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The lactic acid bacterial (LAB) community dynamics of two wheat and two spelt sourdough fermentations
that were daily back-slopped were monitored during a period of 10 days by hybridizing time-related RNA
samples, representing the metatranscriptome, to an LAB functional gene microarray. To indicate the species
present in each hybridized sample, annotation information for the 2,269 oligonucleotides on the microarray
was used. The overall hybridization data revealed that after a transition phase of 5 days, in which atypical
sourdough LAB species, including Enterococcus species, were found, a stabilized ecosystem was established with
Lactobacillus plantarum and Lactobacillus fermentum as the dominating LAB species. Compared with the
combined outcome of culture-dependent and culture-independent identification techniques, the microarray
data revealed a functional role for Lactococcus lactis in the early stage ecosystem and the dominance of
Pediococcus pentosaceus in most of the fermentations, besides L. plantarum and L. fermentum. Consequently,
metatranscriptome hybridization data obtained using an LAB functional gene microarray was shown to be an
interesting alternative to microbiological analysis of the community dynamics of complex food ecosystems.

Fermented food ecosystems consist of lactic acid bacteria
(LAB), acetic acid bacteria, and other Gram-positive and
Gram-negative bacteria and/or fungi that contribute to several
beneficial characteristics of fermented food products, such as
an extended shelf life, improved texture, and enhanced organ-
oleptic properties (36). In most of the cases, fermented food
ecosystems are rapidly dominated by LAB, whether or not in
conjunction with yeasts, that cause acidification of the food
matrix by the production of lactic acid and/or acetic acid (20,
32). In some fermentations, the ecosystem is even character-
ized by a targeted, temporal succession of microorganisms
during the course of the fermentation (21, 30). Stable sour-
dough ecosystems typically consist of LAB and yeasts, wherein
the LAB species diversity depends to a large extent on the type
of flour and process parameters and comprises mainly Lacto-
bacillus species, among which are Lactobacillus plantarum,
Lactobacillus fermentum, Lactobacillus sanfranciscensis, Lacto-
bacillus paralimentarius, and Lactobacillus brevis (13).

In the past, techniques based on physiological tests were
used to identify microbial members of fermented food ecosys-
tems. During the last decades, DNA-based identification tech-
niques have taken over, thereby mainly relying on comparative
analysis of partial or full 16S rRNA gene sequences (19, 23). In
a culture-dependent approach, genomic DNA from single iso-

lates is used to sequence the partial or complete 16S rRNA
gene for identification purposes (15). In a culture-independent
approach, metagenomic DNA that is directly extracted from
the food ecosystem is subjected to a community PCR, usually
targeting the 16S rRNA gene. The resulting pool of PCR
amplicons is subsequently separated by denaturing gradient gel
electrophoresis (DGGE) (17) or temperature gradient gel
electrophoresis (TGGE) (9) and can be followed by extraction,
purification, and sequencing of specific DNA bands in the
resulting ecosystem fingerprint. Other culture-independent
fingerprinting techniques encompass, for instance, terminal re-
striction fragment length polymorphism (T-RFLP) (27). When
linked to sequence data, these methods allow inventory of the
predominant microbiota present in a given fermented food
ecosystem and provide a solid basis for the development of
more targeted molecular tools such as microarrays.

To be able to identify members of bacterial ecosystems in a
broad and high-throughput way, several microarrays have been
developed recently (1, 22, 26, 34, 35, 37). Actually, two types of
microarrays can be distinguished: (i) microarrays that contain
partial 16S rRNA gene sequences as targets, also referred to as
phylogenetic oligonucleotide microarrays; and (ii) microarrays
that contain integral genomic DNA as targets, also referred to
as community genome microarrays (38). Of the latter type, one
example is known that can be applied to food fermentation
ecosystems, namely, a so-called “genome-probing microarray”
to monitor community dynamics of LAB (1). This microarray
has been used to monitor community dynamics and biological
activity during a 12-day kimchi fermentation, thereby using the
metagenome as well as the metatranscriptome of 10 time-
related samples (25).

The aim of the present study was to reveal the LAB com-
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munity dynamics of two wheat and two spelt sourdough fer-
mentations that were back-slopped during a period of 10 days,
by hybridizing time-related RNA samples, representing the
metatranscriptome, to a recently developed LAB functional
gene microarray (35). These results were compared with cul-
ture-dependent and culture-independent identification data to
assess future implementation of this microarray for analysis of
bacterial community dynamics of complex fermented food eco-
systems.

MATERIALS AND METHODS

Sourdough fermentations. Two wheat (D12W and D13W) and two spelt
(D12S and D13S) back-slopped sourdoughs were prepared through spontaneous
fermentation. Therefore, fresh 8-kg sourdough fermentations with a dough yield
of 400 [(dough mass/flour mass) � 100] were started up in Biostat C fermentors
(Sartorius AG/B. Braun Biotech International, Melsungen, Germany) and incu-
bated at 30°C for 24 h. The mixture was kept homogeneous by stirring at 300
rpm. The sourdoughs were daily back-slopped over a period of 10 days by
inoculating a fresh water-flour mixture with ripe sourdough (10% [wt/wt]), after
which the fresh dough was incubated under the same conditions as mentioned
above. At each refreshment step, samples of the ripe sourdough were collected
for culture-dependent and culture-independent identifications.

For culture-dependent identification, a 10-fold dilution series of sourdough
samples was plated on MRS-5 agar (de Man-Rogosa-Sharpe agar supplemented
with a vitamin solution) (24) and incubated at 30°C. Per sample, on average 10
to 15 purified Gram-positive and catalase-negative isolates were subjected to
(GTG)5-PCR fingerprinting, and the resulting fingerprints were numerically
analyzed by means of the BioNumerics version v4.0 software package (Applied
Maths, Sint-Martens-Latem, Belgium) using an extensive in-house reference
database (29, 33). To verify the identifications tentatively assigned to a (GTG)5-
PCR cluster and to identify the remaining unknown clusters and/or single iso-
lates, representatives of each cluster and the single isolates were subjected to a
polyphasic taxonomic approach, including amplified fragment length polymor-
phism, sodium dodecyl sulfate-polyacrylamide gel electrophoresis of whole-cell
proteins, 16S rRNA gene sequence analysis, pheS gene sequence analysis, and/or
DNA-DNA hybridizations, as described previously (29, 33). In addition, the
composition of the microbiota of the sourdough samples was investigated
through a culture-independent approach by means of denaturing gradient gel
electrophoresis (DGGE) of PCR amplicons of the V3 region of the 16S rRNA
gene (16S rRNA-PCR-DGGE), followed by purification and sequencing of the
DGGE bands, as described previously (29, 33).

RNA isolation. RNA was isolated to represent the metatranscriptome of the
sourdough fermentation samples. Therefore, additional samples were taken 3 h
after the refreshment step (i.e., at 27, 51, 75, 99, 123, 147, 171, 195, and 219 h),
as approximately half of the acidification had taken place at these time points,
indicating that the bacteria were in their exponential growth phase (33). Ten
grams of sourdough was mixed with 40 ml of RNAprotect (Qiagen, Hilden,
Germany) that was 2:1 diluted with 1� phosphate-buffered saline (Invitrogen,
Carlsbad, CA). This mixture was kept at room temperature for 5 min, followed
by centrifugation to remove solids (1,000 � g for 5 min). The supernatant was
centrifuged for a second time (5,000 � g for 15 min), and the metatranscriptome
RNA was isolated from the resulting cell pellet by applying an enzymatic cell lysis
using mutanolysin and lysozyme, after which the RNA was extracted from the
resulting mixture by using an RNeasy minikit (Qiagen) following standard in-
structions and including mechanical disruption of the cells using glass beads, as
described previously (35).

Microarray hybridization and data analysis. An LAB functional gene mi-
croarray was used, containing 2,269 oligonucleotides that target in total 406
key genes (35). The isolated RNA was linearly amplified (aRNA) using a
Genisphere SensAmp kit (Genisphere, Hatfield, PA), labeled with Cy3 and
Cy5 dyes in a reverse transcription reaction, and hybridized for 16 h using a
HS 4800 Pro automated hybridization station (Tecan Systems, Inc., San Jose,
CA), as described previously (35), except that 60 pmol instead of 50 pmol of
labeled aRNA was used to prepare the hybridization mixtures. The labeled
aRNA of the different sourdough fermentation samples was hybridized to the
microarray, using a loop design over the different time points: i.e., two
consecutive samples (e.g., 27 h and 51 h, 51 h and 75 h, etc.) were hybridized
on the same microarray slide, each labeled with another fluorescent dye (Cy3
and Cy5), and the loop was closed by hybridizing the last sample (219 h)
together with the first (27 h) (Fig. 1).

Given that each oligonucleotide was spotted four times on the array and each
sample was hybridized twice (i.e., once labeled with Cy3 and once labeled with
Cy5), the intensity of each oligonucleotide was measured eight times. The in-
tensity of an oligonucleotide was considered above background level if the
intensities of at least six out of eight spots were above the background level, as
described previously (35). Furthermore, intensity values were normalized for
array and dye effects, and only those oligonucleotides with a significant change in
their hybridization intensity profile over time were retained for clustering. The
hybridization intensity profiles were transformed into Z-score profiles by sub-
tracting the average hybridization intensity of all oligonucleotides from the
hybridization intensity of the oligonucleotide considered and dividing that result
by the standard deviation of all hybridization intensities (8). Subsequently, these
Z-score profiles were hierarchically clustered with the complete linkage option
with a distance measure of one minus the Pearson correlation (16, 18).

To indicate the species present in the sourdough ecosystems, a significance per
species of at least 10% had to be reached: i.e., at least 10% of the species-specific
oligonucleotides (with a minimum of two oligonucleotides) had to have an
intensity above background. This percentage was based on the outcome of
validation hybridizations using DNA and RNA of 18 LAB strains, covering 86%
of all oligonucleotides on the microarray, whereby the highest number of false-
positive signals appeared to be 6% (35). In addition, only species that were
represented by at least 10 oligonucleotides were considered for further analysis.

Microarray data accession numbers. The microarray data were deposited in
the NCBI Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih
.gov/geo/) under accession no. GPL5459 (microarray including detailed annota-
tion), GSE15686 (D12W), GSE15693 (D13W), GSE15692 (D12S), and
GSE15691 (D13S).

RESULTS

Bacterial community dynamics analyzed through a com-
bined culture-dependent and culture-independent approach.
The combination of the culture-dependent and culture-inde-
pendent data from the four 10-day back-slopped sourdough
fermentations studied (D12W, D13W, D12S, and D13S)
showed that the LAB compositions and hence the community
dynamics of the sourdough ecosystem followed a time-related
evolution, whereby most changes occurred during the first 5
days of fermentation (Table 1). In general, species such as

FIG. 1. Schematic representation of the loop design applied to
hybridize labeled aRNA to the microarray. Open circles represent
Cy3-labeled aRNA, and closed circles represent Cy5-labeled aRNA.
Solid lines represent the hybridization of the two connected aRNA
samples on the same microarray slide. The dashed line represents the
hybridization of the Cy5-labeled aRNA at 27 h with the Cy3-labeled
aRNA at 99 h for fermentation D13S, since no labeled aRNA samples
were available for day 2 (51 h) and day 3 (75 h) in this particular case.
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Lactococcus lactis, Enterococcus hirae, Leuconostoc citreum,
and Lactobacillus curvatus predominated during the first 2 days
of all fermentations. From day 3 to 5, Lc. lactis and E. hirae
disappeared, while Leuc. citreum and L. curvatus remained
present. In addition, Pediococcus pentosaceus, L. plantarum,
and L. fermentum appeared. From day 6 on, a more uniform
ecosystem was found, consisting basically of L. plantarum and
L. fermentum in all fermentations. In addition, P. pentosaceus
remained in fermentations D12S, D13S, and D12W from day 2
on. Furthermore, also L. curvatus (D12W) and Weissella con-
fusa (D13S) were found from days 2 and 5 on, respectively.

Bacterial community dynamics analyzed through metatran-
scriptome hybridizations. For wheat fermentation D12W, 461
oligonucleotides displayed a Z-score profile that showed a sig-
nificant change over time. The Z-score profiles were grouped
into four clusters (Fig. 2). Cluster 1 comprised 176 oligonucle-
otides with increasing Z-scores over time. The oligonucleotides
that met the requirements as set out above were related to L.
plantarum and L. fermentum (Table 2). Clusters 2 and 3
showed decreasing Z-scores over time, although cluster 2 had
a peak at day 2 and a slower decrease over time compared to
cluster 3. Cluster 2 comprised 122 oligonucleotides, mainly

TABLE 1. Bacterial community dynamics of LAB during back-slopped sourdough fermentationsa
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Wheat
D12W

Day 1 (24) 2 2 2 1 10
Day 2 (48) 1 4 1 4 10
Day 3 (72) 1 2 7 10
Day 4 (96) 2 2 5 1 1 1 10
Day 5 (120) 4 3 1 10
Day 6 (144) 4 1 5
Day 10 (240) 2 1 3 4 10

D13W
Day 1 (24) 1 2 1 5 10
Day 2 (48) 1 4 1 2 1 1 10
Day 3 (72) 1 1 3 5 12
Day 4 (96) 1 5 4 10
Day 5 (120) 1 2 3 4 10
Day 6 (144) 4 4 8
Day 10 (240) 3 2 5

Spelt
D12S

Day 1 (24) 1 2 2 10
Day 2 (48) 1 4 2 1 2 10
Day 3 (72) 2 3 3 1 1 10
Day 4 (96) 2 3 3 2 10
Day 5 (120) 3 4 3 10
Day 6 (144) 2 5 3 10
Day 10 (240) 2 3 5 10

D13S
Day 1 (24) 1 2 4 1 10
Day 2 (48) 1 1 4 2 11
Day 3 (72) 4 3 1 11
Day 4 (96) 4 2 2 1 10
Day 5 (120) 3 1 1 3 1 1 10
Day 6 (144) 1 1 4 10
Day 10 (240) 2 3 1 6

a Shown are results from four 10-day back-slopped sourdough fermentations carried out with wheat or spelt at 30°C, as revealed by a combined culture-dependent
and culture-independent identification approach. The numbers correspond to the number of isolates found for the given species at the given time point by
culture-dependent identification. The numbers in boldface indicate that the species was also found by culture-independent identification. No species were found by
culture-independent identification only.
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FIG. 2. Intensity profiles obtained through hybridization of metatranscriptome samples of wheat fermentation D12W. (A) For a total of 461
out of 2,269 oligonucleotides, the intensity was above the background level for at least one time point of the 10-day back-slopped sourdough
fermentation process. The 461 oligonucleotides whose intensities were above the background level could be clustered into four groups (C1 to C4)
according to their Z-score profiles. The Z-scores varied from green (�2; i.e., below the average response of that oligonucleotide) to red (�2; i.e.,
above the average response of that oligonucleotide). (B) Representation of the hybridization intensity profiles of the four clusters of oligonucle-
otides. x axis, sampling times; y axis, Z-scores of the different oligonucleotides.
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related to L. curvatus, Lactobacillus reuteri, Lactobacillus sakei,
and Lc. lactis (Table 2). Cluster 3 comprised 137 oligonucleo-
tides, mainly related to Enterococcus faecalis, Enterococcus fae-
cium, E. hirae, and Lc. lactis (Table 2). Cluster 4 showed
increasing Z-scores, followed by a decrease, with maximum
values at days 4 to 6. This cluster comprised 26 oligonucleo-
tides, mainly related to P. pentosaceus (Table 2).

The Z-score profiles of the fermentations D13W, D12S, and
D13S were clustered likewise (Table 2; see the supplemental
material). For these fermentations, clusters with increasing
Z-scores over time comprised mainly oligonucleotides related
to L. plantarum and L. fermentum, although the latter LAB
species was not found in spelt fermentation D13S. Clusters
with a fast decrease in Z-scores over time comprised mainly
oligonucleotides related to E. hirae, E. faecium, L. reuteri, and
Lc. lactis, although the latter two LAB species were not found
in spelt fermentation D12S. Clusters with less-steep decreasing
Z-scores over time comprised mainly oligonucleotides related
to L. sakei, L. curvatus, L. brevis, and E. hirae. For fermentation
D13W, one additional cluster was obtained with decreasing
Z-scores over time. This cluster comprised only oligonucleo-
tides related to Lc. lactis and showed a faster decrease of the
Z-scores over time compared to the other two clusters. Clus-
ters with increasing Z-scores, followed by a decrease over time,
comprised mainly oligonucleotides related to P. pentosaceus. In
spelt fermentation D13S, for which no samples were available
for day 2 (51 h) and day 3 (75 h), also oligonucleotides related
to L. fermentum were found in the cluster with increasing
Z-scores followed by a decrease over time.

DISCUSSION

In the present study, a LAB functional gene microarray,
comprised of 2,269 oligonucleotides that target 406 key genes
(35), was applied for the first time to follow up the bacterial
community dynamics of two wheat and two spelt sourdough
fermentations that were back-slopped for a period of 10 days.
Time-related metatranscriptome samples were hybridized to
this LAB functional gene microarray, thereby relying on the
species annotation of oligonucleotides whose intensities were
above the background level. The identification as revealed by
the microarray hybridization data was in agreement with the
outcome of a combined culture-dependent and culture-inde-
pendent identification approach. In addition, the differences
revealed interesting views on the bacterial community dynam-
ics of a sourdough ecosystem.

The bacterial community dynamics followed a three-phase
evolution. During the first 2 days, a variety of LAB, atypical for
mature sourdough ecosystems, as well as some Enterococcus
species were found in the fermenting ecosystems. During a
transition phase from day 2 until day 5 witnessed in all four
fermentations, the Enterococcus species fully disappeared from
the ecosystem. Some of the atypical LAB lasted for some more
days, such as L. curvatus, L. sakei, and Lc. lactis. The latter
species was not able to survive in a mature sourdough ecosys-
tem, although it is an autochthonous species of the cereal
microbiota (12). This indicates that factors such as refreshment
steps, fermentation times, and/or pH influence the prevalence
of certain species (13). Nevertheless, Lc. lactis seemed to play

TABLE 2. Species present in the four ecosystems as revealed by metatranscriptome hybridizations

Fermentation and
cluster (no. of

oligonucleotides)

% of significant oligonucleotides of speciesa

E.
hirae
(11)

E.
faecium

(113)

P.
pentosaceus

(72)

Lc.
lactis
(551)

L.
brevis
(17)

L.
curvatus

(10)

L.
plantarum

(302)

L.
fermentum

(14)

L.
reuteri
(31)

L.
sakei
(187)

Wheat
D12W

Cluster 1 (176) 50 29
Cluster 2 (122) 15 30 11
Cluster 3 (137) 82 27 13
Cluster 4 (26) 29

D13W
Cluster 1 (242) 65 21
Cluster 2 (73) 27 12 20
Cluster 3 (259) 27 41 13
Cluster 4 (86) 13
Cluster 5 (8) 10

Spelt
D12S

Cluster 1 (203) 58 29
Cluster 2 (49) 18 30 13
Cluster 3 (54) 28
Cluster 4 (24) 55 23

D13S
Cluster 1 (150) 46
Cluster 2 (58) 12 30 14
Cluster 3 (256) 46 12 39 16
Cluster 4 (16) 21

a The total number of oligonucleotides present on the microarray is given in parentheses after the species name.
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a functional role in the ecosystem during the first days of
fermentation, given the Z-scores of the oligonucleotides re-
lated to this species in three of the four fermentations. This
role may be ascribed to its ability to hydrolyze starch through
amylase activity (3, 14). The occurrence of L. sakei in the early
sourdough ecosystem of fermentations D12W, D12S, and
D13S is unclear, as earlier findings indicated that L. sakei is
very well adapted to its natural meat environment (6). How-
ever, that L. sakei can be found and proliferate in other envi-
ronments too has not been excluded (7).

Already during the transition phase from day 2 until day 5,
sourdough-specific LAB species such as L. plantarum and L.
fermentum were present. Based on increasing Z-scores, these
species increased in number and/or activity over time, to dom-
inate the ecosystem after day 5. Interestingly, in three of the
four sourdough fermentations (i.e., D12W, D13W, and D12S),
P. pentosaceus was a prominent member of the ecosystem,
besides L. plantarum and L. fermentum, although it followed a
different Z-score profile. Indeed, oligonucleotides related to P.
pentosaceus reached a higher Z-score much earlier in the fer-
mentations compared to the oligonucleotides related to L.
plantarum and L. fermentum. They decreased again from days
6 to 7, leaving L. plantarum and L. fermentum as the sole
dominating species after day 7. This was in contrast with the
combined outcome of the culture-dependent and culture-inde-
pendent identification approaches, where P. pentosaceus was
found during the whole fermentation period. However, the
DNA-based identification techniques indicated that P. pentosa-
ceus was still present, probably as resting cells, explaining why
this species was not detected with the RNA-based microarray
hybridizations. Although information on the identity of meta-
bolically active cells is valuable and can be considered as a
strength of the microarray approach, the apparent impossibil-
ity to detect resting cells is a point of attention. However, this
can be circumvented by hybridizing metagenome DNA, iso-
lated from the same samples, in addition to metatranscriptome
RNA. Furthermore, it should be noted that only species that
are represented on the microarray can be detected, making it
impossible to discover new species.

In general, species of Lactobacillus, in particular, L. planta-
rum and L. fermentum, dominate sourdough fermentation pro-
cesses (13). Lactococcus, Enterococcus, Leuconostoc, and Weis-
sella are typically associated with cereal kernels and flour, but
do not survive a long-term acidification process (10, 11, 33).
Lactobacillus fermentum and L. plantarum are more acid tol-
erant and often dominate fermentation processes of vegetables
and cereals, in particular because of their ability to transport
and metabolize different carbohydrates (2, 4, 5). LAB species
that are much less frequently encountered in mature sour-
doughs, such as P. pentosaceus (11, 28, 31), may dominate some
sourdoughs as well, for instance depending on back-slopping
practices, temperature of incubation, and pH of the dough
(13).

To conclude, the LAB functional gene microarray used in
the present study was successfully applied to follow-up LAB
community dynamics of two wheat and two spelt 10-day sour-
dough fermentations with daily back-slopping, through hybrid-
ization of time-related metatranscriptome samples. The over-
all hybridization data indicated rapid growth of multiple LAB
during the first days of fermentation, after which sourdough-

specific LAB (i.e., L. plantarum and L. fermentum) contributed
to the maturation of the sourdough. Compared with the com-
bined outcome of the culture-dependent and culture-indepen-
dent identification techniques used, the hybridization data in-
dicated that Lc. lactis seemed to play a functional role during
the first 2 days of some fermentations. Also, P. pentosaceus was
dominant for some days as well, suggesting a certain impact on
the course of the concomitant sourdough ecosystems. Conse-
quently, the LAB functional gene microarray hybridization
data analysis showed the method to be an interesting alterna-
tive to microbiological analysis of the bacterial community
dynamics of complex microbial ecosystems.
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