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Abstract
Fructilactobacillus (F.) sanfranciscensis is a key bacterium in traditional (type 1) sourdough fermentations. It typically 
occurs in combination with the sourdough yeast Kazachstania (K.) humilis or the generalist Saccharomyces (S.) cerevisiae. 
Previous studies revealed intra-species diversity in competitiveness or dominance in sourdoughs of F. sanfranciscensis, as 
well as preferences for a life with or without a specific yeast. In this study representative, differently behaving strains were 
studied in media with different sugars and electron acceptors, and in rye sourdough fermentations in the presence and absence 
of K. humilis or S. cerevisiae. Strain-specific differences were observed in sugar and organic acids spectra in media, and 
in sourdoughs with F. sanfranciscensis strains in combination with K. humilis or S. cerevisiae. F. sanfranciscensis TMW 
1.1150 proved dominant in the presence and absence of any yeast because it most effectively used maltose. Its maltose fer-
mentation was unaffected by electron acceptors. F. sanfranciscensis TMW 1.2138 was the weakest maltose fermenter and 
incapable of glucose fermentation, and evidently not competitive against the other strains. F. sanfranciscensis TMW 1.392 
was the most versatile strain regarding the utilization of different carbohydrates and its ability to exploit electron acceptors 
like fructose and oxygen. In sourdoughs without yeasts, it outcompeted other strains. The metabolism of F. sanfranciscensis 
TMW 1.907 was stimulated in combination with S. cerevisiae. In competitive trials, it was assertive only with S. cerevisiae. 
The intra-species differences in carbohydrate metabolism can widely explain the differences in their behavior in sourdough 
fermentation. Interaction between F. sanfranciscensis and the yeasts was strain specific and supposedly commensal with K. 
humilis and rather competitive with S. cerevisiae.
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Introduction

The heterofermentative lactic acid bacterium (LAB) Fruc-
tilactobacillus (F.) sanfranciscensis (formerly Lactobacil-
lus sanfranciscensis) is a key species in traditional type-
1-sourdough fermentations [1–4]. These fermentations last 
between 4 and 16 h and take place at medium temperatures 
and a pH between 3.7 and 4 [5, 6]. The fermentation con-
ditions fit perfectly to the growth requirements of F. san-
franciscensis [7]. During fermentation, F. sanfranciscensis 
produces lactate, acetate, ethanol and carbon dioxide [8, 9]. 

The yeasts Kazachstania (K.) humilis (previously named 
Candida humilis) and Saccharomyces (S.) cerevisiae are 
also common inhabitants of sourdough [10, 11]. Whereas 
K. humilis is a typical sourdough yeast, which is only found 
in this niche, S. cerevisiae is a generalist with many biotypes 
[1, 12].

The microorganisms in the niche sourdough need to 
combat a stressful ecosystem. It is characterized by spe-
cialized offer of high and low molecular substrates and 
electron acceptors as well as high acidity and redox stress. 
Moreover, an adaption to the carbohydrates and nutritional 
options is required [2, 12–14]. F. sanfranciscensis is per-
fectly adapted to the sourdough surrounding. Maltose is 
its preferred carbohydrate, which is together with glucose 
constantly produced by the flour amylases from starch [15, 
16]. Still, there are strain-specific differences in the utiliza-
tion of carbohydrates between the F. sanfranciscensis strains 
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[8, 17]. Sucrose, which is also present in the dough, and 
fructose (derived thereof) can be utilized in the metabolism 
by specific F. sanfranciscensis strains [8, 18–20]. Most of 
the F. sanfranciscensis strains are able to use fructose as 
an external electron acceptor for the recycling of NAD [4, 
21]. Fructose is available in the sourdough due to the cleav-
age of glucofructans by specific yeasts like K. humilis and 
S. cerevisiae [22]. The yeasts, particularly K. humilis as 
maltose-negative yeast, use the resulting glucose for their 
metabolism [12, 23]. Consequently, there is no competition 
for the maltose in the sourdough between these two yeasts. 
As glucose can be released from the maltose phosphorylase 
reaction when maltose is abundant by F. sanfranciscensis, an 
often-found combination is F. sanfranciscensis and the yeast 
K. humilis, e.g. for strain TMW 1.392 (LTH 2590) [7, 21, 
24, 25]. It, therefore, has been reasoned that this combina-
tion, which is often found in rye sourdough fermentations, 
is based on mutualism or may also result from indirect inter-
actions based on glutathione and other thiol-metabolism, 
which act on the redox potential [1, 14, 23]. S. cerevisiae 
is often found in the bakeries surrounding and it is, there-
fore, assumed that it is also found in the sourdough [26, 
27]. This yeast is a generalist as it can utilize maltose and 
glucose and various other sugars like sucrose as carbohy-
drate source [28]. Still, the S. cerevisiae sourdough isolates 
are acid resistant, which is not necessarily the case for the 
strains used for dough leavening [12, 29]. Otherwise, due to 
the usage of maltose by S. cerevisiae, F. sanfranciscensis is 
in general nutrient competition with the yeast. This stress is 
demonstrated by an increase of the maltose phosphorylase, 
which cleaves maltose in glucose-1-phosphate and glucose 
[21]. The glucose-1-phosphate is utilized in the metabolism 
of F. sanfranciscensis whereas the glucose is secreted in the 
abundance of maltose. The massive segregation of glucose 
leads to the glucose repression in many other LABs as well 
as in S. cerevisiae [28, 30]. This effect supposedly detains 
the S. cerevisiae from the uptake of maltose during the sour-
dough fermentation by glucose repression. In competition 
studies, it was found that the cell count of yeasts, especially 
S. cerevisiae and K. humilis, is always higher in the dough 
in the absence of LAB [23, 29]. This result illustrates a com-
petitive influence of the LAB on the yeast. Furthermore, an 
intra-species competition between F. sanfranciscensis strains 
exists. It is possible that more than one strain of F. sanfran-
ciscensis is present in a sourdough fermentation [31]. This 

phenomenon can be the result of a selection for strains in 
a distinct fermentation based on an intra-species competi-
tion or due to a coincidence by contamination form different 
sourdoughs. Moreover, in competition studies, a clear com-
petition between strains in one sourdough fermentation was 
demonstrated [23, 32]. The strain-specific competition in the 
sourdough was independent or dependent on the yeast inocu-
lated in the sourdough fermentation [23]. A genotype–phe-
notype study of F. sanfranciscensis showed that these strains 
have several differences in their carbohydrate utilization and 
their use of external electron acceptors [8, 17]. The present 
study was, therefore, dedicated to elucidate mechanisms of 
the strain-specific interaction between F. sanfranciscensis 
and yeasts in the sourdough fermentation by comparison of 
carbohydrate metabolism with their behavior in combination 
with yeasts in rye sourdough fermentations, and in previous 
competition studies.

Materials and methods

Strains and culture conditions

The F. sanfranciscensis strains TMW 1.1150, TMW 1.392, 
TMW 1.907 and TMW 1.2138 as well as the yeasts K. humi-
lis TMW 3.1034 and S. cerevisiae TMW 3.1064 were chosen 
from the TMW strain collection based on their (different) 
competitiveness against other strains in the sourdough sys-
tem and their genomic diversity [8, 23]. In the TMW strain 
collection, different yeast and lactic acid bacteria of different 
food fermentations were collected and stored. The strains 
were grown at 30 °C for 48 h in static conditions in modified 
DeMan Rogosa and Sharpe media (mMRS) [32]. The yeasts 
K. humilis TMW 3.1034 and S. cerevisiae TMW 3.1064 
were grown overnight in yeast peptone glucose (YPG) media 
at 30 °C. For agar plates, 15% AgarAgar (Roth, Karlsruhe, 
Germany) was added to the media. For glycerol stocks, the 
overnight cultures were centrifuged, and the cell pellet was 
mixed with 70% glycerol and stored at − 80 °C.

Sourdough and sample preparation

Overnight cultures of the F. sanfranciscensis strains TMW 
1.392, TMW 1.907, TMW 1.1150 and TMW 1.2138 were 
adjusted to an OD600 of 5 in 14 ml ¼ Ringer’s solution and 
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were added to 100 g whole meal rye flour (dm, Karlsruhe, 
Germany) and 86 g tap water. For each strain, three separate 
sourdoughs were prepared, one without any yeast (− yeast) 
and one with the yeasts K. humilis TMW 3.1034 or S. cer-
evisiae TMW 3.1064. The yeast was added in a ratio of 
1:100 to the bacterial cell count to the pre-fermented sour-
dough mixture simultaneously with the F. sanfranciscensis 
strain. The sourdough was propagated with 5% to the flour 
mass with a dough yield of 200. After three times of sour-
dough propagation, the sourdough was back slopped again 
for propagation and samples were taken after 0 and 24 h of 
the fermentation for DNA isolation, colony-forming units 
(cfu)/ml and high-throughput analysis matrix-assisted laser 
desorption/ionization (MALDI) time of flight (ToF) mass 
spectrometry (MS) measurements and HPLC analysis. Dur-
ing the whole fermentation process, the pH was measured 
before and after propagation. Furthermore, DNA isolation 
and the CLLP-PCR for strain identification were performed 
according to Rogalski et al. [32]. For the determination of 
the colony-forming units, 10 g of sourdough was mixed with 
90 ml of ¼ Ringer`s solution (Merck, Darmstadt, Germany) 
and a tenfold serial dilution up to 10–7 was performed. Fur-
thermore, the dilution steps were plated out on mMRS and 
YPG agar plates and incubated for 48 h at 30 °C aerobically. 
The colonies were counted and 48 of each plate were applied 
for MALDI ToF MS analysis (MS, Bruker, Billerica, USA).

Analytical analysis of carbohydrates and organic 
acids

Overnight cultures of the F. sanfranciscensis strains were 
prepared anaerobically in mMRS media under static con-
ditions. The cultures were centrifuged at 7000g for 7 min, 
washed with ¼ Ringer’s solution and adjusted to an OD600 of 
5. Afterwards, the concentration was adjusted to 20 mM for 
maltose (GEBRU Biotechnik GmbH, Heidelberg, Germany), 
glucose (Merck), fructose (Omni Life Science GmbH & Co. 
KG, Bremen, Germany), sucrose (GEBRU Biotechnik) or 
ribose (Roth). To test the response of the strains to exter-
nal electron acceptors, the combination of 20 mM maltose 
with 20 mM fructose, citrate (Roth), Na-gluconate (Roth) 
or malate (Sigma-Aldrich) was added to the cultures. To 
test the reaction with oxygen, cultures with 20 mM maltose 
were incubated in Erlenmeyer flasks at 150 rpm. The rest 
of the cultures was incubated at static conditions at 30 °C 
for 6 h. Samples were taken after 0 h and 6 h. Subsequently, 
the cultures were centrifuged for 10 min at 14,000 xg and 
the supernatant was filtered two times and added to HPLC 
vials for organic acid determinations (Phenomenex, Tor-
rance, USA).

Also, sourdough samples were prepared for the HPLC 
analysis. Therefore, the sourdough samples were mixed 1:2 
w/v in deionized water and centrifuged at 8000 ×g, 10 °C 

for 30 min. For the analysis of organic acids and ethanol, 5% 
perchloric acid (70%) was added and incubated overnight 
at 4 °C [33]. Afterwards, the supernatant was filtered with 
2 µM membrane filters (Phenomenex, Germany). A differ-
ent sample preparation was used for the analysis of carbo-
hydrates. Here the centrifuged supernatant was incubated 
with 12.52 mM ZnSO4·7H2O (Carrez solution 2), 10 mM 
NaOH and 4.26 mM K4[Fe(CN6)]·3H2O (Carrez solution 
1), centrifuged and also sterile filtered [33, 34].

Subsequently, for the analysis of organic acids and alco-
hols, a sulfonated styrene–divinylbenzene Rezex ROA col-
umn (Phenomenex), with 0.005 N H2SO4 as mobile phase, 
and for the analysis of sugars and sugar alcohols, a Rezex 
RPM column (Phenomenex) with deionized water as mobile 
phase were applied at 85 °C. Furthermore, an injection vol-
ume of 20 µl with a flow rate of 0.6 ml/min was chosen. 
The columns were coupled to a refractive index detection 
(RI) (ERC Refractomax 521, Thermo Fisher Scientific). 
The acids, sugars and sugar alcohols were identified and 
qualified with standards and the data were analyzed with 
Chromeleon™ software (Version 6.8, Dionex, Germany) 
[35]. Afterwards, the fermentation quotient (FQ) was cal-
culated as the ratio of lactate to acetate for the sourdough 
samples as well as the ratio between lactate and ethanol [33]. 
The turnover of the metabolites during the 6 h of incubation 
was calculated. For the depletion of the substances, a ratio 
between the values of 6 h to 0 h of incubation time was cal-
culated per g/cell dry mass. Furthermore, the production of 
the substances was calculated between the values of 0 h to 
6 h of incubation time per g/cell dry mass. The uncalculated 
values were provided in the Figs. A1, 2, 3, 4 together with 
the standard deviation.

Determination of the cellular dry weight, 
morphology, and cell size

The cfu/ml and cellular dry weight of the F. sanfranciscensis 
strains were determined at an OD600 of 5. Therefore, over-
night cultures were grown and set to an OD600 of 5 with ¼ 
Ringer`s solution. The determination of the cell count was 
performed as mentioned above. For the determination of the 
cellular dry weight, falcons were set in a desiccator for 1 h 
and weighed. The cultures with an OD600 of 5 were added 
to the pre-weighted falcons and centrifuged at 10,000 ×g 
for 10 min at RT. The cell pellet was dried for 24 h at 95 °C, 
cooled down for 1 h in a desiccator to RT and the falcon with 
the cell pellet was weighed again. For the measurements of 
the cell size, cells out of an overnight culture were exam-
ined under a light microscope (Axiostar Plus, Carl Zeiss AG, 
Oberkochen, Germany) and the cell size was determined 
with a 5 µm standard of the ZEN Blue Edition software 
(Carl Zeiss AG).
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Statistical analysis

All experiments were performed in biological tripli-
cates. In case of the determination of the cell count and 
the MALDI ToF MS analysis, technical duplicates were 
performed (n = 6). For analysis of the cell size, a two-
sided Student’s t test was applied. Furthermore, a one-way 
ANOVA was applied to analyze the metabolic differences 
in the sourdough when yeasts or no yeasts were inoculated. 
Therefore, only bacterial products like lactate, acetate and 
mannitol were calculated; results p < 0.05 were considered 
significant. The standard deviation was calculated for all 
analytical results. Outliers broader than 10% percent were 
ignored.

Results

Differences in cell morphology of F. sanfranciscensis 
strains

There are strain-specific differences in the cell morphology, 
cell size and cell weight of F. sanfranciscensis (Table 1; 
Fig. 1), which need to be considered in the comparison of 
metabolic turnover. TMW 1.392 and TMW 1.1150 have 
shorter/smaller cells than TMW 1.907 and TMW 1.2138. 
In the latter case, these two strains have also a broader vari-
ety in their cell morphology. The median cell size is about 
5 µm with a large distribution in their cell size. Considering 
TMW 1.392 and TMW 1.1150, the cell size differs only 
slightly between the single cells (Fig. 1a, c). Furthermore, 
the cell sizes between the strains differed significantly from 
each other, with the exception of F. sanfranciscensis TMW 
1.907 to TMW 1.2138 (Fig. 1). The differences in the cell 
size reflect the number of cells found in a solution of an 
OD600 of 5. The smaller the single cell, the higher the cell 
count of the strain in a defined solution (Table 1). 

For F. sanfranciscensis strains TMW 1.907, TMW 1.2138 
and TMW 1.1150, the measured cell size fits to the resulting 
cfu/ml and the cell dry weight at an OD600 of 5. F. sanfran-
ciscensis TMW 1.907 and TMW 1.2138 had a high cell dry 
weight with a low cell count with larger cells. In addition, 
the F. sanfranciscensis strain TMW 1.1150 had the high-
est cell count, however, only at a medium cell dry weight 
because of its small cells. The cell dry weight differs from 
the cell size and the resulting cell count in F. sanfranciscen-
sis TMW 1.392. F. sanfranciscensis TMW 1.392 had a cfu/
ml of 6.16 × 109 in a culture with an OD600 of 5 although it 
had the lowest cell dry weight (Table 1).

The turnover of carbohydrates is strain dependent

The F. sanfranciscensis strains differ in their competitive-
ness in the sourdough and their genetic equipment [8, 23]. 
This should be reflected in the metabolism. Different sugars 
were chosen, which are common in sourdough fermenta-
tion, and the turnover is given in relation to the cell dry 
weight (Table 1; Fig. 2). Fermentation of a carbohydrate 
was recorded only when metabolites like lactate, acetate or 
ethanol were produced. Maltose was fermented by all strains 
within 6 h of incubation. F. sanfranciscensis TMW 1.1150 
was the strongest maltose fermenter followed by TMW 1.392 
(Fig. 2a). In the glucose fermentation, F. sanfranciscensis 
TMW 1.1150 showed the strongest turnover after 6 h com-
pared to the other strains. In TMW 1.907 and TMW 1.392 
a glucose turnover was recorded resulting in the production 
of lactate and ethanol, and very low amounts of acetate. 
Fructose and sucrose were degraded only by F. sanfranci-
scensis TMW 1.392. When fructose is degraded, lactate, 
mannitol, and acetate instead of ethanol was produced. The 
same turnover can be seen in the degradation of sucrose by 
F. sanfranciscensis TMW 1.392 (Fig. 2). There is no degra-
dation of ribose. Only in F. sanfranciscensis TMW 1.1150, 
a turnover of ribose appears possible as with the degradation 

Fig. 1   Light electron micros-
copy image of F. sanfrancis-
censis strain a TMW 1.392, b 
TMW 1.907, c TMW 1.1150 
and d TMW 1.2138. Size bars 
correspond to 5 µm, recordings 
are performed with ZEN Blue 
image software. The cell size in 
µm is illustrated in e) with the 
median and standard deviation. 
Bars with a different lowercase 
letter are differing statistically 
(p < 0.05) from each other
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Fig. 2   Turnover of sugars and electron acceptors of F. sanfranciscen-
sis TMW 1.392, TMW 1.907, TMW 1.1150, TMW 1.2138 in relation 
to the dry mass determined with HPLC analysis. The red bar indi-
cates the consumption of the carbohydrate and the blue bar represents 

the production of the products during 6  h of incubation in Ringer’s 
solution with 20 mM of each reagent. In a the fermentation with one 
sugar was presented and in b the fermentation with maltose and an 
additional electron acceptor was pictured

of ribose a production of acetate and lactate occurs (Fig. 2). 
In the fermentation of maltose and glucose, erythritol is pro-
duced every time in combination with acetate. 

The enhancement of the maltose uptake in combination 
with fructose, oxygen, citrate, Na-gluconate and malate were 

determined (Fig. 2b). All strains produced more mannitol 
and less ethanol in combination with fructose, than solely 
with maltose (Fig. 2b). Moreover, no erythritol is produced 
in combination with external electron acceptors. When 
malate is added in combination with maltose, the maltose 
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uptake and turnover are decreased in all strains. The metabo-
lism of F. sanfranciscensis TMW 1.392 was increased the 
most compared to the other strains by the addition of exter-
nal electron acceptors like fructose, oxygen, and citrate. In 
combination with citrate, the production of lactate and espe-
cially acetate is increased the most, although the depletion 
of maltose is not increased (Fig. 2b). During the turnover of 
maltose in combination with Na-gluconate, mostly more lac-
tate and ethanol were produced. Similar to the reaction with 
only maltose, erythritol and acetate were produced when 
Na-gluconate is added to the reaction.

The presence of yeasts influences the metabolic 
turnover in a sourdough fermentation by F. 
sanfranciscensis

All four F. sanfranciscensis strains were evaluated with 
regard to their metabolic performance in a rye sourdough 
fermentation in response to the presence of yeasts. For this 
purpose, the single strains were added together with no yeast 
(−yeast), K. humilis 3.1034 or S. cerevisiae 3.1064 in sour-
dough fermentation. No yeast growth was recorded in the 
samples without any added yeasts. The development of the 
pH was comparable in sourdoughs with the different strains 
alone. Still, the sourdough without any yeasts and the sour-
dough with S. cerevisiae 3.1064 was slightly more acidic 
than the sourdough with K. humilis 3.1034 (Fig. 3a). The 
development of the cfu/ml between 0 and 24 h was similar 
for the strains. It increases from around 8 to 10 log 10 [cfu/
ml] within 24 h. In all −yeast fermentations a broad cfu/
ml standard deviation at 0 h was observed, except for the 
sourdough with F. sanfranciscensis TMW 1.392 (Fig. 3b). 
In Fig. 4, the metabolites determined at 0 h and 24 h of fer-
mentation of each strain and yeast combination are depicted. 
The same metabolites were detected with and without yeasts 

(Fig. 4). The amount of ethanol was higher in the presence of 
yeasts because of their alcoholic fermentation. Furthermore, 
in the presence of S. cerevisiae TMW 3.1064 and in com-
bination with F. sanfranciscensis TMW 1.392 and TMW 
1.2138 the ethanol concentration was significantly the high-
est. In the absence of yeast, the amount of ethanol was very 
similar and in combination with F. sanfranciscensis TMW 
1.392 greater than with the other strains. Apart from the 
ethanol concentration, there were no significant differences 
between the sourdoughs with the two yeasts. It should be 
noted that it is not possible to measure maltose during the 
fermentation as it is depleted directly after its production 
(by amylases) and is, therefore, below the detection limit. 
Small amounts of glucose were determined during the fer-
mentation. The highest amount of glucose can be measured 
in the fermentation −yeast with F. sanfranciscensis TMW 
1.2138 (Fig. 4c). 

The FQ as well as the ratio between lactate and ethanol 
are major factors to evaluate a sourdough fermentation as it 
delivers a main sensory characteristic (Table 2). A fermenta-
tion with a low FQ has a high amount of acetate compared to 
lactate. In most of the strains, except F. sanfranciscensis TMW 
1.2138, the FQ is higher without any yeasts, which is the result 
of a low acetate concentration. In the F. sanfranciscensis 
strains TMW 1.1150, TMW 1.392 and TMW 1.907, the sour-
dough in combination with S. cerevisiae 3.1064 had the lowest 
FQ. The lowest FQ of all fermentations can be measured for 
the combination of F. sanfranciscensis TMW 1.2138 and S. 
cerevisiae TMW 3.1064 (Table 2). The ratio between lactate 
and ethanol was always higher in the absence of yeasts (lower 
amount of ethanol) and lower in the presence of yeasts. This 
observation is in line with the results above and the alcoholic 
fermentation of the yeasts (Fig. 3). In TMW 1.1150 and TMW 
1.907, the differences in the lactate ethanol ratio were minor 
in the fermentation without yeasts and with K. humilis TMW 

Fig. 3   Development of the pH 
values (a) and the cell count (b) 
of the sourdoughs between 0 
and 24 h of fermentation. The 
sourdoughs were investigated 
from the F. sanfranciscensis 
strains TMW 1.392, TMW 
1.907, TMW 1.1150 and TMW 
1.2138 in combination without 
yeasts (−yeast), with K. humilis 
TMW 3.1034 (+K. humilis) or 
with S. cerevisiae TMW 3.1064 
(+S. cerevisiae) respectively
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Fig. 4   HPLC analysis of the 
sourdough fermentation after 3 
times of propagation at 0 h and 
24 h. The F. sanfranciscensis 
strains TMW 1.392, TMW 
1.907, TMW 1.1150 and TMW 
1.2138 in combination without 
yeast (a) with K. humilis TMW 
3.1034 (b) or S. cerevisiae 
TMW 3.1064 (c). Bars with a 
different lowercase letter are 
differing statistically (p < 0.05) 
from each other

3.1034 (Table 2). A one-way ANOVA analysis was applied to 
evaluate the statistical differences between the inoculation with 
and without yeasts (−yeast) for all F. sanfranciscensis strains. 
There were no differences between the inoculation of yeasts 
in the production of lactate and acetate in the F. sanfrancis-
censis strains TMW 1.2138 and in case of TMW 1.392 in the 

production of lactate and mannitol. Furthermore, the differ-
ence in acetate production was significant (p < 0.05) between 
the fermentation of K. humilis TMW 3.1034 and S. cerevisiae 
TMW 3.1064 of F. sanfranciscensis TMW 1.392, TMW 1.907 
and TMW 1.1150. In F. sanfranciscensis TMW 1.1150, the 
acetate production in all yeast combinations was significantly 
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different, respectively. In TMW 1.907 only −yeast was dif-
ferent from the sourdoughs with yeast inoculation. The pro-
duction of lactate was significant in the F. sanfranciscensis 
strains TMW 1.1150 and TMW 1.907 when inoculated with 
K. humilis TMW 3.1034.

Discussion

In former studies, the strain-dependent differences in the 
competitiveness in rye sourdough were investigated [23]. 
These competitive trials were also performed in the pres-
ence of the yeasts K. humilis TMW 3.1034 (+K. humilis) 
or S. cerevisiae TMW 3.1064 (+S. cerevisiae), or without 
any yeasts (−yeast). It was possible to categorize the eight 
tested F. sanfranciscensis strains into three different groups. 
F. sanfranciscensis TMW 1.1150 belonged to the group of 
dominating strains independently of yeast presence/absence. 
F. sanfranciscensis TMW 1.392 and TMW 1.907 belonged 

to the group for which the strain dominance was dependent 
on the presence/absence of yeast. F. sanfranciscensis TMW 
1.907 prefers the presence of the yeast S. cerevisiae TMW 
3.1064 whereas F. sanfranciscensis TMW 1.392 performed 
best with no added yeast in the fermentation. F. sanfran-
ciscensis TMW 1.2138 belonged to the group of strains, 
which were not dominant in the sourdough competition 
independently of the presence or absence of yeasts [23]. In 
this study, the reasons for the different behavior in strain 
dominance were investigated along metabolic analyses. 
The metabolic turnover of F. sanfranciscensis strains was 
determined along the consumption of different carbohydrate 
sources and the concomitant production of acids and alco-
hols. The metabolite formation was normalized for com-
parison along the cell dry mass of the respective strain. This 
appeared as a better means compared to cell counts, because 
the cell size between strains varied significantly. This cir-
cumstance is apparently neglected in previous studies on the 
metabolism of F. sanfranciscensis strains but is considered 
as important. The metabolite analysis upon incubation with 
ribose or malate did not reveal any metabolic activity in any 
of the F. sanfranciscensis strains. The F. sanfranciscensis 
strain TMW 1.1150 was the most efficient per g/cell mass 
in maltose fermentation compared to the other four strains. 
This maltose fermentation or turnover within 6 h was nei-
ther influenced positively nor negatively by external electron 
acceptors. These results show that due to its rapid maltose 
fermentation this strain develops a rapid growth. Further-
more, the small cell structure is an advantage as cells with 
a higher surface to volume ratio are more effective [36]. In 
addition, this strain was also the most efficient in glucose 
fermentation, more efficient than any other strain (Fig. 2). 
Maltose and glucose are the main sugars in sourdough fer-
mentation, as both are constantly produced by flour amyl-
ases [37]. A rapid fermentation of these sugars especially at 
the beginning of the fermentation leads to a growth benefit 
over the other strains. These other strains are not as fast as 
F. sanfranciscensis TMW 1.1150. This turnover can explain 
why F. sanfranciscensis TMW 1.1150 was dominant in all 
fermentations independently of the yeast co-inoculation. The 
addition of external electron acceptors did not influence the 
consumption of maltose, although an inoculation of yeasts 
in the sourdough increased its production of lactate, acetate 
and ethanol. In combination with K. humilis TMW 3.1034 
the increase was more than with S. cerevisiae TMW 3.1064. 
Hence, there should be more factors above those ones deter-
mined in our study, which affect F. sanfranciscensis in the 
presence of yeasts. Indeed, stimulatory effects have been 
reported of nitrogen overflow, carbon dioxide or growth 
factors produced by S. cerevisiae on the survival of LAB 
in microbial communities in other LAB/yeast combinations 
[10, 38].

Table 1   Cell count (cfu/ml) and cell dry weight of the F. sanfrancis-
censis strains TMW 1.392, TMW 1.907, TMW 1.1150, TMW 1.2138 
at an OD600 of 5

F. sanfranciscensis strain cfu/ml Cell dry 
weight 
(mg/50 ml)

TMW 1.392 6.2 × 109 ± 0.7 × 109 30.6 ± 6.5
TMW 1.907 9.7 × 107 ± 1.8 × 107 82.2 ± 24.8
TMW 1.1150 1.2 × 1010 ± 0.2 × 1010 60.0 ± 12.4
TMW 1.2138 1.2 × 108 ± 0.2 × 108 72.7 ± 8.2

Table 2   Relation between lactate to acetate (FQ) and lactate to eth-
anol after 24  h of sourdough fermentation for sourdoughs of the F. 
sanfranciscensis strains TMW 1.392, TMW 1.907, TMW 1.1150 and 
TMW 1.2138 in combination without yeast (−yeasts), with K. humilis 
TMW 3.1034 and S. cerevisiae TMW 3.1064

FQ (lactate/
acetate)

Lactate/ethanol

TMW 1.392 −Yeast 3.79 1.03
+K. humilis 2.96 0.67
+S. cerevisiae 2.17 0.45

TMW 1.907 −Yeast 3.25 0.99
+K. humilis 2.78 0.89
+S. cerevisiae 2.26 0.56

TMW 1.1150 −Yeast 3.71 1.02
+K. humilis 3.17 0.96
+S. cerevisiae 2.58 0.64

TMW 1.2138 −Yeast 2.32 1.23
+K. humilis 2.11 0.60
+S. cerevisiae 2.23 0.35
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F. sanfranciscensis TMW 1.2138 (Ls12) was the weakest 
in the competition studies. It was unable to compete against 
the other strains in any combination [23]. Although, its isola-
tion from a sourdough shows that F. sanfranciscensis TMW 
1.2138 can compete in this environment. As it is a strain 
from a wheat sourdough, it possibly would better persist in 
other sourdough types against other strains of F. sanfran-
ciscensis or other LAB. However, in competitive studies 
in wheat flour of Siragusa et al. [39], this strain was also 
outcompeted by the autochthones wheat microbiota. In our 
studies, it was the slowest in the consumption of maltose, as 
after 6 h of fermentation time only 2.2 mM of maltose were 
fermented (Fig. 2). Moreover, it was not able to ferment glu-
cose, fructose or sucrose, which was also shown in previous 
studies [8]. A slow maltose fermentation and incapability 
of glucose fermentation explain why it is the weakest of 
the strains in sourdough fermentation. Furthermore, in the 
sourdough with F. sanfranciscensis TMW 1.2138, the pres-
ence or absence of the yeast did not alter the FQ as well 
as the production of the bacterial metabolites significantly. 
This result implies that the metabolic products of the yeasts 
do not affect the acetate level of F. sanfranciscensis TMW 
1.2138 considerably (Table 2). The same observations were 
made before, as common electron acceptors like fructose and 
citrate did not alter the maltose fermentation of F. sanfran-
ciscensis TMW 1.2138 significantly (Fig. 2) [8]. Moreover, 
only oxygen had a positive effect on maltose fermentation in 
the media fermentation. Though in combination with yeast 
in sourdoughs, the oxygen was consumed by the yeast’s 
respiration [40]. In conclusion, these investigations explain 
why F. sanfranciscensis TMW 1.2138 belonged to the non-
dominant strains in competitiveness trials.

The F. sanfranciscensis strains TMW 1.392 and TMW 
1.907 were influenced either negatively or positively by the 
presence of the yeasts K. humilis TMW 3.1034 and S. cer-
evisiae TMW 3.1064. F. sanfranciscensis TMW 1.392 pre-
ferred the absence of the yeasts although it is often found in 
combination with K. humilis [41]. This observation can be 
explained by the metabolic versatility of F. sanfranciscen-
sis TMW 1.392. Notwithstanding, that its maltose turnover 
was lower for every condition than the turnover of maltose 
by F. sanfranciscensis TMW 1.1150, it was able to alter 
the fermentation the most (Fig. 2). The turnover of maltose 
by F. sanfranciscensis TMW 1.392 increased the most with 
electron acceptors like fructose and oxygen. Furthermore, it 
was able to use fructose and sucrose also for its metabolism 
and a clear turnover was detectable. When yeasts are present 
in the sourdough fermentation, the advantage of sucrose fer-
mentation by F. sanfranciscensis TMW 1.392 is neglectable 
as sucrose is directly cleaved by the yeasts invertase [42, 
43]. Moreover, the production of acetate and thereby the 
recycling of NAD and the extraction of an extra ATP is 
increased significantly yeast-dependent with S. cerevisiae 

TMW 3.1064, more than with K. humilis TMW 3.1034 [37] 
(Table 2). Still, it appears that the advantage of an extra ATP 
through the acetate formation does not compensate for the 
lack of sucrose in sourdoughs with yeasts. Therefore, it can 
be explained why F. sanfranciscensis TMW 1.392 is not able 
to dominate in sourdoughs with yeasts together with F. san-
franciscensis TMW 1.1150 but without the yeasts [23].

Regarding F. sanfranciscensis TMW 1.907 it is difficult 
to explain why this strain is only dominant in combination 
with S. cerevisiae TMW 3.1046. In general, its turnover of 
maltose and glucose was better than in the weakest strain 
F. sanfranciscensis TMW 1.2138. It should be considered 
that their cell size and cell dry weight are similar (Table 1). 
Furthermore, its maltose turnover was increased by the pres-
ence of oxygen but not by fructose and citrate (Fig. 2). The 
production of the bacterial metabolites like lactate, acetate 
and mannitol was increased significantly in combination 
with yeasts. This effect can imply a stimulatory effect on 
the metabolism of F. sanfranciscensis TMW 1.907 by S. 
cerevisiae as well as K. humilis [10]. The higher production 
of ethanol in the sourdough fermentation is explained clearly 
by the alcoholic fermentation of the yeasts. An increase of 
ethanol formation is in sourdoughs with F. sanfranciscensis 
TMW 1.1150 and TMW 1.907 not as high as in sourdoughs 
with the other two strains (Fig. 4), although the ethanol con-
centrations are too low for inhibition of these species [7].

Taken together, the response of F. sanfranciscensis to 
the presence of yeasts is a strain- or group-specific trait. 
Generally, K. humilis revealed itself as a co-existing, i.e. 
commensal partner, which apparently neither elicit meta-
bolic stress nor stimulation to F. sanfranciscensis, while the 
S. cerevisiae sourdough isolate rather showed competitive 
characteristics [23]. F. sanfranciscensis is in general nutri-
ent competition with the S. cerevisiae, namely for maltose 
and sucrose, while the maltose-negative K. humilis prefers 
glucose [44]. Also, general mechanisms of redox-balance, e. 
g. thiol-metabolism, likely differ between yeast genera, and 
between F. sanfranciscensis strains, and may contribute to 
the strain-specific behavior observed [13, 14]. Depending 
on the F. sanfranciscensis partner the concomitant stress 
can therefore impose a negative effect on its competitive-
ness and metabolism in sourdoughs but can also be stimu-
latory. In this study, only F. sanfranciscensis TMW 1.907 
was influenced positively by the presence of yeasts. In other 
combinations, the positive effects of the yeast interactions 
with F. sanfranciscensis are limited or absent, and the nega-
tive effects dominate, namely in combination with S. cerevi-
siae. Furthermore, the cell count of yeasts was decreased in 
combination with F. sanfranciscensis [23, 29], suggesting 
that these LAB also impose stress on the yeasts. This study, 
therefore, suggests that interactions of F. sanfranciscensis 
and the yeasts S. cerevisiae and K. humilis are competitive 
or commensal, respectively.
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