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Sourdough fermentation is a cereal fermentation that is characterized by the formation of stable yeast/lactic
acid bacteria (LAB) associations. It is a unique process among food fermentations in that the LAB that mostly
dominate these fermentations are heterofermentative. In the present study, four wheat sourdough fermenta-
tions were carried out under different conditions of temperature and backslopping time to determine their
effect on the composition of the microbiota of the final sourdoughs. A substantial effect of temperature was
observed. A fermentation with 10 backsloppings (once every 24 h) at 23°C resulted in a microbiota composed
of Leuconostoc citreum as the dominant species, whereas fermentations at 30 and 37°C with backslopping every
24 h resulted in ecosystems dominated by Lactobacillus fermentum. Longer backslopping times (every 48 h at
30°C) resulted in a combination of Lactobacillus fermentum and Lactobacillus plantarum. Residual maltose
remained present in all fermentations, except those with longer backslopping times, and ornithine was found
in almost all fermentations, indicating enhanced sourdough-typical LAB activity. The sourdough-typical
species Lactobacillus sanfranciscensis was not found. Finally, a nonflour origin for this species was hypothesized.

Sourdough is a mixture of ground cereals and water that
ferments spontaneously. Sourdoughs improve the properties of
the bread dough, enhance bread texture and flavor, and delay
bread spoilage and staling (11, 26, 40). Many studies have
investigated the composition of the sourdough microbiota of
traditional type I sourdoughs, which are daily backslopped,
with both culture-dependent and culture-independent tech-
niques (9–11). Lactic acid bacteria (LAB) and yeasts play a key
role in the sourdough fermentation process (9, 22, 25). Unlike
most other well-known food fermentation processes, sour-
dough is usually dominated by heterofermentative LAB, com-
monly belonging to the genus Lactobacillus (4, 9).

Despite changes in raw materials or the bakery environment,
sourdoughs are stable ecosystems (43, 58). This stability can be
ascribed to specific metabolic adaptations to the sourdough
ecosystem or the production of antimicrobial compounds (10,
18). Carbohydrate fermentation targeted toward maltose ca-
tabolism (encompassing maltose phosphorylase activity), the
use of alternative external electron acceptors (such as fruc-
tose), and/or the expression of the arginine deiminase (ADI)
pathway are metabolic activities that favor energy production,
cofactor (re)cycling, and/or tolerance toward acid stress (4, 10,
11, 18, 19, 23). Moreover, certain LAB species form a stable
association with certain yeast species, due to dedicated nutri-
tional, trophic, and metabolic interactions (4, 9, 10, 18, 23).
Consequently, some LAB species that participate in sourdough
fermentations are considered typical inhabitants of the sour-

dough ecosystem, among which Lactobacillus plantarum, Lac-
tobacillus fermentum, Lactobacillus paralimentarius, Lacto-
bacillus brevis, and Lactobacillus sanfranciscensis are most
frequently reported (4, 11, 25).

The key sourdough LAB species is L. sanfranciscensis, which
is strictly heterofermentative and maltose-positive and which,
remarkably, is not yet known from any other habitat (21, 22,
26). It mainly occurs in wheat sourdoughs (3, 36, 38, 42, 43). It
forms a strong association with the maltose-negative yeast
Candida humilis, based on trophic and metabolic interactions
(22, 36). The dominance of L. sanfranciscensis has been as-
cribed to its selection by the type of technology applied, i.e.,
backslopping practices, temperature of incubation, and/or pH
of the dough (16, 17, 29, 38, 44). Although initially described in
San Francisco sourdough and Panettone cake, an influence of
the geographical region is not expected (11). Besides the L.
sanfranciscensis-C. humilis association, associations of Saccha-
romyces cerevisiae and L. plantarum, Candida spp. and L. brevis,
and Kazachstania barnettii and L. sanfranciscensis have been
reported too (4, 27, 55). Furthermore, sourdough continues to
be a source of unexplored LAB species diversity, as exempli-
fied by the continuous reporting of new LAB species (11). This
demonstrates the large microbial diversity present in sour-
dough. Moreover, since these species are mostly isolated in
exploratory studies of a limited number of fermentations, it
remains a challenge to know what the exact reasons are why
one species should be dominant over another or present in one
sourdough environment and not in another.

In previous studies, it has been shown that type I sourdough
fermentations carried out in the laboratory with flour as the
sole nonsterile ingredient harbor a different species diversity
than artisan sourdoughs prepared in a bakery, with respect to
both LAB and yeast species (42, 43, 49, 55, 57, 58). Laboratory
sourdoughs based on wheat, rye, or spelt, daily backslopped for
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10 days, whether or not initiated with a L. sanfranciscensis
starter culture, reach an equilibrium through a three-step pro-
cess: (i) prevalence of sourdough-atypical LAB, (ii) prevalence
of sourdough-typical LAB, and (iii) prevalence of highly
adapted sourdough-typical LAB, i.e., L. fermentum and L.
plantarum (44, 49, 57, 58). Lactobacillus sanfranciscensis was
never encountered in laboratory sourdough fermentations per-
formed under semisterile conditions (49, 57, 58). Belgian bak-
ery sourdoughs that are often backslopped for several years are
yet characterized by stable consortia of L. paralimentarius, L.
sanfranciscensis, L. plantarum, and/or Lactobacillus pontis (42).
It has been shown that dominance of the final microbial species
may be influenced by temperature (33, 34) and flour type (2,
45, 51, 60).

The present study aimed to unravel the differences occurring in
LAB composition and dominance of sourdoughs with various
temperatures and backslopping times and in particular to postu-
late a hypothesis for the absence of L. sanfranciscensis in labora-
tory sourdough fermentations performed under semisterile con-
ditions.

MATERIALS AND METHODS

Laboratory sourdough preparation. Liquid sourdoughs (8 kg) were prepared
with sterile water and wheat flour from one local flour mill and belonging to
the same production batch. The dough yield, i.e., (dough mass/flour mass) �
100, was 400. Temperature and backslopping time were varied. Sourdough
fermentations were carried out in two 15-liter Biostat C fermentors (Sartorius
AG; B. Braun Biotech International, Melsungen, Germany), which were
presterilized with water. Fermentations were started by mixing 6 liters of

sterile water with 2 kg of flour in one fermentor. This liquid dough was
incubated at 23, 30, or 37°C for 24 or 48 h, depending on the experiment,
during which time the mixture was kept homogeneous through stirring (300
rpm). Then, 800 g of ripe sourdough was collected in a sterile bottle to
inoculate a freshwater-flour mixture (5.2 liters of sterile water and 1.8 kg of
flour) as a first backslopping in a second fermentor. This dough was incubated
under the same conditions as described above. This backslopping procedure
was carried out during 10 days. At each refreshment step, samples were with-
drawn from the ripe sourdough for culture-dependent and culture-independent
microbiological analysis and metabolite target analysis. Also, the pH of each sample
was measured.

Microbial community dynamics of backslopped sourdoughs analyzed through a
culture-dependent approach. Cell counts (expressed as CFU or CFU per gram of
dough) were determined by mixing 10 g of fresh sourdough with 90 ml of peptone
physiological solution (0.1% [wt/vol] bacteriological peptone [Oxoid, Ltd., Bas-
ingstoke, Hampshire, United Kingdom] and 0.85% [wt/vol] NaCl) and then
homogenizing this mixture for 5 min (Stomacher 400; Seward, Worthington,
United Kingdom). A 10-fold dilution series was made and plated on de Man-
Rogosa-Sharpe-5 (MRS-5) agar containing 0.1 g of cycloheximide (Sigma, St.
Louis, MO) per liter and yeast extract-glucose (YG) agar supplemented with
0.1 g of chloramphenicol (Sigma) per liter to determine LAB and yeast counts
(33, 34), respectively, after incubation of the agar medium at 30°C for 48 h.

From the MRS-5 agar medium, approximately 50 colonies were picked up
randomly, purified through successive transfers, and subjected to DNA extrac-
tion and (GTG)5-PCR fingerprinting for classification and identification of the
isolates. DNA was isolated by using a protocol described previously (20).
(GTG)5-PCR assays and analysis of the resulting DNA fingerprints were carried
out as described previously (42, 47, 49).

Microbial community dynamics of backslopped sourdoughs analyzed through
a culture-independent approach via denaturing gradient gel electrophoresis
(DGGE) of 16S rRNA PCR amplicons. To approximately 10 g of fresh sourdough
90 ml of peptone physiological solution was added, and 50 ml of this mixture was
centrifuged (1,000 � g for 4 min at 4°C) to remove solids. The supernatant was
centrifuged at 5,000 � g for 20 min at 4°C to obtain a cell pellet, which was stored

FIG. 1. Bacterial counts (CFU g�1) on MRS-5 agar (u), yeast counts (CFU g�1) on YG agar (p), and pH (o) for fermentation A (23°C and
24-h backslopping), B (30°C and 24-h backslopping), C (37°C and 24-h backslopping), and D (30°C and 48-h backslopping).
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at �20°C until further use. The extraction of total DNA from these cell pellets,
amplification of 16S rRNA gene fragments with the universal primers F357-
518R, electrophoretic separation in a denaturing gradient polyacrylamide gel,
and sequencing of representative DNA bands were performed as described
previously (39, 42, 49).

Culture-independent investigation of the flour microbiota. Wheat flour (200
g) was suspended in physiological solution (800 ml) and stirred vigorously for 15
min at 4°C, after which the flour particles were removed by centrifugation at
1,000 � g for 4 min at 4°C. The supernatant was centrifuged at 5,000 � g for 20
min at 4°C to obtain a cell pellet, which was stored at �20°C until further use.

FIG. 2. Dendrograms derived from (GTG)5-PCR fingerprints of bacterial isolates originating from fermentation A (23°C and backslopping
every 24 h), fermentation B (30°C and backslopping every 24 h), fermentation C (37°C and backslopping every 24 h), and fermentation D (30°C
and backslopping every 48 h). The type strains used are Lactobacillus brevis LMG 6909T (I), Leuconostoc citreum LMG 6949T (II), Lactobacillus
fermentum IMDO 130101 (III), and Lactobacillus plantarum LMG 6907T (IV). The strains marked with asterisks were subjected to sequencing of
the 16S rRNA gene.

FIG. 3. Culture-independent 16S rRNA-PCR-DGGE analysis of fermentation samples taken at each refreshment step of a sourdough
fermentation backslopped 10 times. Panels A to D correspond to fermentations A to D in Table 1. The marker ladder M consisted of Lactobacillus
plantarum LMG 6907T (band A), Lactobacillus fermentum LMG 6902T (band B), Leuconostoc mesenteroides LMG 6893T (band C), Lactobacillus
brevis LMG 6906T (band D), Lactobacillus curvatus LMG 69198T (band E), Pediococcus pentosaceus LMG 10478 (band F), Enterococcus faecalis
LMG 7937T (band G), Lactococcus lactis LMG 19152T (band H), Lactobacillus sanfranciscensis 16002T (band I), Bifidobacterium longum BB536
(band J), Bifidobacterium adolescentis LMG 10502 (band K), and Bifidobacterium breve LMG 11084 (band L). Bands indicated by numbers have
been excised and subjected to 16S rRNA gene sequence analysis. The closest relatives of the fragments sequenced are listed in Table 1.
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DNA extraction, PCR amplification of 16S rRNA gene fragments, and DGGE
were performed as described previously (42, 49). DNA from pure cultures of L.
plantarum IMDO 130201, L. fermentum IMDO 130101, L. sanfranciscensis LMG
16002T, and Leuconostoc citreum LMG 6949T was included in the gel as refer-
ences.

Metabolite target analysis. Approximately 100 g of fresh sourdough was cen-
trifuged (5,000 � g for 20 min), and the supernatant was stored at �20°C until
further analysis. The concentrations of lactic acid, acetic acid, and ethanol were
determined by high-performance liquid chromatography (HPLC) and quantifi-
cation was performed with external standards in triplicate as described previously
(32). The results are represented as the average of the three independent anal-
yses. Errors are represented as standard deviations. The concentrations of glu-
cose, fructose, sucrose, maltose, and mannitol were determined by high-perfor-

mance anion-exchange chromatography with pulsed amperometric detection,
and quantification was carried out through standard addition as described pre-
viously (52). Concentrations of arginine, citrulline, and ornithine were deter-
mined by HPLC coupled to a mass spectrometer (MS), and quantification was
carried out through standard addition as described previously (53).

RESULTS

Microbial community dynamics of backslopped sour-
doughs analyzed through a culture-dependent approach.
Colony counts on MRS-5 agar indicated stable LAB commu-

TABLE 1. Sequencing results from excised PCR-DGGE-DNA bands

Fermentation and band no. Identification Identity (%) Nearest accession no.

A (23°C and 24-h backslopping)
1 Bacillus thuringiensis 100 EF210289.1
2 Bacillus cereus 100 DQ648271.1
3 Leuconostoc citreum 99 AB362723.1
4 Lactobacillus sakei/L. curvatus 100/100 AB362730.1/EU081014.1
5 Chloroplast DNA 100 AM777385.2
6 Chloroplast DNA 100 AM777385.2
7 Leuconostoc citreum 98 AB362723.1
8 Lactobacillus sakei/L. curvatus 100/100 AB362730.1/EU081014.1
9 Chloroplast DNA 100 AM777385.2
10 Leuconostoc citreum 99 AB362723.1
11 Pediococcus pentosaceus 100 AB362605.1
12 Chloroplast DNA 100 AM777385.2

B (30°C and 24-h backslopping)
1 Bacillus cereus 100 DQ648271.1
2 Enterobacter sakazakii 100 EF088360.1
3 Enterobacter cloacae 100 EF185910.1
4 Weissella cibaria 99 DQ885576.1
5 Lactobacillus reuteri 98 AB289272.1
6 Uncultured bacterium 98 DQ349083.1
7 Bacillus cereus 99 EF195169.1
8 Weissella cibaria 100 DQ885576.1
9 Lactobacillus sp. 100 AB279927.1
10 Uncultured bacterium 100 DQ235225.1
11 Mitochondrial DNA 99 DQ490951.2
12 Lactobacillus fermentum 99 AB289114.1
13 Chloroplast DNA 99 EF115543.1

C (37°C and 24-h backslopping)
1 Bacillus cereus 100 DQ648271.1
2 Weissella cibaria/W. confusa 100/100 AB362617.1/EU128489.1
3 Bacillus cereus 100 DQ648271.1
4 Lactobacillus fermentum 100 AB362767.1
5 Chloroplast DNA 100 AM777385.2
6 Lactobacillus johnsonii 99 AB295648.1
7 Lactobacillus johnsonii 100 AB295648.1
8 Lactobacillus fermentum 100 AB362767.1
9 Chloroplast DNA 100 AM777385.2
10 Uncultured bacterium 98 DQ981307.1

D (30°C and 48-h backslopping)
1 Weissella confusa 100 EU128489.1
2 Bacillus thuringiensis 100 EF210289.1
3 Uncultured bacterium 98 EU148842.1
4 Weissella cibaria 100 AB362617.1
5 Lactobacillus fermentum 100 AB362767.1
6 Chloroplast DNA 100 AM777385.2
7 Mitochondrial DNA 100 EF547250.1
8 Lactobacillus plantarum 97 EF439682.1
9 Lactobacillus plantarum 97 AB362982.1
10 Lactobacillus fermentum 97 AB362767.1
11 Chloroplast DNA 99 AM777385.2
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nities at the latest from the second backslopping on (Fig. 1).
Final cell densities were generally between log 8 and log 9 CFU
g�1, with the highest counts (just above log 9 CFU g�1)
reached in the fermentation at 23°C with a backslopping time
of 24 h and in the fermentation at 30°C with a backslopping
time of 48 h. Yeast counts on YG agar generally revealed
stable communities of approximately log 8 CFU g�1, albeit
delayed compared to the LAB communities, except for the
fermentation at 37°C with a 24-h backslopping (Fig. 1). During
this fermentation, no yeasts were found, except at day 8 until
day 10 with a colony count never exceeding log 5 CFU g�1. The
end pH of all fermentations remained constant after about the
third backslopping (Fig. 1). The end pH was usually between
3.3 and 3.4, except for the fermentation at 23°C with backslop-
ping every 24 h that resulted in an end pH of �3.7.

Identification of the 195 LAB isolates, picked up from
MRS-5 agar, through (GTG)5-PCR fingerprinting revealed
differences in the final composition of the microbiota of the
four 10 times backslopped sourdoughs. Of the 47 isolates from
the fermentation at 23°C with backslopping every 24 h (Fig.
2A), a single isolate was identified as L. fermentum, and 37
isolates were identified as Leuconostoc citreum. Eight isolates
(W1-1, W1-5, W1-9, W1-10, W1-14, W1-23, W1-42, and W1-
48) formed a separate (GTG)5-PCR cluster and were shown to
be Leuconostoc citreum too, based on the 16S rRNA gene
sequence of isolate W1-10 as cluster representative. A single
isolate did not fit in the reference framework (W1-50) and was
identified as Pediococcus pentosaceus, based on 16S rRNA
gene sequencing. Of 48 isolates from the sourdough fermen-
tation at 30°C with backslopping every 24 h (Fig. 2B), 47 were
identified as L. fermentum, and a single isolate (W3-44) was
identified as L. plantarum. From the sourdough fermentation
at 37°C with backslopping every 24 h (Fig. 2C), all 50 isolates
were identified as L. fermentum. Out of the 50 isolates from the
fermentation at 30°C with backslopping every 48 h (Fig. 2D),
16 isolates were identified as L. fermentum, with the remainder
ones being identified as L. plantarum.

Microbial community dynamics of backslopped sourdoughs
analyzed through a culture-independent approach via DGGE
of 16S rRNA PCR amplicons. At 23°C and backslopping every
24 h (Fig. 3A and Table 1), Bacillus species were detected
during the first 3 days of fermentation, after which Leuconostoc
citreum appeared and remained present until the end of the
fermentation. From day 3 until day 8, Lactococcus species were
detected, and from day 4 until day 9, Lactobacillus sakei was
found. On day 10, a faint DGGE band indicated the presence
of P. pentosaceus. The sourdough fermentation at 30°C with
backslopping every 24 h (Fig. 3B and Table 1) showed the
presence of Bacillus, Enterobacter species, and Lactobacillus
reuteri during the first day. From day 2 until day 5, Weissella
cibaria was detected, as well as L. fermentum. From day 6 on,
only L. fermentum was detected until the end of the fermen-
tation. The sourdough fermentation at 37°C with backslopping
every 24 h (Fig. 3C and Table 1) showed the presence of
Bacillus cereus on the first day and of W. cibaria during the first
and second day. From day 2 until the end of the fermentation,
L. fermentum was present, and from day 7 until the end of the
fermentation, Lactobacillus johnsonii was detected. At 30°C
and with backslopping every 48 h (Fig. 3D and Table 1), W.
cibaria and Weissella confusa were detected during the first two

backsloppings, and Bacillus thuringiensis was detected during
the first three backsloppings. Lactobacillus fermentum was
present from the first until the last fermentation stage. From
backslopping 7 until backslopping 10, L. plantarum was de-
tected. None of the fermentations carried out revealed the
presence of L. sanfranciscensis (Fig. 3).

Culture-independent investigation of the flour microbiota.
PCR-DGGE of the DNA extracted directly from the flour
revealed the presence of L. plantarum and L. fermentum (Fig.
4). No L. sanfranciscensis was found. Since Leuconostoc cit-
reum and L. fermentum presented DNA bands on the same
height in the gel, the identity as L. fermentum (identity of
100%; nearest accession number HQ677597.1) was confirmed
by nucleotide sequencing of the DNA fragment of the excised
DGGE band.

Metabolite target analysis. Carbohydrate analysis showed
that only negligible amounts of glucose, fructose, and su-
crose remained in all fermentations (Fig. 5). Maltose was
found at residual concentrations varying between 15 mM
(30°C and 48-h backslopping) and 80 mM (23°C and 24-h
backslopping). Mannitol was found at low concentrations,
except for the fermentation at 30°C and with backslopping
every 48 h where hardly any mannitol was found (Fig. 6).
The highest lactic acid and acetic acid concentrations were

FIG. 4. Culture-independent 16S rRNA-PCR-DGGE analysis of a
flour sample. The bands were identified as Lactobacillus plantarum
(band 1), Lactobacillus fermentum (band 2), and chloroplast DNA
(band 3). The reference strains were Lactobacillus plantarum IMDO
130201 (band 4), Lactobacillus fermentum IMDO 130101 (band 5),
Leuconostoc citreum LMG 6949T (band 6), and Lactobacillus sanfran-
ciscensis LMG 16002T (band 7).
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found in the fermentations at 30 and 37°C. The highest
ethanol concentrations were found at 30°C with both the 24-
and the 48-h backsloppings. A substantially lower ethanol
concentration was found at 23°C with the 24-h backslopping.
Residual arginine was present at about 300 �M at 23°C and
the 24-h backslopping, while all of the other fermentations
showed arginine depletion (Fig. 7). Citrulline was present in
amounts beneath the detection limit, and ornithine was
found in concentrations of approximately 200 �M in all
fermentations, except for the fermentation at 30°C with the
48-h backslopping (300 �M).

DISCUSSION

As reported previously with wheat flour from the same flour
mill, the most common LAB dominating the stable ecosystem
of laboratory sourdough fermentations carried out with wheat
flour as the sole nonsterile component, are L. fermentum and
L. plantarum (51). These species are typical sourdough LAB
species (4, 9–11). In the present study, a modulation of the
microbiota as a function of temperature could be observed
going from almost exclusively L. fermentum at 30°C and 37°C
with backslopping every 24 h to a codominance of L. fermen-
tum and L. plantarum at 30°C and 48-h backslopping to the
complete absence of these species at 23°C. The latter fermen-
tations were exclusively dominated by Leuconostoc citreum.
This indicates an influence of both temperature and backslop-

ping time on the growth of LAB coming from the flour. It
appears that L. fermentum needs less time to adapt to the
sourdough matrix, grows faster, and is more competitive than
L. plantarum in wheat sourdough fermentations, at least under
the conditions tested. Also, the appearance of L. plantarum
after 48 h of backslopping indicates a close adaptation to the
poor nutritional and highly acidic conditions that prevail under
these fermentation conditions. Alternatively, Leuconostoc cit-
reum is more adapted to low-temperature conditions. An in-
fluence of temperature on species composition has been found
before when commercially available sourdough starter mix-
tures were used (34).

The results of the culture-dependent and culture-indepen-
dent techniques carried out during the present study were in
agreement, except for the fact that in the fermentation at 37°C
with 24-h backslopping, L. johnsonii was detected with the
culture-independent technique, and yet no isolate of this spe-
cies could be recovered through culture. Lactobacillus johnso-
nii has only rarely been reported from sourdough (34) and is
usually associated with the vertebrate gastrointestinal tract
(13).

A stable number of yeasts and LAB was obtained in all
wheat sourdough fermentations, except for the fermentation at
37°C and 24-h backslopping, where yeasts were almost com-
pletely absent, possibly reflecting an increased competitiveness
of the LAB compared to the yeasts or a growth limitation of

FIG. 5. Concentrations of maltose (u), sucrose (p), glucose (o), and fructose (z) in mM for fermentations A (23°C and 24-h backslopping),
B (30°C and 24-h backslopping), C (37°C and 24-h backslopping), and D (30°C and 48-h backslopping).
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the yeasts by the high temperature. Optimal growth tempera-
tures for yeasts have been reported to be in the range of 10 to
30°C (56). For instance, for C. humilis, which is frequently
encountered in sourdough fermentations, an optimal growth
temperature of 27°C has been reported (17). Ornithine, the
end product of the ADI pathway of certain sourdough-typical
LAB species, was found in all fermentations, indicating activity
of LAB species typical for sourdough, except at 30°C and a
24-h backslopping, although L. fermentum was the dominant
LAB species in this fermentation. This species has been shown
to convert arginine through the ADI pathway and to release
either citrulline or ornithine (53, 54). However, it is possible
that the yeasts present in this fermentation were responsible
for either arginine depletion or ornithine conversion (37). Al-
though ornithine was found at elevated concentrations in the
fermentation at 23°C and a 24-h backslopping, the dominant
species in this fermentation was Leuconostoc citreum, a species
that does not possess the ADI pathway (28). Despite the fact
that yeasts have only been reported to take up ornithine and
not to excrete it (37), ornithine can be stored in yeast vacuoles
under certain conditions, suggesting that yeast cell lysis might
account for ornithine release (50). Besides the ADI pathway,
factors such as inhibitory and cooperative interactions may
play a role in dominance build-up (4, 9, 22).

This is the first study in which a spontaneous sourdough
fermentation was dominated by Leuconostoc citreum, albeit
only at a low temperature, a species thus far reported only
occasionally in sourdough fermentations (3). It appears to be

mostly associated with vegetable fermentations such as kimchi,
where it plays an important role together with Weissella con-
fusa, L. sakei, and Lactobacillus curvatus (1, 30). Low-temper-
ature adaptation of Leuconostoc citreum has been described
before (59). Also, higher final pH values were observed in the
fermentation where this species dominated than in fermenta-
tions where L. fermentum and/or L. plantarum were dominant.
It has been shown before that sourdoughs with higher pH
levels are often dominated by a different microbiota, encom-
passing Enterococcus, Lactococcus, Leuconostoc, Pediococcus,
Streptococcus, and Weissella (6, 41, 61), which are present in
the cereal kernels and flour (5, 9) or during the early fermen-
tation process before significant pH decrease (6, 49). With
PCR-DGGE, Bacillus species were found during the first 3
days of fermentation. After day 4, they were no longer present
because of the low pH. Bacillus species are known to be part of
the microbiota of flour (9).

With the exception of a single P. pentosaceus isolate, the
wheat sourdough ecosystems of the present study were com-
posed of three prevalent species, namely, L. plantarum, L.
fermentum, and Leuconostoc citreum. Under no circumstances
could the well-known wheat sourdough LAB, L. sanfranciscen-
sis, be detected. It confirms the results obtained for former
laboratory wheat, rye, and spelt sourdough fermentations (49,
57, 58). This is remarkable considering the fact that it has been
widely reported in Italian and Belgian artisan sourdoughs and
in San Francisco sourdough fermentations, which are charac-
terized by long fermentation times at low temperature (3, 8, 42,

FIG. 6. Concentrations of lactic acid (u), ethanol (p), acetic acid (o), and mannitol (z) in mM for fermentations A (23°C and 24-h
backslopping), B (30°C and 24-h backslopping), C (37°C and 24-h backslopping), and D (30°C and 48-h backslopping).
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43). However, its competitiveness in the sourdough ecosystem
has been firmly established (6, 17, 44). Considering the semi-
sterile conditions under which the current laboratory wheat
sourdough fermentations were carried out, the only remaining
possible origin of the microbiota was the flour itself, raising
questions about the origin and original habitat of L. sanfran-
ciscensis. Through PCR-DGGE, the presence of L. fermentum
and L. plantarum could be shown in the flour used but not that
of Leuconostoc citreum and L. sanfranciscensis. Given that the
detection limit of PCR-DGGE is in the order of magnitude of
104 to 108 CFU of LAB in general g�1 (35, 46), the absence of
detectable amplification can therefore mean either absence
of the microorganism or presence beneath the detection limit,
indicating that both species might be present in the subdomi-
nant flour microbiota, but that only for Leuconostoc citreum
correct environmental circumstances that gave it a competitive
edge, were encountered. Flour as a carrier of the inoculum of
sourdough fermentations has been suggested before (44). If L.
sanfranciscensis were absent from the flour used, an interesting
report in this context is the presence of L. sanfranciscensis in
the insect gastrointestinal tract (24), suggesting another possi-
ble route for this species into the flour and bakery environment
and hence into the sourdoughs. Such an association of LAB
dominating food fermentations and the gastrointestinal tract
should come as no surprise, since L. reuteri, L. johnsonii, and L.
fermentum have been shown to be inhabitants of vertebrate

gastrointestinal tracts (12, 48). Some strains of these species are
even used as probiotics in food and/or feed (12, 31, 48). Also, the
sourdough inhabitant, Lactobacillus rossiae, has been isolated
from pig feces, suggesting an intestinal habitat (7). Actually, many
sourdough species have been found in pig feces before (14). The
suggestion that the sourdough microbiota might be associated
with contamination by mouse feces (15), and hence the gastroin-
testinal tract, in the grain elevators in flour mills is thus of interest.
Therefore, it will be necessary to sample the whole chain from
flour mill to sourdough and their environments to unravel the
habitat and origin of L. sanfranciscensis ultimately.

To conclude, this is the first report of spontaneous sour-
dough fermentations wherein temperature and backslopping
time were systematically varied. Furthermore, the present
study is the first report of a sourdough fermentation dominated
by a Leuconostoc species, at least at a low temperature. Also,
we suggest here a nonflour origin of L. sanfranciscensis. Fur-
thermore, these results clearly show the potential for modula-
tion of the microbiota of a spontaneous sourdough fermenta-
tion through manipulation of the environmental conditions
such as temperature and backslopping time.
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