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Four laboratory sourdough fermentations, initiated with wheat or spelt flour and without the addition of a
starter culture, were prepared over a period of 10 days with daily back-slopping. Samples taken at all
refreshment steps were used for determination of the present microbiota. Furthermore, an extensive metabolite
target analysis of more than 100 different compounds was performed through a combination of various
chromatographic methods including liquid chromatography-mass spectrometry and gas chromatography-mass
spectrometry. The establishment of a stable microbial ecosystem occurred through a three-phase evolution
within a week, as revealed by both microbiological and metabolite analyses. Strains of Lactobacillus plantarum,
Lactobacillus fermentum, Lactobacillus rossiae, Lactobacillus brevis, and Lactobacillus paraplantarum were domi-
nating some of the sourdough ecosystems. Although the heterofermentative L. fermentum was dominating one
of the wheat sourdoughs, all other sourdoughs were dominated by a combination of obligate and facultative
heterofermentative taxa. Strains of homofermentative species were not retrieved in the stable sourdough
ecosystems. Concentrations of sugar and amino acid metabolites hardly changed during the last days of
fermentation. Besides lactic acid, ethanol, and mannitol, the production of succinic acid, erythritol, and
various amino acid metabolites, such as phenyllactic acid, hydroxyphenyllactic acid, and indolelactic acid, was
shown during fermentation. Physiologically, they contributed to the equilibration of the redox balance. The
biphasic approach of the present study allowed us to map some of the interactions taking place during
sourdough fermentation and helped us to understand the fine-tuned metabolism of lactic acid bacteria, which

allows them to dominate a food ecosystem.

Sourdough is a mixture of ground cereals (e.g., wheat or rye)
and water that is spontaneously fermented. Sourdough fer-
mentations improve dough properties, enhance both bread
texture and bread flavor, and delay bread spoilage (28). Lactic
acid bacteria (LAB) and yeasts play a key role in sourdough
fermentation processes (9, 21, 26, 28, 29, 55). Sourdough LAB
have been intensively studied with respect to their carbohy-
drate metabolism (16, 24, 60), proteolysis and amino acid me-
tabolism (16, 23, 58, 69), lipid metabolism (16), and production
of volatile compounds (7, 31, 32). Besides these general met-
abolic traits, specific metabolic properties have been recog-
nized in sourdough LAB, such as the use of alternative
electron acceptors (59, 61), the production of antifungal com-
pounds (38, 45, 57), the biosynthesis of exopolysaccharides (36,
63, 64), and arginine catabolism (8, 53). These metabolic traits
of sourdough LAB highlight their adaptation to the sourdough
environment. For instance, fructose-to-mannitol and arginine-
to-ornithine conversion favor ATP generation and/or acid
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stress (16). Also, interactions between sourdough LAB and
yeasts have been studied in detail (9, 21).

The microbial growth and activity of LAB in sourdough are
influenced by endogenous factors (e.g., flour carbohydrates
and enzymes); process parameters (e.g., water content and
temperature); and interactions between LAB, yeasts, and
other bacteria (21, 28, 44, 71). Despite changes in raw material
or the bakery environment, the sourdough microbiota is often
remarkably stable, even for several years (17, 54). However,
the metabolism of certain sourdough LAB may be influenced
by process factors to obtain higher-quality end products. An
example of the latter is the stimulated release or addition of
alternative electron acceptors (e.g., fructose) or pentosans
(e.g., through pentosanases) to stimulate the production of
acetic acid (25, 37, 52). In this way, an optimal fermentation
quotient (molar ratio of lactic acid to acetic acid) of about 2.5
can be attained (52).

The population dynamics of microbial food ecosystems have
been studied mainly through microbiological analysis (20). In
recent years, culture-independent methods have been devel-
oped to circumvent the limitations of conventional cultivation
for the analysis of microbial communities in fermented foods
(11). In this regard, denaturing gradient gel electrophoresis
(DGGE) of PCR-amplified 16S rRNA fragments (16S rRNA
PCR-DGGE) is frequently used as a relatively rapid and reli-
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able cultivation-independent method to study the biodiversity
and population dynamics of microbial communities (11). A few
studies have already described the use of PCR-DGGE to mon-
itor the diversity and dynamics of LAB and yeast populations
during sourdough fermentation processes (18, 42, 44, 51).

In the last couple of years, metabolomics has found its place
among the “-omics” technologies, such as genomics, transcrip-
tomics, and proteomics (48). Unfortunately, due to differences
in physical and chemical properties of metabolites, a compre-
hensive approach is lacking (12). Therefore, metabolite target
analysis and metabolite profiling are the most widespread tech-
niques to study the metabolism of organisms (13). Metabolite
target analysis involves a combination of techniques to quantify
a limited number of metabolites. Metabolite profiling aims at
generating metabolic profiles of certain classes of compounds
and usually generates only semiquantitative data (13, 14). Re-
cently, a combined analysis of acidity, amino acids, and se-
lected volatiles has been performed for wheat sourdoughs to
elucidate possible relationships between process parameters
and formation of metabolites (34). However, the last study did
not report on population dynamics during sourdough fermen-
tation, because well-defined starter cultures were used that
dominated the entire fermentation process.

The aim of the present study was an extended biphasic
approach of spontaneously fermented laboratory sourdoughs.
The population dynamics of yeasts and LAB were assessed by
microbiological analysis (both yeasts and LAB) and PCR-
DGGE (only LAB). In parallel, an extensive metabolite target
analysis of more than 100 compounds was performed on the
whole sourdough ecosystem to document the in situ metabolic
potential of sourdough LAB and to explain why certain sour-
dough LAB species became dominant during spontaneous
sourdough fermentation.

MATERIALS AND METHODS

Flours. Wheat and spelt flours were provided by two local flour mills (A and
B). Two types of each flour were used to prepare spontaneous sourdoughs by
means of back-slopping (Table 1). Flour protein content was determined using
near-infrared spectroscopy, and amylase activity was assessed by the Hagberg
method (6).

Laboratory sourdough preparation. The production of sourdough (8 kg) was
carried out in two Biostat C fermentors (Sartorius AG, Goettingen, Germany)
and started by mixing 6 liters of sterile water with 2 kg of flour in one fermentor
with a resulting dough yield [(dough mass/flour mass) X 100] of 400. This dough
was incubated at 30°C for 24 h, during which the mixture was kept homogeneous
through stirring (300 rpm). After 24 h of incubation, 800 g of ripe sourdough was
collected in a sterile bottle to inoculate a fresh water-flour mixture (5.2 liters of
water and 2 kg of flour) in the second fermentor on day 2. This dough was again
incubated under the same conditions as described above. The back-slopping was
carried out during a period of 10 days. At each refreshment step (every 24 h),
samples were withdrawn from the ripe sourdough for culture-dependent micro-
biological analysis and immediate measurement of pH and total titratable acidity
(TTA). The latter was done by suspending 10 g of sourdough in 100 ml of
ultrapure 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. Cell counts were determined by
mixing 10 g of fresh sourdough with 90 ml of sterile 0.85% (wt/vol) NaCl solution
and homogenizing the 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 (44) or yeast extract-glucose-chloramphenicol
agar (43) to determine LAB and yeast counts, respectively, after incubation of
the agar plates at 30°C for 48 h. A given amount of sourdough (approximately
100 g) was centrifuged (8,041 X g for 20 min at 4°C) to remove solids, and the
supernatant was stored at —20°C for metabolite target analysis. In addition, part
of the ripe sourdough was stored at —20°C for culture-independent microbio-
logical analysis through PCR-DGGE.
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TABLE 1. Characteristics of flours from two mills (A and B) used
for the production of laboratory sourdoughs

Amylase activity

Flour Moisture Ash (% of Protein (% of (Hagberg
(%) dry matter) dry matter) method [6]; s)
Wheat A 13.8 0.51 14.3 412
Spelt A 13.9 0.62 12.2 369
Wheat B 14.1 0.51 12.6 384
Spelt B 13.6 0.61 13.5 281

Bacterial population dynamics of back-slopped sourdoughs analyzed through
a culture-dependent approach. On average 10 to 15 purified gram-positive and
catalase-negative isolates, recovered from MRS-5 agar plates based on colony
morphology, were subjected to repetitive DNA element PCR (rep-PCR) analysis
to dereplicate and classify potential LAB. Therefore, a small portion of one
colony was resuspended in 20 pl lysis buffer (2.5 ml of 10% [wt/vol] sodium
dodecyl sulfate, 5.0 ml of 1 N NaOH, and 92.5 ml of ultrapure water). The
mixture was heated at 95°C for 15 min and cooled immediately on ice. After a
short centrifugation step at high speed, 180 wl of sterile ultrapure water was
added. Subsequently, the mixture was centrifuged (13,000 X g for 5 min) and
stored at —20°C. If this alkaline lysis method was not able to produce high-
quality rep-PCR profiles, the phenol-chloroform method was used, as described
by Gevers et al. (19). The rep-PCR oligonucleotide primer pair used was (GTG)s
(5'-GTGGTGGTGGTGGTG-3") with the following temperature program: ini-
tial denaturation (95°C, 7 min); 30 cycles of denaturation (94°C, 1 min), anneal-
ing (40°C, 1 min), and extension (65°C, 8 min); and a single final extension step
(65°C, 16 min) (70). The PCR products were separated in a 1.5% (wt/vol)
agarose gel at a constant voltage of 55 V in 1X TAE buffer (40 mM Tris-acetate,
1 mM EDTA, pH 8.0) at 4°C for 16 h. The rep-PCR profiles were visualized after
staining with ethidium bromide under UV light, followed by digital image cap-
turing using a charge-coupled device camera. The resulting (GTG)s-PCR fin-
gerprints were analyzed using the BioNumerics v4.0 software package (Applied
Maths, Sint-Martens-Latem, Belgium). To obtain a collection of unique strains,
the resulting (GTG)s-PCR patterns were clustered together with an in-house
reference framework. rep-PCR clusters were delineated at 50% Pearson simi-
larity, and clustering was performed with the unweighted pair group method
using arithmetic averages. Isolates were tentatively assigned to a given species
when they belonged to a cluster that contained one or more type or reference
strains. To verify the tentative identifications obtained by (GTG)s-PCR cluster-
ing and to identify the remaining unknown isolates, representatives of each
cluster were subjected to a polyphasic taxonomic approach. This included iden-
tification through amplified fragment length polymorphism (62), sodium dodecyl
sulfate-polyacrylamide gel electrophoresis of whole-cell proteins (50), 16S rRNA
gene sequence analysis (65), pheS gene sequence analysis (47), and/or DNA-
DNA hybridizations (56).

Bacterial population dynamics of back-slopped sourdoughs analyzed through
PCR-DGGE. For the extraction of total DNA from sourdough samples, 90 ml of
peptone-physiological solution (0.1% [wt/vol] bacteriological peptone [Oxoid,
Basingstoke, Hampshire, United Kingdom] and 0.85% [wt/vol] NaCl) was added
to 10 g of sourdough and homogenized for 5 min. Fifty milliliters of this solution
was centrifuged (1,000 X g at 4°C for 5 min). To harvest the cells, the supernatant
was centrifuged for a second time (5,000 X g at 4°C for 15 min), and the cell
pellet was stored at —20°C. The extraction of total DNA was performed as de-
scribed by Pitcher et al. (49), except that an extra lysis step with lysozyme (7.5 mg
lysozyme powder in 150 wl Tris-EDTA buffer; Serva, Heidelberg, Germany) and
mutanolysine (40 ul mutanolysine at 5,000 U/ml; Sigma-Aldrich, St. Louis, MO), as
well as an additional chloroform-isoamyl alcohol extraction step, was added.

Amplification of 16S rRNA fragments was carried out with universal primers,
amplifying the V3 region of the 16S rRNA gene, by using a thermocycler
(MyCycler; Bio-Rad, Hercules, CA). The forward primer F357 possessed the
sequence 5'-ATTACCGCGGCTGCTGG-3' and contained a GC clamp (5'-CG
CCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGG-3"). The re-
verse primer 518R possessed the sequence 5'-ATTACCGCGGCTGCTGG-3'".
PCR volumes of 50 pl contained 6 pl of 10X PCR buffer (containing 15 mM
MgCl,), 2.5 pl bovine serum albumin, 2.5 pl deoxynucleoside triphosphates (2
mM each), 2 pl of each primer (5 uM), 0.25 pl Tag polymerase (5 U pl™1), 32.75
wl ultrapure water, and 2 pl of DNA solution. The following PCR program was
used: initial denaturation at 94°C for 5 min; 30 cycles of denaturation at 94°C for
20 s, annealing at 55°C for 45 s, and extension at 72°C for 1 min; and final
extension at 72°C for 7 min, followed by cooling to 4°C. PCR products were
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checked by mixing 8 pl of the PCR product with 2 pl of loading dye, followed by
electrophoresis on a 1.5% (wt/vol) agarose gel at 100 V for 30 min, flanked by the
EZ Load 100-bp Molecular Ruler (Bio-Rad).

PCR products were analyzed on DGGE gels based on the protocol of Muyzer
et al. (46). Polyacrylamide gels (160 X 160 X 1 mm) consisted of 8% (vol/vol)
polyacrylamide (National Diagnostics, Atlanta, GA) in 1X TAE buffer (Bio-
Rad), using a 35 to 70% denaturant gradient (100% denaturing polyacrylamide
solution, corresponding to 7 M urea [National Diagnostics] and 40% [vol/vol]
formamide [Sigma-Aldrich]). Electrophoresis was performed for 16.5 h at 70 V
in 1X TAE buffer at a constant temperature of 60°C using the Dcode System
(Bio-Rad). Gels were stained with CyberGold (solution of 50 pl in 500 ml 1X
TAE buffer) for 1 h, followed by visualization of DGGE band profiles under UV
light and digital capturing with a charge-coupled device camera.

A reference pattern was designed consisting of V3 16S rRNA amplicons from
13 different bacterial type strains. By inclusion of this reference pattern three to
four times on each DGGE gel, resulting band profiles could be digitally normal-
ized by comparison with a standard reference, using the BioNumerics v4.0 soft-
ware package (Applied Maths).

For sequencing of DGGE bands, bands of interest were excised from the gels,
resuspended in 50 pl of sterile water, and incubated overnight at 4°C to allow
diffusion of DNA from the gel cuts. Five microliters of this aqueous solution was
used to reamplify the PCR products with the same primers, including the GC
clamp. The amplicons were checked for purity by another DGGE run under the
conditions described above with amplified DNA of the original sample as a
control. Only reamplified PCR products migrating as a single band and at the
same position as the control were amplified with the primer pair (without GC
clamp) and sequenced using an ABI Prism 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA) with the BigDye Terminator v3.1 Cycle Sequencing
kit (Applied Biosystems), applied according to the manufacturer’s instructions.
Searches in the international nucleotide sequence library (EMBL) database were
performed using the BLAST program (1) to determine the closest known rela-
tives of the partial 16S rRNA sequences obtained.

Metabolite target analysis. Concentrations of glucose, fructose, xylose, arabi-
nose, sucrose, maltose, erythritol, and mannitol were determined by high-per-
formance anion-exchange chromatography with pulsed amperometric detection
(Dionex, Sunnyvale, CA) using a CarboPacPA10 column. The mobile phase, at
a flow rate of 1.0 ml min~!, consisted of ultrapure water (0.015 uS cm™'; eluent
A), 167 mM NaOH (eluent B), and 500 mM NaOH (eluent C) with the following
gradient: 0.0 min, 87% A and 13% B; 20.0 min, 87% A and 13% B; 40.0 min,
15% A and 85% Bj; 41.0 min, 100% C; 49.0 min, 100% C; 50.0 min, 87% A and
13% B; 65.0 min, 87% A and 13% B. To remove proteins, sourdough superna-
tant was treated with Carrez A and B reagent. Therefore, 350 ul of Carrez A
reagent [3.6% (wt/vol) K,;Fe(CN), - 0.3H,0] and 350 pl of Carrez B reagent
(7.2% [wt/vol] ZnSO, - TH,0) were added to 700 pl of sourdough supernatant.
After centrifugation (16,060 X g for 15 min) the supernatant was filtered (0.2
pm; Minisart; Sartorius AG) prior to injection.

Concentrations of lactic acid and formic acid were determined by high-per-
formance liquid chromatography analysis with a Waters chromatograph (Waters
Corp., Milford, MA), equipped with a 2414 differential refractometer, a 600S
controller, a column oven, and a 717plus autosampler. An ICSep ICE ORH-801
column (Interchim, Montlucon, France) was used with 10 mN H,SO, as mobile
phase at a flow rate of 0.4 ml min~'. The column temperature was kept at 35°C.
Sample preparation was performed as described above.

Concentrations of citrulline, ornithine, and amino acids were determined using
a Waters 2695 liquid chromatograph coupled to a Quattro Micro mass spec-
trometer (Waters). The column (Atlantis; Waters) was kept at 35°C. The mobile
phase, starting at a flow rate of 0.2 ml min~! and linearly increasing to 0.5 ml
min~! over a period of 45 min with a flow rate of 0.2 ml min~! afterwards, was
composed of 0.1% (vol/vol) formic acid in ultrapure water (eluent A) and 0.1%
(vol/vol) formic acid in acetonitrile (eluent B). The following gradient was used
(vol/vol): 0.0 min, 90% A and 10% B; 45.0 min, 10% A and 90% B; 46.0 min,
90% A and 10% B; 60.0 min, 90% A and 10% B. Sourdough supernatant was
diluted 10-fold with ultrapure water and stirred for 15 s. Then, 100 pl of internal
standard (IS) (0.002% [wt/vol] of 2-aminobutyric acid in ultrapure water) was
added to 500 pl of the diluted sample. The amino acids were derivatized using an
AccQ Fluor reagent kit (Waters). Therefore, 70 ul of borate buffer was added to
15 pl of the sample-IS mixture. The latter was stirred for 15 s, after which 30 i
of derivatization reagent was added. After being stirred for another 15 s, the
mixture was heated at 55°C for 10 min, cooled, transferred to a vial, and injected.

Metabolites of the aromatic amino acids (phenylpyruvic acid, phenyllactic
acid, phenylacetic acid, phenylpropionic acid, hydroxyphenylpyruvic acid, hy-
droxyphenyllactic acid, hydroxyphenylacetic acid, hydroxyphenylpropionic acid,
indolelactic acid, indoleacetic acid, and indolepropionic acid) and succinic acid
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FIG. 1. Population dynamics of LAB (gray bars) and yeast (white
bars) counts during a 10-day spelt sourdough fermentation with daily
back-slopping. Counts were performed in triplicate, and mean values =
standard deviations are represented.

were determined using the same liquid chromatography-mass spectrometry ap-
paratus as described above. The mobile phase, at a flow rate of 0.2 ml min~!, was
composed of ultrapure water (eluent A), acetonitrile (eluent B), and 10 mM
ammonium acetate (pH 6.5; eluent C). The following gradient was used (vol/vol):
0.0 min, 85% A, 5% B, and 10% C; 15.0 min, 40% A, 50% B, and 10% C; 15.1
min, 10% A, 80% B, and 10% C; 23.0 min, 10% A, 80% B, and 10% C; 23.1 min,
85% A, 5% B, and 10% C; 30.0 min, 85% A, 5% B, and 10% C. One hundred
microliters of IS (0.25% [wt/vol] of 3,4-dihydroxybenzoic acid in ultrapure water)
was added to 500 wl of sourdough supernatant. After mixing, 600 pl of aceto-
nitrile was added and the samples were centrifuged (16,060 X g for 15 min). The
supernatant was filtered (Minisart RC4) and injected.

Short-chain fatty acids (SCFA; acetic acid, propionic acid, butyric acid, valeric
acid, and caproic acid), branched SCFA (iso-butyric acid, iso-valeric acid, and
2-methylbutyric acid), ethanol, and other volatile compounds (diacetyl, acetalde-
hyde, acetoin, indole, skatole, cresol, and phenol) were measured by gas chroma-
tography-mass spectrometry as described before (66). Sourdough supernatant was
treated with Carrez A and B reagent as described above prior to injection.

Volatile compounds were determined by static headspace analysis on an Agi-
lent 6890 gas chromatograph coupled to an Agilent 5973N mass spectrometer
(Agilent Technologies, Palo Alto, CA). A capillary column (DB-WAXetr; Agi-
lent Technologies) was used with a starting temperature of 40°C that increased
linearly to 230°C over a period of 30 min, after which the temperature was kept
at 230°C for 10 min. Data were acquired in scan mode at 5.2 spectra per s in the
mass range m/z of 2 to 300. For sample preparation, 200 mg of NaCl and 1 g of
sourdough supernatant were weighed in a 20-ml headspace vial and sealed with
a crimp cap with a silicone rubber septum. Samples were shaken for 30 min at
85°C prior to injection of the volatile fraction. Standard solutions of 57 volatile
compounds in total were used to determine their retention time, and 2-octanol
was used as IS. The AMDIS deconvolution software (NIST, http://www.nist
.gov/), used in simple analysis mode and coupled to the NIST98 Mass Spectral
Database (NIST), was used for analysis of the chromatograms. Identification of
target compounds was performed by combining retention time and mass spectral
database information.

All samples were analyzed in triplicate, and the mean values * standard devia-
tions are represented, except for the results of the headspace analysis, which were
expressed as [100 X peak area compound (peak area IS X g sample)™'].

RESULTS

Characteristics of wheat and spelt laboratory sourdough
fermentations. At the start of the fermentations, low colony
counts (<10* CFU g~ ') were found for both LAB and yeast
populations. However, LAB numbers rapidly increased after
the first day of fermentation in all sourdoughs and did not
change much during the following days (Fig. 1). In general,
LAB counts reached up to 10® to 10° CFU g~". For the yeast
counts, more variation was observed. Yeasts developed more
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TABLE 2. Characteristics of the four laboratory sourdoughs after 10 days of back-slopping

Flour pH TTA LAB (CFU g™ 1) Yeast (CFU g™ 1)
Wheat A 3.34 + 0.01 9.1 +0.1 1.0 X 10° £ 0.2 X 10° 9.1 Xx10° = 1.6 X 10°
Spelt A 3.34 +0.01 9.0 + 0.1 6.9 X 10% = 1.3 x 108 8.5 X 107 = 0.7 x 107
Wheat B 3.33 +0.02 7.7+ 0.1 3.8 % 10% + 1.2 x 108 3.4 %107 +0.2 X 107
Spelt B 3.35 = 0.02 9.6 +0.2 1.5 X 10° £ 0.2 x 10° 2.7 X 107 = 0.7 x 107

slowly than LAB and usually reached high amounts (10" CFU
g~ ') after 4 to 5 days of back-slopping (Fig. 1). However,
during the wheat A sourdough fermentation, the yeast popu-
lation started to develop only after 8 days of back-slopping,
resulting in a low yeast population at the end of the 10-day
cycle (Table 2).

The pH did not change during the first 12 h of fermentation
for all sourdoughs (Fig. 2). During the next 12 h, the pH
started to drop slowly, ending at pH 4 to 5 after the first day of
fermentation. After the first back-slopping, an immediate de-
crease of the pH was observed during fermentation. As the
fresh dough was inoculated with ripe sourdough from the day
before, the pH at the start was lower on day 2, and the final pH
value was also lower. After day 2 a pH value below 4.0 was
reached during all sourdough fermentations. During the fol-
lowing days (days 3 to 10), the pH profile was similar to that for
day 2; only the pH at the start and at the end slightly decreased
(Table 2). An inverse relation between pH and TTA values was
observed. Final TTA values ranged between 9.0 and 9.5, except
for the wheat B sourdough, which showed a lower final TTA
value (Table 2).

Bacterial population dynamics of back-slopped laboratory
sourdoughs analyzed through a culture-dependent approach.
Identification of presumptive LAB isolates based on (GTG)s-
PCR analysis and/or taxonomic polyphasic characterization re-
vealed several changes in the LAB populations (Table 3). The
major changes occurred during the first 4 to 5 days of back-
slopping. After the first day of fermentation, LAB atypical for
sourdough, such as species belonging to the genera Enterococ-
cus and Lactococcus, were detected. They usually decreased
below the detection limit after the first or second day of back-

30 . . .
0 6 12 18 24
Time (h)

FIG. 2. Changes in pH during a 10-day spelt sourdough fermenta-
tion with daily back-slopping. Symbols: @, changes in pH during the
first day of fermentation (0 to 24 h); B, changes in pH during the
second day of fermentation (24 to 48 h); A, changes in pH during
the last day of fermentation (216 to 240 h).

slopping. One exception was the persistence of Lactococcus
lactis in the wheat B sourdough; it was still retrieved after 4
days of fermentation. From day 2 to day 4, other LAB species
mainly belonging to Lactobacillus or Leuconostoc, and some-
times Pediococcus or Weissella, became dominant in the sour-
dough ecosystem. From day 5 on, only minor changes were
observed in all sourdoughs, indicating achievement of a stable
sourdough ecosystem. Lactobacillus plantarum was present in
the stable wheat B, spelt A, and spelt B sourdough ecosystems,

TABLE 3. Bacterial population dynamics during four laboratory
sourdough fermentations, analyzed by a culture-dependent
approach (plating, isolation, and subsequent
polyphasic identification)

Identification at time (h):
Flour and microorganism identified

0 24 48 72 96 240

Spelt A
Enterobacter cloacae X
Enterococcus faecium
Escherichia coli
Lactococcus lactis subsp. lactis
Enterococcus hirae
Leuconostoc citreum
Lactobacillus curvatus
Pediococcus pentosaceus
Lactobacillus plantarum
Lactobacillus rossiae

PR R KX
felolals
ol
ol
ol

Wheat A
Aerococcus viridans
Lactobacillus fermentum
Leuconostoc citreum
Lactobacillus curvatus
Lactococcus lactis
Weissella cibaria

bl
ol
XX XX

ke

Wheat B
Aerococcus viridans X
Lactococcus lactis
Leuconostoc citreum
Lactobacillus curvatus
Pediococcus pentosaceus
Lactobacillus fermentum
Lactobacillus plantarum

ol

XX XX

PR KR X

KKK KX
ol

Spelt B
Enterococcus mundtii
Leuconostoc pseudomesenteroides
Lactobacillus curvatus
Lactococcus lactis subsp. lactis
Leuconostoc citreum
Lactobacillus helveticus
Pediococcus pentosaceus
Lactobacillus brevis
Lactobacillus paraplantarum
Lactobacillus plantarum

ole

KRR K
el lole

elals
X
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FIG. 3. Bacterial population dynamics shown by 16S rRNA PCR-
DGGE analysis of two spelt (top) and two wheat (bottom) sourdough
fermentations, daily back-slopped, with flour from two different mills
(A and B), after each day (0, 24, 48, 72, 96, 120, 144, 168, 192, 216, and
240 h). M, reference marker. The indicated bands (arrows) correspond
with cereal DNA.

whereas Lactobacillus fermentum dominated the wheat A sour-
dough ecosystem and was found in the stable wheat B sour-
dough. Interestingly, L. fermentum was never retrieved in any
of the spelt sourdoughs. Finally, Lactobacillus rossiae was
found in the stable spelt A sourdough, whereas Lactobacillus
brevis and Lactobacillus paraplantarum were found in the stable
spelt B sourdough, in both cases together with L. plantarum.
Bacterial population dynamics of laboratory sourdoughs
analyzed through a culture-independent approach. 16S rRNA
PCR-DGGE was carried out mainly to follow the development
of the flour microbiota from an unstable, initial phase to a
stable, final sourdough ecosystem. This community fingerprint-
ing was reflected by DGGE band number and position chang-
ing over time (Fig. 3). Indeed, the PCR-DGGE band patterns
showed major changes in the LAB population during the first
4 to 5 days and only minor changes afterwards. To have an idea
about which bands corresponded to which microorganisms in
the stable sourdough ecosystem, an additional experiment was
performed during which DNA isolated from the stable sour-
dough at day 10 and DNA isolated from pure cultures isolated
from the same sourdough sample at day 10 were included in a
single PCR and DGGE run (Fig. 4). By this additional PCR-
DGGE experiment, the DGGE band positions of these single
isolates could be retrieved in the community DGGE profile of
the stable sourdough from which the isolates originated. No
comigration of DGGE bands was observed among digitally
normalized DGGE band positions of multiple isolates of all
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Lane 2 Laciobacillus  plantarum
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Lane 3 l Lactobaciflus rossiae
Lane 4 I | | I Spelt B

Lane 5 Lactobacillus  plantarum
Lane 6 I Lactobacillus  brevis
Lane 7 l Lactobacillus paraplantarum
Lane 8 ” ll l | Wheat A

Lane 9 2 Laciobaciflus  fermentum
Lane 10 ‘ I I Wheat B

Lane 11 Laciobaciflus  planfarum
Lane 12 I Lactobacillus  fermentum
Lane 13 I Cereal DNA

FIG. 4. Results of the additional 16S rRNA PCR-DGGE run, in-
cluding the normalized PCR-DGGE profiles of stable sourdoughs
after 10 days of back-slopping followed by the PCR-DGGE profiles of
strains isolated and purified from the corresponding sourdoughs. Lane
1, profile of the dominant population in the spelt A sourdough; lanes
2 and 3, profiles of purified cultures isolated from the stable spelt A
sourdough; lane 4, profile of the dominant population in the spelt B
sourdough; lanes 5 to 7, profiles of purified cultures isolated from the
stable spelt B sourdough; lane 8, profile of the dominant population in
the wheat A sourdough; lane 9, profile of the purified culture isolated
from the stable wheat A sourdough; lane 10, profile of the dominant
population in the wheat B sourdough; lanes 11 and 12, profiles of
purified cultures isolated from the stable wheat B sourdough; lane 13,
profile of mitochondrial cereal DNA.

bacterial species isolated during this study from day 0 to day
10. In fact, there was only one band, present in all four sour-
doughs, that could not be linked to a certain microorganism in
this way. Sequencing of this band indicated that it probably
corresponded to mitochondrial cereal DNA, indicating that a
certain region within the plant genome can be amplified with
the universal V3 primer pair (2).

Metabolite target analysis. Maltose was abundant in all
sourdough fermentations. In unfermented dough mixtures,
maltose concentrations varied between 3.3 = 0.2 and 3.9 =
0.3 g kg™ '. Sucrose, glucose, and fructose were found in con-
centrations of 0.6 + 0.1t0 0.8 = 0.1 gkg™ ', 0.2 + 0.1t0 0.3 *
0.1gkg ',and 0.1 = 0.1t0 0.2 = 0.1 gkg ', respectively. From
day 2 to day 4, concentrations of maltose and glucose were
changing (Fig. 5), whereas sucrose and fructose disappeared.
Maximum concentrations measured for maltose and glucose
were 13.6 = 0.7 gkg ! (the wheat B sourdough after 24 h) and
2.4 = 0.3 g kg ! (the spelt B sourdough after 48 h), respec-
tively. During the last days of fermentation, their concentra-
tions remained constant in the dough. The highest final mal-
tose concentration (10.8 = 1.0 g kg~ ') was measured in the
spelt B sourdough, which corresponded to the flour with the
highest amylase activity as revealed by the Hagberg method
(Table 1). In contrast, the lowest final maltose concentration
(1.4 = 0.1 g kg ') was measured in the wheat A sourdough,
which corresponded to the flour with the lowest amylase ac-
tivity (Table 1). Other sugars such as arabinose or xylose were
hardly found (<50 mg kg™ ).

Total amino acid concentrations increased after sourdough
fermentation compared to unfermented doughs (Fig. 6). The
largest changes were observed from day 2 to day 4, when total
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FIG. 5. Evolution of the maltose concentration during a 10-day
daily back-slopped sourdough fermentation with spelt A (black bars),

wheat A (light gray bars), spelt B (white bars), and wheat B (dark gray
bars).

amino acid concentrations peaked with a maximum of 4.7
mmol kg !, as observed in the spelt B sourdough after 3 days.
Afterwards, total amino acid concentrations decreased, and
after 10 days of sourdough fermentation, differences from un-
fermented doughs were less clear. One exception was the
wheat A sourdough, the total amino acid concentration of
which was more than twofold higher than that of the unfer-
mented wheat A dough after 10 days of back-slopping. Inter-
estingly, this wheat A flour showed the highest protein content
(Table 1). Asparagine and aspartate were the only amino acids
the concentrations of which were higher in unfermented
doughs than in 10-day back-slopped sourdoughs. Ornithine
was found during all sourdough fermentations. Its concentra-
tion was highest from day 2 to day 5, after which it disappeared
completely in the spelt A sourdough. In the other three sour-
doughs, ornithine was still found in low concentrations (less
than 0.15 mmol kg~ ') after 10 days.

Lactic acid was the major metabolite produced during all
sourdough fermentations. Its concentration increased during
the first 4 to 5 days of fermentation and remained constant
afterwards. Final concentrations ranged between 4.7 = 0.2 g
kg~ ' (the wheat B sourdough) and 7.3 + 0.4 g kg~ ! (the spelt
B sourdough), which corresponded to the lowest TTA (7.7 =
0.1) and highest TTA (9.6 = 0.2), respectively. Ethanol was the
second most important metabolite retrieved and correlated in
most cases with changes in the yeast population. In some cases,
ethanol production could be attributed to heterofermentative
LAB, as ethanol concentrations increased when yeast counts
were low or decreasing (Fig. 7). Acetic acid was found in all
sourdough samples (except in unfermented doughs), but con-
centrations hardly exceeded 1.0 = 0.1 g kg™ '. Mannitol was
produced mainly during the first 4 to 5 days of fermentation.
Later on, mannitol was not produced, except in the wheat A
sourdough, where it was retrieved till day 10. Concentrations of
mannitol were never higher than 1.0 + 0.1 g kg~'. Besides
these more common metabolites, erythritol and succinic acid
were found in all sourdoughs (not in unfermented doughs).
Concentrations of erythritol and succinic acid were maximally
0.14 = 0.02 g kg~ ' (after day 1 in the spelt B sourdough) and
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FIG. 6. Evolution of total amino acid concentration (top) and or-
nithine concentration (bottom) during a 10-day daily back-slopped
sourdough fermentation with spelt A (black bars), wheat A (light gray
bars), spelt B (white bars), or wheat B (dark gray bars).

0.49 = 0.02 g kg™ ' (after day 8 in the spelt B sourdough),
respectively.

Phenyllactic acid was found in 35 out of 40 sourdough sam-
ples (never in unfermented doughs) in concentrations usually
lower than 0.3 mmol kg~ . In fact, phenyllactic acid was the
only aromatic amino acid metabolite found in the wheat A
sourdough. Besides phenyllactic acid, indolelactic acid, hy-
droxyphenyllactic acid, and hydroxyphenylacetic acid were
found but only in a few sourdough samples. Hydroxyphenyla-
cetic acid was found in the wheat B sourdough in concentra-
tions of about 1.0 mmol kg~'. Concentrations of indolelactic
acid and hydroxyphenyllactic acid never exceeded 0.05 and
0.15 mmol kg™, respectively.

Headspace analysis revealed that ethanol and ethyl acetate
were present in all sourdough samples. The smallest amount of
volatile compounds was measured in the wheat A sourdough
samples. After day 1, acetoin and diacetyl were present in the
wheat A sourdough, but they were not retrieved later on. The
only volatiles found in the wheat A sourdough were, besides
ethanol and ethyl acetate, propyl lactate, 2-pentyl furan, and
hexanal. The last compound was found in all sourdoughs pre-
pared and even in unfermented doughs. In the wheat B, spelt
A, and spelt B sourdoughs, a larger amount of volatile com-
pounds was found, including compounds such as 1-propanol,
3-methyl-1-butanol, 2-methyl-1-butanol, and 2-methyl-1-pro-
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FIG. 7. Evolution of ethanol concentration (white bars, left axis) and yeast counts (solid line, right axis) during the 10-day daily back-slopped

spelt B sourdough fermentation.

panol. Furthermore, in sourdoughs prepared with spelt flour,
additional alcohols such as 1-pentanol, 1-penten-3-ol, and
1-hexanol were found. Other compounds retrieved in several
sourdough samples included 3-methyl-1-butanol acetate, pen-
tanol, and acetaldehyde. In general, the amounts of volatile
compounds were low during the first days and increased later
on (Fig. 8).

Although a lot of other compounds were measured, most of
them were not found in the sourdough samples analyzed, ei-
ther because they were produced in amounts lower than the
detection limit or because they were not produced at all. Ex-
amples of such compounds were propionic acid and butyric
acid; branched SCFA; and amino acid metabolites such as
phenol, skatole, indole, phenylacetic acid, and indoleacetic
acid.

200
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40+
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FIG. 8. Changes in the production of 3-methyl-1-butanol (black
bars), 2-methyl-1-propanol (light gray bars), 1-propanol (white bars),
and 3-methyl-1-butanol acetate (dark gray bars) during the 10-day
daily back-slopped spelt A sourdough fermentation. AU, arbitrary
units [100 X peak area compound (peak area internal standard X g
sample) ']

144 168 192 216 240

DISCUSSION

Spontaneous fermentations of raw materials usually lead to
stable end products. In the present study, both population
dynamics (through a culture-dependent and culture-indepen-
dent approach) and metabolite target analysis revealed that all
sourdough ecosystems, daily back-slopped starting from a wa-
ter-flour mixture without a starter culture, were stable within 1
week. Not only the composition but also the metabolic activity
of the present microbiota remained unchanged once a stable
ecosystem was achieved. It could be shown that microbial ad-
aptation resulted in both succession of microbial populations
(and strains) and altered metabolic patterns.

Succession of microbial populations could be correlated with
acid stress and carbohydrate and amino acid metabolism. In
general, a three-phase evolution could be observed during
development of a stable sourdough ecosystem, as revealed by
culture-dependent analysis. In a first phase (from the start until
day 2), the cereal ecosystem was dominated by LAB species
that were not specific for sourdough, such as those belonging
to the genera Enterococcus, Lactococcus, and Leuconostoc.
Although strains belonging to the last genus are often encoun-
tered in sourdough ecosystems (10), they decreased below the
detection limit within a few days, together with enterococci and
lactococci. A decrease of the last two genera can be explained
by a lack of adaptation to the sourdough environment, as they
are almost never retrieved in stable sourdough ecosystems (9).
For leuconostocs, it has been shown that they are more sensi-
tive to acid stress than are some lactobacilli, and hence their
numbers decrease upon further acidification of the sourdough
ecosystem (15, 41). For instance, succession of Leuconostoc
mesenteroides and L. plantarum is seen in the production of
sauerkraut (33). During the second phase of sourdough fer-
mentation (days 2 to 5), sourdough-specific LAB dominated
the process, such as species belonging to the genera Lactoba-
cillus, Pediococcus, and Weissella. This can be explained by a
better acid tolerance and a metabolism adapted to the cereal
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environment (16). As an example, the use of external electron
acceptors, such as fructose present in the sourdough ecosys-
tem, enhances their competitiveness (16). Finally, during a
third and last phase (days 5 to 7), well-adapted sourdough
strains, such as strains of L. plantarum and L. fermentum,
became dominant under the applied laboratory conditions of
temperature, dough yield, etc. This observation was confirmed
by 16S rRNA PCR-DGGE analysis, yielding stable band pat-
terns upon prolonged fermentation. The three-phase establish-
ment of a stable ecosystem has also been observed during other
cereal fermentations such as traditional cassava flour fermen-
tation (3). During the present study, a different ecosystem was
found for the flours used, as revealed by both a culture-depen-
dent and a culture-independent approach, indicating that the
type of flour has a certain effect on the establishing ecosystem.

In the present study, L. plantarum was found in three out of
the four stable sourdoughs. L. plantarum is often encountered
in sourdough ecosystems (9), and its dominance in cereal fer-
mentations is attributed to a highly adapted carbohydrate me-
tabolism, possibly reflecting its natural habitat (35). Besides L.
plantarum, L. fermentum was found in stable wheat sourdough
ecosystems, which can be explained by the extreme acid toler-
ance and adapted metabolism of the latter species (4, 5). More-
over, L. fermentum dominated the stable wheat A sourdough
ecosystem, as revealed by PCR-DGGE. The other three sour-
dough ecosystems were always dominated by a consortium of
obligate and facultative heterofermentative LAB species,
whereas obligate homofermentative LAB species were out-
competed in the sourdough ecosystems studied. The observa-
tion that L. fermentum was found in stable wheat sourdough
ecosystems and was never encountered in spelt sourdoughs is
interesting but needs further investigation before valid conclu-
sions can be drawn.

In general, maltose release (mediated by flour amylases and
perhaps amylolytic sourdough LAB) and maltose consumption
(by sourdough LAB) as well as proteolysis (mainly ascribed to
the action of flour proteinases enhanced by acidic conditions)
occur during sourdough fermentation. This is reflected by the
considerable levels of maltose retrieved after each fermenta-
tion step and an increase of total amino acids upon fermenta-
tion (27, 39, 40, 69). The present study showed that the com-
petitiveness of sourdough LAB is enhanced by both the use of
the arginine deiminase pathway (in an early stage) and the use
of alternative electron acceptors.

The arginine deiminase pathway is considered to yield a
competitive advantage compared to strains lacking it (8, 16).
However, in the present study, ornithine was found only in low
concentrations (or not at all) after 10 days of back-slopping.
Hence, the dominating strains in the present sourdough eco-
systems hardly made use of this metabolic trait. In contrast, it
seemed that the strains competing during the first days of
fermentation made more use of this specific metabolic capacity
to compete in the sourdough ecosystem, which is shown here
for the first time, as ornithine concentrations were highest
during the first days of back-slopping. However, it appears that
counteracting acid stress solely due to ornithine production is
not sufficient.

External electron acceptors such as fructose or citrate are
preferred (73). The production of mannitol from fructose,
which may lead to an efficient equilibration of the redox bal-
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ance, enhanced energy generation, and, therefore, increased
competitiveness (37, 72, 73), was observed during the present
study. However, mannitol was produced mainly during the first
2 to 5 days of back-slopping and disappeared afterwards, indi-
cating that the dominating species in the stable ecosystem did
not make full use of this metabolic trait. The only exception
was the wheat A sourdough, dominated by L. fermentum,
where mannitol was also found after 10 days of back-slopping.
This mannitol had to be produced by L. fermentum, as it was
the only species detected through PCR-DGGE in the stable
sourdough. Interestingly, mannitol was not found in the wheat
B sourdough, in spite of the presence of L. fermentum. An
explanation might be that the precursor, fructose, was not
generated in one sourdough whereas it was in the other. Be-
sides the production of lactic acid, ethanol, and mannitol, also
other pathways to equilibrate the redox balance were observed.
Two examples of this were the production of succinic acid and
that of erythritol during fermentation. Succinic acid can be
produced through metabolism of citrate, which is usually
present in flour in low concentrations (22, 29, 61). Erythritol
production from glucose has previously been observed for pure
cultures of several LAB strains (59, 67). This study showed for
the first time the in situ production of these two compounds
during sourdough fermentation. The need for other ways to
regenerate NAD(P)™* might be explained by a low activity of
the acetaldehyde dehydrogenase enzyme (67, 73).

Besides the equilibration of the redox balance through sugar
metabolism, amino acid metabolism may contribute to this.
The in situ production of phenyllactic acid, hydroxyphenyllac-
tic acid, indolelactic acid, and hydroxyphenylacetic acid during
sourdough fermentation was shown during the present study. It
was striking that the aromatic amino acids were mostly con-
verted to their hydroxy acids and that besides hydroxypheny-
lacetic acid, no other metabolite was found. The equilibration
of the redox balance through the conversion of the a-keto acid
(e.g., phenylpyruvic acid) to the corresponding hydroxy acid
(e.g., phenyllactic acid) might explain this observation. There-
fore, these fine-tuning reactions might give an extra competi-
tive advantage to the strains possessing this capability. This
hypothesis is strengthened by the observation that these aro-
matic amino acid metabolites increased towards the end in
three out of four sourdough fermentations and were at their
highest concentrations in the stable sourdough ecosystems.

Other amino acid catabolic pathways probably contributed
to the equilibration of the redox balance. Analysis of volatile
compounds revealed that, besides ethanol and ethyl acetate,
degradation products of valine, leucine, and iso-leucine in their
alcohol form were the most important volatiles. In general, the
levels of volatiles increased upon fermentation and alcohols
were the most important compounds retrieved, confirming pre-
vious results (30, 32). In a similar way, one can assume that
they play a role in maintaining the redox balance. However, it
is not easy to discriminate between volatiles produced by the
LAB populations and those produced by the yeast populations.
The importance of redox balance, not only for LAB metabo-
lism but also concerning dough structure, has recently been
highlighted by Vermeulen et al., who found an interaction
between LAB-catalyzed redox reactions and the gluten struc-
ture of the dough (68).

To conclude, it was shown that the establishment of a stable
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sourdough ecosystem, starting from a water-flour mixture, oc-
curred through a three-phase evolution. LAB atypical for sour-
dough were outcompeted by sourdough-specific LAB during a
first transition phase after 1 or 2 days of back-slopping. After
4 to 5 days of back-slopping, these LAB are in turn outcom-
peted by sourdough-specific LAB that were highly adapted to
the employed conditions of temperature, dough yield, etc. Fur-
thermore, the in situ production of certain metabolites, such as
succinic acid and erythritol, during sourdough fermentation
was shown for the first time. The use of fructose as an external
electron acceptor and arginine-to-ornithine conversion con-
tribute to competitiveness during the first days of back-slopped
sourdough fermentation. Together with the production of sev-
eral amino acid metabolites, especially metabolites of aromatic
amino acids, such as phenyllactic acid, their production can
contribute to the equilibration of the redox balance to ensure
fast growth of the dominating strains. An adapted metabolism
and efficient redox balancing strengthen the stable existence of
specific LAB strains in a sourdough ecosystem. Stable wheat
and spelt sourdoughs did not differ significantly.
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