluated as follows: “–” – no visual sings of fungal growth; 
“+” – hyphae formation; “++” – sporulation 
*Compared to control bread sample prepared with Lb. crustorum M30I-9 
 

Previous studies reported that different species of contaminating fungi could 
be affected in different ways by antifungal compounds produced by specific 
strains of LAB (Lavermicocca et al., 2000; Magnusson and Schnürer 2001; 
Gerez et al., 2009; Manini et al., 2016). Indeed, the results of our in situ 
antifungal assay revealed that the mould species we tested demonstrated 
different level of sensitivity. Thus, A. chevalieri D121 and P. citrinum D221 
showed the highest sensitivity to compounds produced by Lb. brevis M30I–2, 
thus demonstrating an absence of any singns of mycelium development during 
the first two days of storage (Table 9). Lb. brevis M30I–2 was also able to 
completely inhibit spore germination in P. citrinum D221 and all Aspergilli 
species we tested. In contrast, spores of P. corylophilum A111 began to 
germinate already at the fourth day of storage (Table 9). 

P. corylophilum is a widely known bread contaminant that demonstrats a low 
sensitivity to calcium propionate and sodium benzoate – chemical compounds 
commonly used as bread preservatives (Lund et al., 1996; Lavermicocca et al., 
2000). Moreover, Lavermicocca et al (2000) has reportedon the resistance of P. 
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corylophilum against  inhibiting compounds produced by  antifungal LAB 
(Lactobacillus alimentarius 5Q, Lactococcus lactis subsp. lactis 11M and 
Leuconostoc citreum 10M) tested in the study. However, the use of Lb. brevis 
M30I–2 as a starter culture prolonged the shelf life of bread contaminated by P. 
corylophilum spore suspension by up to three days compared to control samples. 

5.3 PCR–based identification of contaminating fungi isolated from 
rye breads obtained from five different Estonian bakeries 
(Publication IV) 

Fungal spoilage is the main factor that limits the shelf life of rye bread. Thus, 
around 5% of the total bread produced yearly worldwide is lost due to fungal 
deterioration. Fungal spores are killed by heat treatment during the baking 
process.However, contamination still occurs during the post baking through the 
air and by a contact with equipment during cooling, slicing, and packaging 
(Legan, 1993). Surprisingly, there is a lack of scientific information regarding 
the mycobiota that contaminate rye breads. Moreover, all published papers are 
based only on morphological identification of fungal isolates (Dich et al., 1979; 
Spicher, 1985; Lund et al., 1996). However, recent studies have revealed that 
phenotypic–based classification of closely–related mould species can be 
confusing and lead to misidentification (Jang et al., 2012, Silva et al., 2007; 
Samson et al., 2011). In our study we utilized sequencing–based molecular 
techniques for the fingerprinting and identification of the fungi responsible for 
microbiological degradation of rye breads obtained from five Estonian bakeries 
(referred as Abakery, Bbakery, Cbakery, Dbakery and Ebakery). 

Fungal biodiversity in the breads we studied drastically vary from bakery to 
bakery. Thus, two fungal morphotypes were detected in breads from Abakery 
(A111, A1, Fig. 6), three in breads from Bbakery (B111, B123, B213 Fig. 6) and 
Cbakery (C111, C112 and C121 Fig. 6). The most morphologically diverse fungal 
community was observed on breads from Dbakery (D131, D121, D221, D231, Fig. 
6), whereas in breads, obtained from Ebakery only one type of fungi was detected 
(E1, Fig. 6). It has been noted that the number of contaminative fungal species is 
related to the frequency of fungal infections in bakeries (Lund et al., 1996). 
Indeed, in our study we found a direct correlation between the diversity of 
isolated species and the shelf–life of rye bread. Samples from Abakery and Ebakery, 
where only yeasts or one mould species was detected, had the longest shelf–life 
among all bread samples evaluated in this study. Conversely, breads from Bbakery 
and Dbakery were covered with mould colonies that began to spread already by the 
end of the first week of storage (Table 10).  

In total, 50 mould colonies were isolated from the breads we studied. Based 
on the results of PCR–fingerprinting, we clustered the isolated fungi into eight 
RAPD groups (data not shown). Some of these were bakery–specific (RAPD II, 
RAPD VI – RAPD VIII in Table 10), whereas representatives of other groups 
were isolated from breads obtained from different bakeries.  
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Figure 6. Fungal morphotypes obtained from breads originating from Abakery (A1; 
A111); Bbakery (B111; B123; B213); Cbakery (C111; C121); Dbakery (D131; D121; D221; 
D231) and Ebakery (E1). 

The representative isolates of different RAPD types were identified based on 
sequences within either their ITS region, the β–tubulin gene, or the D1/D2 
region of the large subunit of the 28S rDNA as A. chevalieri, A. flavus/oryzae, A. 
niger, A. tubingensis, P. citrinum, P. corylophilum, S. cerevisiae and 
Wickerhamomyces anomalus (synonym P. anomala) species.  
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Table 10. Identified fungal species in bread samples from five Estonian bakeries (A, B, 
C, D and E) and the duration of mould–free shelf life. 

Representatives of isolated 
fungal strains 

RAPD 
pattern 

Presence in fungal population of 
each bakery 

  A B C D E 
P. corylophilum A111, C111 RAPD I + – + – – 
W. anomalus A1 RAPD II + – – – – 
A. niger B213, D231 RAPD III – + – + – 
A. flavus/oryzae B111, D131 RAPD IV – + – + – 
A. tubingensis B123, C121 RAPD V – + + – – 
A.chevalieri D121 RAPD VI – – – + – 
S. cerevisiae E1 RAPD VII – – – – + 
P. citrinum D221 RAPD VIII – – – + – 
       
Mould–free shelf life, weeks  < 3 < 1 < 1 < 1 > 3 

 
However, molecular identification of the fungi within some of the RAPD 

groups was rather complicated. For example, representatives within RAPD I 
group where we sequenced both the β–tubulin gene and ITS region yielded 
100% identical sequence data for P. corylophilum/Penicillium obscurum or P. 
corylophilum/P. obscurum /Penicillium chloroleucon respectively. All species 
identified belong to the Penicillium section Exilicaulis. However, as the result of 
the recent revision of this section by Visagie et al (2016), both P. obscurum and 
P. chloroleucon were considered as synonyms for P. corylophilum species. 
Thus, RAPD I isolates can be identified as the P. corylophilum – mould species, 
widely found in cereals and damp buildings (Magan, Arroyo and Alfred, 2003; 
McMullin, Nsiama and Miller, 2014) In a study provided by Lund et al (1996), 
this mould has been reported as the dominant species that contaminates rye 
breads made without the addition of chemical preservatives. On the other hand, 
another species of genera Penicillium, represented by isolates belonging to 
RAPD VIII pattern was identified as P. citrinum by all three molecular markers 
used. There is no data concerning the contamination of rye bread by P. citrinum 
species. However, P. citrinum was found in wheat flour and bread in the USA 
(Bullerman and Hartung, 1973). This species is widely found in soil and plants 
(Houbraken and Samson, 2011), and thus it may contaminate the bakery 
environment via flour particles that spread through the air and also by landing on 
equipment used for slicing and packaging. 

None of the molecular markers we used were able to identify representatives 
within RAPD IV group at the species level. Sequences of both the β–tubulin 
gene and the D1/D2 region have similar identity to sequences of both A. flavus 
and A. oryzae species. These closely–related species are genetically almost 
identical (Chang and Ehrlich, 2010; Amaike and Keller, 2011), yet have very 
different economic impacts. While most A. flavus strains are aflatoxigenic and 
infect preharvest and postharvest seed crops, representatives of A. oryzae species 
have been widely used for preparation of traditional fermented foods and 
beverages. Genome sequence data supports the view that A. flavus and A. oryzae 
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are the same species with the latter representing a domesticated clade of A. 
flavus (Amaike and Keller, 2011). Although Nikkuni et al. (1998) showed that 
these two species could be distinguished based on ITS region sequence, Jang et 
al. (2012) reported that sequences of all targeted regions (ITS, D1/D2 region and 
β–tubulin gene) were not variable enough to distinguish A. flavus from A. 
oryzae. 

In contrast, representatives from the RAPD III, RAPD V, and RAPD VI 
patterns that also belong to the Aspergillus genera were identified at a species 
level based only on their β–tubulin gene sequence, including the closely–related 
black–spore Aspergilli species A. tubingensis (RAPD V) and A. niger (RAPD 
III). The latter are the most difficult groups to identify using morphology–based 
methods (Varga et al., 2000; Varga, Frisvad & Samson, 2011; Jang et al., 2012). 
Whereas A. niger is frequently reported as a bread contaminant (Legan, 1993; 
Lund et al., 1996; Saranraj & Geetha, 2012), there is no data regarding the 
contamination of rye bread by A. tubingensis. The RAPD VI pattern was 
composed of A. chevalieri, a xerophilic mould growing on food with water 
activity down to 0.65, such as rolled oats, chocolate, some dried fruits, and nuts 
(Pomeranz, 1991). Its telemorph, Eurotium chevalier, has been detected as a 
contaminant within milk bread rolls (Le Lay et al., 2016). 

Isolated morphotypes A1 and E1, which were microscopically identified as 
yeasts, clustered into RAPD II and RAPD VII patterns, respectively (Table 3). 
Representatives within the RAPD II pattern were identified as W. anomalus 
based on sequences of ITS and D1/D2 regions while amplification of the β–
tubulin gene repeatedly failed. All three selected primer pairs performed equally 
well for the identification of RAPD VII as S. cerevisiae. In a study performed by 
Lund et al. (1996) a significant part of the fungi isolated from spoiled rye breads 
belong to yeast species that cause surface spoilage of baked products known as 
‘chalk moulds’. In our trial, yeasts were isolated only from samples obtained 
from Abakery and Ebakery. Whereas only a single case of contamination by S. 
cerevisiae has previously been described (Spicher, 1985), W.anomalus, together 
with E. fibuliger and H. burtonii yeast species, belongs to the most frequently 
reported cause of ‘chalk mould’ bread defect (Lund et al., 1996, Deschuyffeleer 
et al., 2011). 

Although the ITS region is considered as the universal barcode for fungal 
identification (Schoch et al., 2012) in our study its discriminative capacity was 
insufficient to identify most fungal isolates from the Aspergillus genera. Garnier 
and co–authors (2017) noted its limited taxonomic resolution for Penicillium and 
Cladosporium species. Thus, the β–tubulin gene should be recommended as a 
primary molecular marker for the identification of fungi associated with rye 
breads. Preliminary clustering of fungal isolates with RAPD–PCR appears to be 
an efficient way to reduce the expense of sequencing.  
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6. CONCLUSIONS

The main aim of the study was to select functional LAB strains for 
application in the production of Type I rye sourdough. In order to select robust 
authochthonous strains, we utilized technological parameters that affect the 
stability of the microbial population in industrial rye sourdoughs as selective 
factor in a long term lab–scale evolution experiment. The dominant strains were 
then isolated and characterized. In addition, we studied the mycoflora 
responsible for the spoilage of Estonian rye breads and isolated mould strains. 
We used these to test the ability of selected LAB strains to prolong the shelf–life 
of rye breads. The results of these studies can be summarized as follows:  

I. Maintaining a stable fermentation temperature is crucial for the 
stability of microbial community in industrial Type I sourdoughs. 
Fluctuations of fermentation temperature cause quantitative and 
qualitative changes in microbial consortia of rye sourdough which 
can lead to fermentation failure. 

II. Two months of daily propagation of spontaneously started rye
sourdough at 20°C and 30°C resulted in the selection of four LAB
strains adapted to Type I rye sourdough ecosystems. Among them,
Lactobacillus brevis M30I–2 demonstrated the highest potential as a
starter bacteria for Type I rye sourdoughs due to its rapid growth and
fast acidification at ambient fermentation temperatures. Moreover,
Lactobacillus brevis M30I–2 displayed an ability to prolong the
shelf–life of rye breads contaminated by the mould species
responsible for the fungal spoilage of Estonian rye breads.

III. Mould species from Aspergillus and Penicillium appeared to be the
main cause of fungal infection in rye breads from Estonian bakeries.
We recommend that the β–tubulin gene should be used as a primary
molecular marker for the identification of fungi associated with rye
breads.
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SUMMARY 

Sourdough fermentation has a significant impact on the quality of rye bread. 
A lack of gluten and the presence of active α – amylase in rye flour makes rye 
dough extremely sensitive to the acidification rate. Moreover, metabolites 
produced by microorganisms during fermentation play a crucial role in the 
formation of classic rye bread aromas and help in the biopreservation of the end 
product. As with other living organisms, lactic acid bacteria require a certain 
environmental conditions for successful growth and metabolite production. In 
most large–scale bakeries, fermentation is controlled by industrial equipment 
that ensures consistent production of high–quality end products. Yet, many 
artisan bakeries still use traditional (Type I) sourdough propagation technologies 
and face seasonal fluctuations in microbial composition that are mainly caused 
by uncontrolled fermentation conditions.  

The main aim of this work was to select a robust, metabolically active and 
functional LAB starter for the further use in Type I sourdough processes. For 
this we (i) determined which technological parameters critically affect the 
stability of industrial Type I rye sourdoughs; (ii) applied these as selective 
factors in evolution experiments to find robust LAB strains; and (iii) isolated and 
characterized dominant LAB strains. In addition, biodiversity of fungi 
responsible for microbiological spoilage of rye bread was evaluated. 

Our study confirmed that maintaining a constant fermentation temperature is 
critically important in achieving a stable microbial population in industrial 
sourdoughs. Thus, the seasonal fluctuations in the small-scale bakeries we 
studied were driven by changes in fermentation temperature which resulted in 
unstable chemical and microbiological composition within their sourdoughs. 
This, in turn, caused fermentation failures and decreased the quality of their end 
products.  

We performed two parallel evolution experiments at two different 
fermentation temperatures (20 and 30ºC). This selective factor resulted in four 
dominant LAB strains: Lactobacillus brevis M30I–2 Lactobacillus plantarum 
M30I–1, Lactobacillus paralimentarius M30I–3, and Lactobacillus crustorum 
M30I–9. Dominant lactobacilli were isolated and characterized to evaluate their 
potential as starter culture strains for the production of traditional sourdoughs. 
Among all strains tested, Lactobacillus brevis M30I–2 demonstrated the highest 
potential for application in Type I rye sourdough fermentations due to its (i) 
rapid growth and production of technologically valuable metabolites at ambient 
fermentation temperatures (ii); ability to maintain the number of maltose–
negative yeasts during co–cultivation; (iii) significant inhibiting effect on the 
growth of contaminating fungi which prolonged the shelf–life of breads 
produced from it.  

The fungi we isolated and identified in rye bread mainly belong to 
Aspergillus and Penicillium species. Comparison of the performance of three 
different molecular markers, the ITS region, the D1/D2 region of 28S rRNA, and 
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the β–tubulin gene, revealed that the latter has the highest taxonomic resolution. 
Sequencing of the β–tubulin gene allowed us to distinguish Aspergillus 
tubingensis from its close relative – Aspergillus niger, thus supplementing the 
list of moulds related to mycological spoilage of rye breads.  
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KOKKUVÕTE 

Taigna kääritamine avaldab märkimisväärset mõju rukkileiva kvaliteedile. 
Aktiivse α–amülaasi olemasolu ja madal gluteenisisaldus rukkijahus teevad 
rukkitaigna happesuse suhtes eriti tundlikuks. Metaboliidid, mida toodavad 
juuretise piimhappebakterid ja pärmid kääritamisprotsessi käigus, mängivad 
olulist rolli klassikalise rukkileiva aroomi kujunemisel ning lõpptoote säilimisel. 
Nagu iga elusorganism, vajavad juuretise piimhappebakterid teatud 
keskkonnatingimusi edukaks kasvuks ja metaboliitide tootmiseks. 
Standardiseeritud ja kvaliteetsete lõpptoodete saamiseks kontrollitakse enamikes 
suurtes leivatööstustes juuretise kääritamisprotsessi vastavate seadmetega. 
Samas kasutavad  mõned väiksed leivatööstused siiamaani traditsioonilist (I 
tüüpi) juuretise uuendamise tehnoloogiat. See tehnoloogia toob endaga kaasa 
hooajast sõltuvaid kõikumisi juuretise mikroobioloogilises koostises 
kontrollimatute fermentatsioonitingimuste tõttu. 

Antud töö peamine eesmärk oli selekteerida välja stabiilne, metaboolselt 
aktiivne ja funktsionaalne piimhappebakterite starterkultuur I tüüpi juuretise 
tootmiseks. Selle eesmärgi saavutamiseks: (i) määrati kriitilised tehnoloogilised 
parameetrid, mis mõjutavad tööstusliku I tüüpi rukkijuuretise stabiilsust; (ii) 
kasutati neid parameetreid vastupidavate piimhappebakteritüvede 
selekteerimiseks; (iii) isoleeriti ning iseloomustati dominantsed tüved. Lisaks 
uuriti rukkileiva mikrobioloogilise riknemise eest vastutavate hallituste 
mitmekesisust. 

Käesolevas uuringus tuvastati püsiva kääritamistemperatuuri märkimisväärset 
rolli stabiilse mikrobioloogilise populatsiooni saavutamises tööstuslikus 
juuretises. Hooajalised kõikumised fermentatsioonitemperatuuris uuritavates 
väikestes leivatööstustes väljendusid juuretise keemilise ja mikrobioloogilise 
koostise ebastabiilsuses. See omakorda põhjustas fermentatsiooni 
ebaõnnestumist ning alandas lõpptoote kvaliteeti. 

Evolutsioonieksperimendi tulemusena valiti neli dominantset 
piimhappebakteri tüve: Lactobacillus brevis M30I–2 Lactobacillus plantarum 
M30I–1, Lactobacillus paralimentarius M30I–3 ja Lactobacillus crustorum 
M30I–9. Selektiivse faktorina kasutati erinevaid kääritamistemperatuure (20 ja 
30 ° C). Domineerivad laktobatsillid eraldati ning neid kirjeldati, et hinnata 
nende potentsiaalset rakendust traditsiooniliste (I tüüpi) rukkijuuretiste 
tootmiseks. Testitud tüvede vahel näitas Lb. brevis M30I–2 kõige suuremat 
potentsiaali I tüüpi rukkijuuretiste starterkultuurina tänu oma: (i) kiirele kasvule 
ja tehnoloogiliselt väärtuslike metaboliitide tootmisele (ii); võimele toetada 
maltoos-negatiivsete pärmide kasvu traditsioonilistes juuretistes; (iii) 
märkimisväärsele inhibeerivale mõjule hallitusseente kasvule ning võimalusele 
pikendada rukkileiva säilivusaega. 

Antud uuringus isoleeritud ja identifitseeritud rukkileiva saastumist 
põhjustavad hallitused kuulusid peamiselt Aspergillus ja Penicillum perekonda. 
Kolme erineva molekulaarse markeri (ITS regiooni D1/D2 piirkonna, 28S rRNA 
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ja β–tubuliini geeni) võrdlus näitas, et β–tubuliin geenil on kõige parem 
taksonoomiline eraldusvõime. Nii võimaldas β-tubuliini geeni sekveneerimine 
meil eristada Aspergillus tubingensis’t tema lähisugulasest - Aspergillus niger 
tüvest, täiendades sellega rukkileiva riknemisega seotud hallitusseente nimekirja. 
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Characterization of lactic acid bacteria isolated from 
spontaneously started rye sourdough and their potential 
application as starter bacteria for Type I sourdough production.  

(Unpublished manuscript)
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Surženko, M., Kontram, K and Sarand, I. (2017) 

PCR–based fingerprinting and identification of contaminative 
fungi isolated from rye breads.  

Agronomy Research 15(1): 288–297. 
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