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Four sourdoughs (A to D) were produced under practical conditions by using a starter mixture of three
commercially available sourdough starters and a baker’s yeast constitutively containing various species of
lactic acid bacteria (LAB). The sourdoughs were continuously propagated until the composition of the LAB
flora remained stable. Two LAB-specific PCR-denaturing gradient gel electrophoresis (DGGE) systems were
established and used to monitor the development of the microflora. Depending on the prevailing ecological
conditions in the different sourdough fermentations, only a few Lactobacillus species were found to be com-
petitive and became dominant. In sourdough A (traditional process with rye flour), Lactobacillus sanfranci-
scensis and a new species, L. mindensis, were detected. In rye flour sourdoughs B and C, which differed in the
process temperature, exclusively L. crispatus and L. pontis became the predominant species in sourdough B and
L. crispatus, L. panis, and L. frumenti became the predominant species in sourdough C. On the other hand, in
sourdough D (corresponding to sourdough C but produced with rye bran), L. johnsonii and L. reuteri were
found. The results of PCR-DGGE were consistent with those obtained by culturing, except for sourdough B, in
which L. fermentum was also detected. Isolates of the species L. sanfranciscensis and L. fermentum were shown
by randomly amplified polymorphic DNA-PCR analysis to originate from the commercial starters and the
baker’s yeast, respectively.

The production of sourdough bread can be traced back to
ancient times (24). The products are characterized by their
unique flavor, enhanced shelf life and nutritional value, and
favorable technological properties (16, 25). Sourdough is an
intermediate product and contains metabolically active micro-
organisms. The microbial ecology of the sourdough fermenta-
tion is determined by ecological factors described by Hammes
and Gänzle (16). Endogenous factors are determined by the
chemical and microbiological components of the dough, and
exogenous factors are determined by temperature and atmo-
sphere. In practice, strong effects are exerted by process pa-
rameters such as dough yield, amount and composition of the
starter, number of propagation steps, and fermentation time.
The impact of these parameters during continuous propaga-
tion of sourdough causes the selection of a characteristic mi-
croflora consisting of lactic acid bacteria (LAB) and usually
yeasts. Microbiological studies have revealed that 43 species of
LAB, mostly species of the genus Lactobacillus, and more than
23 species of yeasts, especially species of the genera Saccha-
romyces and Candida (6, 23), occur in this ecological niche. As
shown for certain industrial sourdough processes (4), such
microbial associations may endure for years, although the fer-
mentation process runs under nonaseptic conditions.

Based on common principles used in artisanal and industrial
processes, Böcker et al. (5) defined three types of sourdough.
Type I sourdoughs are produced with traditional techniques

and are characterized by continuous (daily) propagation to
keep the microorganisms in an active state, as indicated by high
metabolic activity, above all with regard to leavening, i.e., gas
production. The process is performed at temperatures of
�30°C, and examples of baked goods so obtained are San
Francisco sourdough French bread, panettone, and three-stage
sourdough rye bread. The industrialization of the baking pro-
cess for rye bread led to the development of type II sour-
doughs, which serve mainly as dough acidifiers. These sour-
doughs are fermented for long periods (up to 5 days) at
temperatures of �30°C, and high dough yields permit pumping
of the dough. The microorganisms are commonly in the late
stationary phase and therefore exhibit restricted metabolic ac-
tivity only. Type III sourdoughs are dried doughs which are
used as acidifier supplements and aroma carriers. Doughs of
types II and III require the addition of baker’s yeast for leav-
ening. Yeast preparations usually contain LAB, which in pre-
doughs used for the production of soda crackers contribute
acidification and aroma development (13).

For investigation of the microbial populations of sour-
doughs, traditional cultivation methods in combination with
phenotypic (physiological and biochemical) and genotypic
(randomly amplified polymorphic DNA [RAPD] and specific
PCR) identification techniques have been used (5, 8, 9, 22, 27,
33). These studies, based on culturing techniques, are labori-
ous and time-consuming. Moreover, such studies have focused
commonly on the analysis of end products. Denaturing gradi-
ent gel electrophoresis (DGGE) of PCR-amplified fragments
of the 16S rRNA gene has the potential to characterize the
fermentation flora quickly and economically and is culture
independent (21). Total bacterial DNA from the habitat of
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interest is extracted, and a variable region of the 16S rRNA
gene is amplified by PCR. The resulting mixture of 16S ribo-
somal DNA (rDNA) fragments is subjected to polyacrylamide
gel electrophoresis by using a denaturating gradient estab-
lished with urea and formamide in order to separate the frag-
ments and generate a genetic fingerprint of the community.
Thus, PCR-DGGE is a suitable tool for investigating microbial
community dynamics during whole-food fermentation pro-
cesses, as demonstrated, for example, for the fermentation of
maize dough pozol (3), malt whisky (2), and Italian sausages
(7).

In this study, we used two LAB-specific PCR-DGGE sys-
tems to monitor changes in the bacterial population at the
species level during four sourdough (type I and II) fermenta-
tions performed under different ecological conditions. The fer-
mentations were inoculated with the same starter mixture and
continuously propagated until a stable microflora had been
established. Strains of the various LAB species were isolated
by culturing, and their origins were traced back to the starter
mixture by using an RAPD-PCR system.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains Lactobacillus acidophilus
DSM 20079T, L. amylovorus DSM 20531T, L. brevis DSM 20054T, L. buchneri
DSM 20057T, L. crispatus DSM 20584T, L. delbrueckii subsp. delbrueckii DSM
20074T, L. delbrueckii subsp. lactis DSM 20072T, L. farciminis DSM 20184T, L.
fermentum DSM 20052T, L. fructivorans DSM 20203T, L. frumenti DSM 13145T,
L. johnsonii DSM 20533T, L. panis DSM 6035T, L. paracasei DSM 5622T, L.
plantarum DSM 20174T, L. pontis DSM 8475T, L. pontis LTH 1735, L. reuteri
DSM 20016T, L. reuteri LTH 3569, L. sanfranciscensis DSM 20451T, L. sanfran-
ciscensis LTH 1729, Pediococcus acidilactici DSM 20284T, P. pentosaceus DSM
20336T, Weissella confusa DSM 20196T, and W. viridescens DSM 20410T were
used as reference strains. LAB were cultured in a modified atmosphere (2% O2,
10% CO2, 88% N2) at 30 or 37°C on MRS5 medium, containing, per liter, 10 g
of tryptone, 5 g of meat extract, 5 g of yeast extract, 10 g of maltose, 5 g of
fructose, 5 g of glucose, 5 g of C2H3NaO2 � 3H2O, 3 g of ammonium chloride,
2.6 g of K2HPO4 � 3H2O, 4 g of KH2PO4, 0.1 g of MgSO4 � 7H2O, 0.05 g of
MnSO4 � 4H2O, 0.5 g of cysteine-HCl, 1 ml of Tween 80, and 1 ml of a vitamin
mixture (pH 5.8). Sugars were autoclaved separately, and the vitamin mixture,
containing cobalamin, folic acid, nicotinic acid amide, pantothenic acid, pyri-
doxal phosphate, and thiamine (0.2 g/liter each), was sterilized by filtration. For
the isolation of LAB and the determination of viable cell counts, MRS5 agar
containing 0.1 g of cycloheximide/liter was used, and the plates were incubated
at 30°C for 48 h.

Sourdough fermentations and sampling. Four fermentation batches (A to D)
were designed as shown in Table 1. Doughs were prepared from water and rye
flour or rye bran and provided different yields. Fermentations were started by
adding a starter mixture (M) consisting of three commercial sourdoughs avail-
able for industrial use (type I, S1 and S2; type II, S3) and present in equal
quantities and 1% baker’s yeast (Y). Sourdoughs of type I (A) and type II (B to
D) were obtained through continuous propagation by back-slopping of ripe
dough for several days. At differing refreshment times, the ripe sourdough was
used as an inoculum for the subsequent fermentation cycle. At each refreshment

step, samples were taken from the ripe sourdough and investigated as follows.
The pH and the total titratable acids (TTA) were determined with 10 g of
sourdough suspended in 100 ml of distilled water. The TTA value is expressed as
the amount (in milliliters) of 0.1 M NaOH needed to achieve a final pH of 8.5.
For microbial counting, samples were serially diluted 1:10 with saline-tryptone
diluent (containing, per liter, 8.5 g of NaCl and 1.0 g of tryptone [pH 6.0]) and
plated on MRS5 agar. Sourdoughs were propagated until a stable microflora had
been established, as indicated by the appearance of approximately the same
numbers of different colony forms on MRS5 agar plates. Finally, for DNA
extraction and PCR-DGGE analysis, 10-g samples were taken from the starter
mixture (M), the starters (S1, S2, and S3), the baker’s yeast (Y), and the sour-
doughs (A to D) at each refreshment step and stored at �20°C.

At the end of fermentation, 36 to 43 colonies were picked randomly from an
MRS5 agar plate containing 100 to 300 colonies. Additionally, from the starters
(S1 to S3) and the baker’s yeast (Y), 7 to 10 colonies were picked, with all
different colony forms being taken into consideration. Species identification of
the isolates was performed as follows. DNA was isolated from pure cultures as
described below. DNAs were subjected to PCR-DGGE. Bands showing the same
migration distances were considered to belong to the same species. DNA from
one representative of each species was subjected to sequencing of the first 1,000
bp or the complete (L. mindensis) sequence of the 16S rDNA.

DNA extraction. Total DNA was isolated from single colonies grown on MRS5
agar plates by resuspending the cells in 1 ml of sterile phosphate-buffered saline
(containing, per liter, 8.0 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4, and 0.24 g
of KH2PO4 [pH 8.3]) and applying a High Pure PCR template preparation kit
(Roche Molecular Biochemicals, Mannheim, Germany). Lysozyme (20 mg/ml)
and mutanolysin (1,000 U/ml) were used as lysing enzymes, and the mixture was
incubated at 37°C for 60 min. For the extraction of total DNA from the starter,
baker’s yeast, and sourdough samples, 10 g was homogenized for 5 min in a
stomacher bag containing 90 ml of saline-tryptone diluent. An aliquot (50 ml)
was centrifuged at 4°C for 5 min at 200 � g (fermentation batches A to C) or for
5 min at 1,500 � g (fermentation batch D). Finally, to harvest the cells, the
supernatant was centrifuged for 15 min at 5,000 � g, and the cell pellet was
stored at �20°C. The frozen pellet was thawed on ice and washed three times
with 1 ml of phosphate-buffered saline and once with 1 ml of water. The pellet
was resuspended in 130 �l of lysis buffer (6.7% sucrose, 50 mM Tris HCl [pH
8.0], 1 mM EDTA, 20 mg of lysozyme per ml, 1,000 U of mutanolysin per ml, 100
�g of RNase per ml). After incubation for 1 h at 37°C, 30 �l of NaCl (5 M) and
25 �l of cetyltrimethylammonium bromide (10% CTAB in 0.7 M NaCl) were
added, and the mixture was incubated for 10 min at 65°C. Afterward, 20 �l of
proteinase K solution (15 mg/ml) and 10 �l of sodium dodecyl sulfate (20%)
were added, and the mixture was incubated for 30 min at 60°C. Finally, 200 �l of
phenol (65°C; pH 7) was added and mixed, and the mixture was incubated for 6
min at 65°C. After the mixture was cooled on ice, 220 �l of Tris HCl (10 mM; pH
8.0) was added, and the mixture was extracted twice with equal volumes of
phenol-chloroform-isoamyl alcohol (25:24:1) and twice with chloroform. After
ethanol precipitation, the DNA was dissolved in 100 �l of Tris HCl (10 mM; pH
8.0).

Primer design. The PROBE-DESIGN tool of the software package ARB
(http://www.biol.chemie.tu-muenchen.de/pub/ARB/documentation/arb.ps) was
used for the construction of 16S rDNA-targeted primers. The site within the 16S
rDNA which was used previously to design primer Lac1, specific for some LAB,
including lactobacilli (35), was chosen as a target site for the primers. To improve
the effect of mismatches to mitochondrial plant DNA, the target site was shifted
one base to the 5� end of the 16S rDNA, resulting in primer L1 (5�-CAGCAG
TAGGGAATCTTCC-3�). The potential target sequences for the deduced
primer were compared with all sequences in the ARB database by using the
PROBE-MATCH tool. The melting behavior of PCR fragments obtained with

TABLE 1. Design of the sourdough fermentation batches

Sourdough
fermentation

batch
Type Temp

(°C) Stirring Ingredientsa Dough
yieldb

Amt of starter mixture/
inoculum for refreshing

(%, wt/wt)

Refreshment
time (h)

A I 25 No Rye flour (type 1150), tap water 200 10 12
B II 30 No Rye flour (type 1150), tap water 200 37.5 24
C II 40 No Rye flour (type 1150), tap water 200 37.5 24
D II 40 Yes (200 rpm) Rye bran, tap water 367 10 48

a Type 1150: ca. 1.15 g of ash content/kg of flour dry weight.
b (Mass of dough/mass of flour) � 100.
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primer L1 and universal primer HDA2 (34), as revealed by the software of the
Poland Server (http://www.biophys.uni-duesseldorf.de/POLAND/poland.html),
served as a basis for primer optimization. For PCR-DGGE, a 40-bp GC clamp
described previously (35) was attached to primer L1, and the resulting primer
was designated L1GC.

PCR amplification. Amplification of 16S rDNA fragments for PCR-DGGE
was carried out by using a Primus thermocycler (MWG-Biotech, Ebersberg,
Germany) and primers L1GC and HDA2. The reaction mixture (50 �l) con-
tained 25 pmol of each primer, 0.2 mM each deoxyribonucleotide triphosphate,
reaction buffer (final concentrations, 10 mM Tris HCl [pH 8.3], 50 mM KCl, and
1.5 mM magnesium acetate), 2.5 U of Taq polymerase (Eppendorf, Hamburg,
Germany), and 1 �l of DNA solution. The amplification program was 95°C for
2 min; 30 cycles of 94°C for 30 s, 66°C for 30 s, and 68°C for 1 min; and 68°C for
7 min. Additionally, 16S rDNA fragments for PCR-DGGE were generated by
PCR with primers Lac1 and Lac2GC as described previously (35). For identifi-
cation of pure cultures, the 16S rDNA was amplified by using primers 616V
(5�-AGAGTTTGATYMTGGCTCA-3�) and 630R (5�-AAGGAGGTGATCCA
RCC-3�).

DGGE and excision of DNA fragments. DGGE was performed as described
previously (34) by using a gradient of 32.5 to 50% urea and formamide. Excision
and purification of DNA fragments from DGGE gels were performed as de-
scribed by ben Omar and Ampe (3).

Sequence analysis. DNA sequences of PCR fragments obtained from purified
DGGE bands and pure cultures were determined by the dideoxy chain termi-
nation method with an AutoRead sequencing kit (Amersham Pharmacia Bio-
tech), a LI-COR system (MWG-Biotech), and IRD 800-labeled primers L1seq or
HDA2seq and 616V, respectively. To determine the closest relatives of 16S
rDNA sequences, a search of the GenBank DNA database was conducted by
using the BLAST algorithm (1). A similarity of �98% to 16S rDNA sequences
of type strains was used as the criterion for identification.

RAPD-PCR. RAPD-PCR with primer M13V (MWG-Biotech) was performed
as described by Müller et al. (20) but with the following modifications. The
reaction mixture (50 �l) contained 100 pmol of primer M13V, 0.2 mM each
deoxyribonucleotide triphosphate, 3.5 mM MgCl2, reaction buffer, 1.5 U of Taq
polymerase, and 1 �l of DNA solution. PCR was carried out by using a Gene-
Amp 2400 thermocycler (Perkin-Elmer). The amplification program was 94°C
for 45 s; 3 cycles of 94°C for 3 min, 40°C for 5 min, and 72°C for 5 min; and 32
cycles of 94°C for 1 min, 60°C for 2 min, and 72°C for 3 min. All PCR products
(15 �l) were electrophoretically separated in a 1.5% agarose gel.

RESULTS

Development of specific PCR-DGGE systems. To avoid the
coamplification of mitochondrial plant DNA, the specific PCR
primer L1 was constructed and combined with the universal
primer HDA2 (34) for the amplification of 185 bp of the 16S
rRNA genes of Lactobacillus spp., Weissella spp., Pediococcus
spp., and Leuconostoc spp. In silico primer specificity analysis
with L1 showed that the Lactobacillus species with relevance in
sourdough fermentations are included. For DGGE analysis, a
GC clamp of 40 bases was linked to primer L1, resulting in
primer L1GC. The PCR-amplified 16S rDNA fragments of
various lactobacilli containing this GC clamp exhibited a melt-
ing behavior suitable for DGGE. DGGE of the PCR ampli-
cons from representative sourdough lactobacilli showed that
the Lactobacillus species could be differentiated according to
the migration distances of their respective 16S rDNA frag-
ments, with the exception of L. crispatus, which comigrated
with L. acidophilus (hereafter designated L. crispatus/L. aci-
dophilus), and L. sanfranciscensis, which comigrated with L.
pontis (hereafter designated L. sanfranciscensis/L. pontis). Dif-
ferentiation of these species required sequence analysis of the
excised DGGE bands. For rapid identification of DGGE
bands, an identification ladder of DNA fragments of 13 Lac-
tobacillus reference strains was used (Fig. 1 and 2, lanes RI).

Additionally, primers Lac1 and Lac2GC were used to am-
plify a 340-bp fragment of the V3 region of the 16S rRNA gene

of all reference strains. PCR-DGGE analysis of the resulting
PCR products revealed migration distances which differed
from those observed with primers L1GC and HAD2 (data not
shown). Remarkably, the species L crispatus/L. acidophilus and
L. sanfranciscensis/L. pontis could be differentiated and iden-
tified with primers Lac1 and Lac2GC by using a second iden-
tification ladder (Fig. 3, lane RII).

Microbial counts, pH, and TTA. In general, for all fermen-
tations, cell counts for LAB of 108 to 109 CFU/g were obtained
(Table 2). These cell counts were reached during the first few
fermentation days, with the exception of fermentation batch C,
which took 5 days to reach these numbers. Depending on the
applied fermentation conditions, especially refreshment time
and substrate, the pH and TTA values differed (Table 2). The
lowest pH value (3.4 to 3.6) was reached in fermentation batch
C, and the highest (3.8 to 3.9) was reached in fermentation
batch A. In addition, the smallest amount of TTA (15.2 to
17.7) was reached in fermentation batch A, and the largest
amount (69.1 to 79.3) was reached in fermentation batch D
(made from rye bran). These data indicated the growth and
metabolic activity of the LAB during the whole fermentation
period.

PCR-DGGE fingerprinting of LAB in the starter mixture
and sourdough samples. To characterize the LAB species
composition of the starter mixture, PCR-DGGE with primers
L1GC and HDA2 was performed with DNA extracted from
the starter mixture (Fig. 1, lane M) as well as each commercial
starter (Fig. 1, lanes S1 to S3) and the baker’s yeast (Fig. 1, lane
Y), which were used to prepare the starter mixture. For start-
ers S1 and S2, identical DGGE profiles were obtained, and
these clearly differed from that of starter S3; these results
indicate that in commercial starters, different LAB species can
dominate. Sequence analysis of 16S rDNA fragments from the
DGGE gel of the starter mixture (Fig. 1, lane M) showed that
these originated from the species L. sanfranciscensis and W.
confusa as well as from the new species L. mindensis (10)
(EMBL accession number AJ313530). For L. mindensis, two
bands were obtained in the DGGE gel; one comigrated with
the band obtained for L. farciminis (Fig. 1, lane M, band 7).
Multiple fragments with different migration distances were
also found for pure cultures of the species L. paracasei, L.
pontis, and L. reuteri. There was, however, a major fragment
(most dense in the DGGE gel) which indicated the identity of
the isolate.

During the fermentation processes, the LAB microflora was
monitored by PCR-DGGE with primers L1GC and HDA2,
and the fluctuation of the populations is shown in Fig. 2.
Changes in the DGGE profiles in all fermentations were ob-
served within a few days, and unique profiles were obtained at
the end of the propagation process. In fermentation batch A,
L. mindensis and L. sanfranciscensis predominated after just 1
day of fermentation (Fig. 2A), and no further alteration in the
DGGE profile was observed up to 9.5 days. After 5 days of
fermentation, L. crispatus and L. pontis predominated in fer-
mentation batch B (Fig. 2B); after 7 days of fermentation, L.
crispatus, L. frumenti, and L. panis predominated in fermenta-
tion batch C (Fig. 2C); and after 14 days of fermentation, L.
johnsonii and L. reuteri predominated in fermentation batch D
(Fig. 2D). The respective DGGE profiles remained stable until
the end of fermentation (Table 2).
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As species L. crispatus/L. acidophilus and L. sanfranciscen-
sis/L. pontis could not be differentiated by migration distances
in PCR-DGGE with primers L1GC and HAD2, primers Lac1
and Lac2GC were used to monitor the microbial community
dynamics in fermentation batch B (Fig. 3). On the basis of a
migration distance comparison, L. sanfranciscensis (fragment
3) and L. pontis (fragment 4) could be detected as the domi-
nant species at the start of fermentation (Fig. 3, lane 0 d).

During the first 5 days of fermentation, L. sanfranciscensis was
detectable and decreased in numbers over time, as indicated by
faint bands. On the other hand, the apparent abundance of L.
pontis increased, and this species dominated at the end of
fermentation. In addition, L. crispatus (fragment 2) could be
identified directly in the sourdough without sequencing, since
in this system, the migration distance of the PCR amplicon
differed from that of L. acidophilus (fragment 1).

Comparison of results of PCR-DGGE analyses of sour-
dough samples with those of bacteriological culturing. The
sourdough samples taken at the end of the fermentations were
subjected to bacteriological culturing on MRS5 agar, and the
isolates were subjected to species identification by 16S rDNA
sequence analysis. These subcultured isolates represented the
predominant strains comprising the population selected on
MRS5 agar (18). As shown in Table 3, the species detected by
PCR-DGGE were in agreement with those detected by cultur-
ing, except for L. fermentum in sourdough fermentation batch
B, which was detected only by culturing.

Investigation of the origins of the predominant LAB strains.
To trace back the origins of the predominant LAB strains,
LAB were isolated from the starters (S1 to S3) and the baker’s
yeast (Y) and subjected primarily to species identification (Ta-
ble 3). For further differentiation, strains of the species L. crispa-
tus, L. fermentum, and L. sanfranciscensis were compared by
RAPD-PCR with those in the fermentation batches. From the
starters and the baker’s yeast, all isolates were investigated,
and from each fermentation batch (A to C), up to nine randomly
selected isolates of each species were investigated. All isolates
of L. sanfranciscensis obtained from fermentation batch A and
starters S1 and S2 had the same RAPD type. For isolates of L.
crispatus, different RAPD types occurred in fermentation
batches B and C, and these differed from that in starter S1. For
L. fermentum, three different RAPD types were obtained from
the starters and the baker’s yeast. As shown in Fig. 4 only one
RAPD type, which could also be found in the baker’s yeast and
in starter S3, could compete in fermentation batch B.

In addition, DNA was extracted from L. pontis and L. reuteri
isolates of fermentation batches B and D, respectively, and
subjected to RAPD-PCR. The patterns were compared with
these obtained from strains L. pontis LTH 1735 and L. reuteri
LTH 3569 (5), which were isolated 9 years ago from commer-
cial sourdough starters (S1 and S2) from the same sources.
All isolates of L. pontis and half of the isolates of L. reuteri
had the same RAPD type as LTH 1735 and LTH 3569, respec-
tively. Moreover, L. sanfranciscensis LTH 1729 (4), which
was isolated 12 years ago from starter S1, had the same
RAPD type as the L. sanfranciscensis isolates of fermentation
batch A.

FIG. 1. DGGE profiles of PCR products obtained with primer pair
L1GC-HDA2 and DNA isolated from commercially available sour-
dough starters and baker’s yeast. Lane RI, reference strains: 1, W.
confusa; 2, L. johnsonii; 3, L. fermentum; 4, L. brevis; 5, L. crispatus/L.
acidophilus; 6, P. pentosaceus; 7, L. farciminis; 8, L. panis; 9, P. acidi-
lactici; 10, L. sanfranciscensis/L. pontis; 11, L. frumenti; 12, L. reuteri;
and 13, L. paracasei. Lane M, starter mixture (S1, S2, S3, and Y). Lanes
S1 to S3, sourdough starters. Lane Y, baker’s yeast. Sequence charac-
terization of the excised fragments indicated the presence of the fol-
lowing: a1 and a2, W. confusa; b1 to b6, L. mindensis; c1 to c3, L.
sanfranciscensis; d1, W. viridescens; e1 and e2, L. brevis; f1, L. curvatus;
g1, L. plantarum; h1, L. fermentum; and i1, L. crispatus.

TABLE 2. Time and measured chemical as well as microbial characteristics of the sourdough fermentations

Sourdough
fermentation batch

Fermentation
time (days)

pH rangea TTA rangea

Cell count (CFU/g)
Initial Final Initial Final

A 9.5 5.5–5.6 3.8–3.9 4.3–6.7 15.2–17.7 3.1 � 108–1.8 � 109

B 10 4.1–4.4 3.6–3.8 7.6–12.4 20.3–26.4 4.2 � 108–2.0 � 109

C 13 4.1–4.4 3.4–3.6 7.6–13.5 23.6–29.9 6.9 � 107–3.2 � 109

D 16 6.2–6.3 3.5–3.8 12.3–20.5 69.1–79.3 5.5 � 108–2.9 � 109

a Measured at the beginning and at the end of each fermentation cycle.
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DISCUSSION
Numerous studies of sourdoughs by bacteriological culturing

showed that species of the genus Lactobacillus belonged to the
dominant bacterial flora in the end products of the fermenta-
tion process. These sourdoughs originated mainly from indus-

trial processes and had been continuously propagated over a
long time, sometimes years (5, 19, 28, 32). As the ecological
conditions remained unchanged, a stable microflora without
changes in the species composition could be detected. Using
LAB-specific PCR-DGGE systems, we have monitored for the

FIG. 2. DGGE profiles of PCR-amplified 16S rDNA fragments obtained with primer pair L1GC-HDA2 and DNA isolated during sourdough
fermentations A, B, C, and D at different fermentation days. (A) After 0 (0 d), 1 (1 d), and 9 (9 d) days. (B) After 0 (0 d), 1 (1 d), 3 (3 d), and
5 (5 d) days. (C) After 0 (0 d), 1 (1 d), 2 (2 d), and 7 (7 d) days. (D) After 0 (0 d), 2 (2 d), 6 (6 d), and 14 (14 d) days. The fragments were excised
and sequenced at the end of the fermentation times. Based on sequence comparisons, the fragments were allotted to the following species: b1 and
b2, L. mindensis; c, L. sanfranciscensis; i, L. crispatus; j1 and j2, L. pontis; k, L. panis; l, L. frumenti; m, P. acidilactici; n, L. johnsonii; and o, L. reuteri.
Lanes RI, reference strains.
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first time the development of a Lactobacillus population which
is specific for sourdough types I and II. Of several LAB species
contained in the starter mixture, only a few Lactobacillus spe-
cies competed under the prevailing ecological conditions and

became dominant, but they did so within a remarkably short
time. These findings are consistent with the rule that growth
rate and yield of microorganisms are governed by a multitude
of ecological factors. In sourdoughs, these factors are temper-
ature, ionic strength, dough yield, and microbial products, such
as lactate, acetate, CO2, and ethanol, as well as factors result-
ing from substrates present in the cereal fraction and from
enzymatic reactions (6, 15).

For the type I sourdough (batch A), we observed that L.
sanfranciscensis dominated during the whole fermentation pro-
cess. This finding is consistent with the results of investigations
of sourdoughs taken from industrial processes (5, 8, 14, 17).
Remarkably, all isolates, including L. sanfranciscensis LTH
1729, which was isolated from a commercial starter (S1) from
the same source 12 years ago (4), had the same RAPD type.
Thus, strains of that type are highly competitive under the
prevailing ecological conditions and may persist for decades in
continuously propagated type I sourdoughs. Interestingly, we
confirmed by analysis of the 16S rDNA sequence the finding of
the new species L. mindensis by PCR-DGGE and bacteriolog-
ical culturing. This organism has already been isolated from a
commercial sourdough starter (10).

Continuous propagation of type II sourdoughs (batches B to
D) resulted in the enrichment of L. frumenti, L. fermentum, L.
johnsonii, L. panis, L. pontis, and L. reuteri. All of these species
had been described as belonging to the predominant lactoba-
cilli of type II sourdoughs (16, 19). RAPD analysis revealed
that isolates of L. pontis and L. reuteri from fermentation
batches B and D were identical to those obtained previously
from commercial type II sourdough starters and thus have
remained dominant for a long time during continuous propa-
gation, supporting their important role in type II sourdough
fermentations. A comparison of the population dynamics of
fermentation batches B and C (Table 3), which were set up
under identical ecological conditions except for temperature,
revealed the selection of the species L. frumenti and L. panis in

FIG. 3. DGGE profiles of PCR-amplified 16S rDNA fragments
obtained with primer pair Lac1-Lac2GC and DNA isolated from sour-
dough fermentation batch B after various fermentation times. Fermen-
tation was carried out for 0 (0 d), 1 (1 d), 3 (3 d), 5 (5 d), and 10 (10
d) days. Lane RII, reference strains: 1, L. acidophilus; 2, L. crispatus;
3, L. sanfranciscensis; and 4, L. pontis. Nonspecific bands of L. pontis
which could be observed by using pure DNA of the type culture and by
using L. pontis strains isolated from dough are indicated by arrows.

TABLE 3. LAB composition of sourdough fermentation batches A, B, C, and D, starters (S1, S2, and S3), and baker’s yeast (Y), as detected
by PCR-DGGE and bacteriological culturing

Species

Resulta for the following sample (no. tested):

Sourdough fermentation batch Starter Baker’s
yeast (9)A (36) B (36) C (38) D (43) S1 (10) S2 (9) S3 (7)

L. mindensis � (2) � (4) � (4)
L. sanfranciscensis � (34) � (3) � (2)
L. crispatus � (9) � (2) � (1) � (0)
L. fermentum � (5) � (2) � (3) � (3) � (3)
L. pontis � (22)
L. frumenti � (17)
L. panis � (19)
L. johnsonii � (20)
L. reuteri � (23)
Lactococcus lactis � (4)
L. brevis � (1) � (1)
L. curvatus � (1)
L. paracasei � (1)
L. plantarum � (1)
W. confusa � (1)
W. viridescens � (0)

a �, detected by PCR-DGGE and sequencing of the DNA fragment upon excision from the gel; �, not detected by PCR-DGGE; values in parentheses are numbers
of colonies detected by culturing and identified by PCR-DGGE by migration distance comparison and/or sequencing of 16S rDNA.
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batch C (40°C). These species have been described as being
more adapted to higher temperatures (19, 36). Thus, the pro-
cess parameter temperature is an important ecological factor
strongly affecting the competitiveness of lactobacilli in sour-
dough fermentations. This result differs from the conclusion of
Müller et al. (20) that the qualitative composition of the Lac-
tobacillus flora is not affected by temperature. However, in
their studies, the type II sourdough fermentation was run for 5
days only without any refreshment, and a type II sourdough
was used as a starter. Remarkably, we found that L. crispatus
dominated in fermentation batches B and C, although L.
crispatus has not been considered important in the ecology of
sourdoughs until now (5). As shown by RAPD analysis, the
dominant strains in fermentation batches B (30°C) and C
(40°C) differed, suggesting that within that species, adaptations
to different temperatures exist. As their RAPD types also dif-
fered from that of the strain isolated from starter S1, they must
have been present either in the starter mixture in small num-
bers, thus escaping detection by PCR-DGGE and culturing, or
in the rye flour.

Bacteriological culturing of fermentation samples and espe-
cially of the starters resulted in a more complex flora than did
DGGE analysis. With regard to the starters, it should be con-
sidered that DGGE detects only the predominant 90 to 99% of
the bacteria present in an ecosystem (21). As the isolates were
picked based on colony forms from agar plates containing up
to 300 colonies, isolates were included which represented �1%
of the total LAB flora. With regard to the fermentations, L.
fermentum was not detected by PCR-DGGE in batch B, al-
though random picking of 36 colonies indicated that this spe-
cies was one of the predominant members of the flora. These
results are consistent with the findings of Ercolini et al. (11),
who found that L. fermentum was not detectable in whey cul-
tures of water buffalo mozzarella by PCR-DGGE but was
detectable by culturing. Such a bias may be caused by differ-
ences in the efficiency of DNA extraction (37) or by preferred
amplification of certain templates in PCR (29).

Characterization of the microflora of sourdough fermenta-
tions by bacteriological culturing is logistically daunting, be-

cause large amounts of colonies must be picked, purified, and
identified to the species level by phenotypic or genotypic iden-
tification methods. PCR-DGGE has the advantage of allowing
study of the species diversity of predominant members of the
ecosystem, which can be achieved simply and economically by
a single PCR. Sequencing of bands is laborious, and inaccurate
identification may occur due to the use of short sequences in
combination with sequencing failures. We consider it easier to
identify bacteria by comparison of the PCR amplicon migra-
tion distances in DGGE gels with those of reference strains,
i.e., by using an identification ladder (34). The drawback that
even different sequences give rise to bands with similar dis-
tances in DGGE gels (2, 7, 21, 34) could be compensated for
by using a second primer pair (Lac1 and Lac2GC). As the
identification ladders used in this study comprised all impor-
tant LAB species of sourdough fermentations, all bands of the
genetic fingerprint of the sourdough populations could be al-
lotted to species by combined use of the two PCR-DGGE
systems without the need for further sequence analysis of PCR
fragments. Provided that no PCR bias exists, a semiquantita-
tive prediction of the relative abundance of a species within a
population is possible due to the intensity of a PCR fragment
in the DGGE gel (31). However, a quantitative estimation of
counts requires the use of more complex approaches, e.g., a
combination of competitive PCR with DGGE or temperature
gradient gel electrophoresis, as shown, for example, by Felske
et al. (12).

Species of sourdough lactobacilli exhibit unique technolog-
ical properties related to the flavor, texture, staling, and shelf
life of sourdough bread (16). For example, strains of the spe-
cies L. sanfranciscensis and L. pontis were shown to improve
the taste and flavor of bread (26, 30). Our PCR-DGGE sys-
tems are useful tools for the design of sourdough fermentation
processes to ensure the development of a desired microflora
dominated, for example, by L. sanfranciscensis and L. pontis.
Stable composition and activity of the sourdough microflora
are important for achieving a constant quality of sourdough
bread. Undesirable changes in the bacterial population caused
by fluctuating qualities of ingredients or false fermentation
conditions can be rapidly detected by using PCR-DGGE and
thus adjusted by technological measures.
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roflora handelsüblicher Sauerteig-Starter. Z. Lebensm. Unters. Forsch. 178:
106–109.

28. Strohmar, W., and H. Diekmann. 1992. Die Mikroflora eines Langzeit-
Sauerteiges. Z. Lebensm. Unters. Forsch. 194:536–540.

29. Suzuki, M. T., and S. J. Giovannoni. 1996. Bias caused by template annealing
in the amplification of mixtures of 16S rRNA genes by PCR. Appl. Environ.
Microbiol. 62:625–630.

30. Thiele, C., M. G. Gänzle, and R. F. Vogel. 2002. Contribution of sourdough
lactobacilli, yeast, and cereal enzymes to the generation of amino acids in
dough relevant for bread flavor. Cereal Chem. 79:45–51.

31. Vaughan, E. E., M. C. de Vries, E. G. Zoetendal, K. Ben-Amor, A. D. L.
Akkermans, and W. M. de Vos. 2002. The intestinal LABs. Antonie Leeu-
wenhoek 82:341–352.
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