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Lactic acid bacteria (LAB) are of industrial importance in the production of fermented foods, including
sourdough-derived products. Despite their limited metabolic capacity, LAB contribute considerably to impor-
tant characteristics of fermented foods, such as extended shelf-life, microbial safety, improved texture, and
enhanced organoleptic properties. Triggered by the considerable amount of LAB genomic information that
became available during the last decade, transcriptome and, by extension, metatranscriptome studies have
become one of the most appropriate research approaches to study whole-ecosystem gene expression in more
detail. In this study, microarray analyses were performed using RNA sampled during four 10-day spontaneous
sourdough fermentations carried out in the laboratory with an in-house-developed LAB functional gene
microarray. For data analysis, a new algorithm was developed to calculate a net expression profile for each of
the represented genes, allowing use of the microarray analysis beyond the species level. In addition, metabolite
target analyses were performed on the sourdough samples to relate gene expression with metabolite produc-
tion. The results revealed the activation of different key metabolic pathways, the ability to use carbohydrates
other than glucose (e.g., starch and maltose), and the conversion of amino acids as a contribution to redox

equilibrium and flavor compound generation in LAB during sourdough fermentation.

Sourdough originates from spontaneous fermentation of a
mixture of ground cereals and water (24). The sourdough mi-
crobial ecosystem is dominated by a limited number of lactic
acid bacteria (LAB) and yeasts (53, 64, 72, 75, 76) and is
remarkably stable over time (54), which indicates that the LAB
and yeast species found in sourdough are highly adapted to this
ecosystem (8, 10-12, 17, 20, 68). Adaptations that contribute to
the competitive advantage of LAB in the sourdough environ-
ment are the capability to metabolize maltose, originating from
the breakdown of starch by cereal amylases, by means of a
maltose phosphorylase without ATP expenditure (19, 58), the
use of the arginine deiminase (ADI) pathway to enhance ATP
generation and improve acid tolerance (9, 15, 17, 70, 71), and
the reduction of fructose to mannitol by mannitol dehydroge-
nase to regenerate NAD™ and to produce ATP (20, 36, 69).
Despite their limited metabolic capacity, LAB contribute con-
siderably to microbial safety, extended shelf-life, and organo-
leptic quality of sourdough-based food products by means of
the production of organic acids, bacteriocins, exopolysaccha-
rides (EPS), and/or flavor compounds (17, 39, 43, 55, 63). In
particular, the ability to convert pyruvate and amino acids to
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various flavor precursors and flavor-active compounds results
in an improved sensory profile for sourdough and bread (17,
25, 55). All these properties have been studied, mostly through
separate pathway and gene cluster analyses, by means of phys-
iological and molecular approaches but have never been tack-
led simultaneously on the ecosystem level.

LAB genome sequencing efforts over the past years (7, 31,
33, 42, 46, 47, 50, 77, 82) have resulted in the development of
several whole-genome microarrays to investigate gene expres-
sion of single species (2-5, 29, 35, 37, 44, 49, 51, 52). One of
these microarrays has been used to investigate the global tran-
scriptional response of a human Lactobacillus reuteri strain to
the sourdough environment, revealing that the microorgan-
ism’s gene expression in this environment is changed compared
to its growth in a chemically defined medium (29). However, to
monitor the functional activity of LAB in complex ecosystems
such as sourdough, a so-called functional gene microarray on a
microbial community level was needed, allowing an overall
analysis of gene expression (26, 27, 74, 83). Indeed, this kind of
microarray analysis focuses on a predefined set of target genes
involved in important cellular processes and metabolic reac-
tions in the ecosystem under study. In some cases, the oligo-
nucleotides have been designed in such a way that they are
gene specific but can preferably cross-hybridize several species,
thereby targeting conserved sequences shared by several spe-
cies (27, 74). A LAB functional gene microarray, representing
genes that play a key role in the production of carbohydrate
catabolites, bacteriocins, EPS, and flavor compounds, in the
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stress response, and in probiotic and biosafety characteristics,
as well as genes linked to negative traits, such as antibiotic
resistance and virulence factors, has been developed recently
(74). This microarray has been applied successfully to investi-
gate the LAB community dynamics of two wheat and two spelt
sourdough fermentations that were daily back-slopped during
a period of 10 days (75).

The aim of the present study was to analyze the metatran-
scriptome of LAB during spontaneous sourdough fermenta-
tions, using the LAB functional gene microarray, and to relate
the outcome with metabolite production by the LAB commu-
nities. In terms of proof of principle, this paper solely reports
on metatranscriptomic analysis of carbohydrate utilization and
amino acid metabolism.

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 flour-water mixtures with a dough yield of
400 [(dough mass/flour mass) X 100] were incubated at 30°C for 24 h in Biostat
C fermentors (Sartorius AG/B. Braun Biotech International, Melsungen, Ger-
many). The mixture was kept homogeneous by stirring at 300 rpm. The sour-
doughs 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 mixed
dough was incubated under the same conditions as mentioned above.

RNA isolation. RNA was isolated directly from sourdough fermentation sam-
ples to represent the metatranscriptome. Therefore, samples were taken 3 h after
each 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 this time point, indi-
cating that the bacteria were in their exponential growth phase (64). Ten grams
of sourdough was mixed with 40 ml of RNAprotect (Qiagen, Hilden, Germany)
that was diluted 2:1 with phosphate-buffered saline (PBS; Invitrogen, Carslbad,
CA). This mixture was kept at room temperature for 5 min, followed by centrif-
ugation (1,000 X g for 5 min) to remove solids. The supernatant was centrifuged
for a second time (5,000 X g for 15 min), and the metatranscriptome RNA was
isolated from the resulting cell pellet by applying an enzymatic lysis using mu-
tanolysin and lysozyme, after which the RNA was extracted from the resulting
mixture by using an RNeasy minikit (Qiagen) following standard instructions and
including mechanical disruption of the cells using glass beads, as described
previously (74).

Microarray hybridization. A LAB functional gene microarray was used that
contains 2,269 oligonucleotides which target in total 406 key genes covering,
among others, carbohydrate transport and metabolism, proteolysis, amino acid
metabolism, and biogenic amines production and which covered as many LAB
species as possible (74). The isolated metatranscriptome RNA was linearly am-
plified (aRNA) by using a SensAmp kit (Genisphere, Hatfield, PA), labeled with
Cy3 and Cy5 dyes in a reverse transcription reaction, and hybridized for 16 h
using an HS 4800 Pro automated hybridization station (Tecan Systems, Inc., San
Jose, CA), as described previously (74), 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 consec-
utive samples (e.g., 27 h and 51 h, 51 h and 75 h, etc.) were hybridized on the
same microarray slide, each was labeled with another fluorescent dye (Cy3 or
Cy5), and the loop was closed by hybridizing the last sample (219 h) together with
the first (27 h) (75).

Microarray data analysis. (i) Data preprocessing. Given that each oligonu-
cleotide was spotted four times on the array and each sample was hybridized
twice (i.e., once in Cy3 and once in Cy5), the intensity of each oligonucleotide
was measured eight times. The intensity 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 proposed previously (74).

To assess whether the intensity of an oligonucleotide had a significant time
effect during the fermentation, analysis of variance techniques were applied for
all fermentation experiments, as described previously (32, 79). Prior to the model
fitting, the local background intensity was subtracted from the foreground inten-
sity and a log, transformation was applied. For each oligonucleotide, the average
of the four Cy3 and CyS5 intensities was used. Hence, two measurements at each
time point were obtained for the 2,269 oligonucleotides. In the case of a missing

METATRANSCRIPTOME ANALYSIS OF SOURDOUGH FERMENTATIONS 619

Select oligonucleotides @ Per fermentation, select for each
available for gene g time point species eligible for
net-expression

l

@ | Is oligonucleotide designed for or cross-hybridizing with the selected species?

Yes No

@ Compute weighted Omit oligonucleotide

expression profiles

@l Take sum net-expression

FIG. 1. Schematic overview of the net expression algorithm.

measurement, its value was imputed with the KNNimpute algorithm (with the
number of nearest neighbors to use during imputation K set to 10 and the
Euclidean distance as the distance measure), as described previously (62). A
normalization model with the mixed-model approach was fit on the data set to
remove dye and array effects, based on the equation: y,,, = p + D, + (DA)y, +
A, + Tyag Where y,,, is the log-transformed average intensity for gene g, mea-
sured on array a in dye d; p is the global average intensity; D is the fixed dye
effect with two levels (d = Cy3 or d = Cy5); A is the random array factor with
nine levels (a), representing the nine arrays that were used per loop; and r is the
remaining random error.

A time factor (denoted as T') with nine levels (corresponding to the time points
of sampling) was fit to each gene g to assess whether the gene displayed a
significant time effect, based on the following equation: 7y, = p, + Ty + €44
where r,,, is a measure for the residuals, as obtained from the normalization
equation described above for gene g at time #; p, is the intercept for gene g; T is
the time effect for gene g at time #; and ¢, is the remaining, unexplained random
error.

(ii) Calculation of net expression. To calculate the net expression profile for
each gene, thereby allowing analysis beyond the species level, an algorithm was
designed, consisting of four steps (Fig. 1). First, eligible oligonucleotides were
selected to calculate the net expression during the fermentations (Fig. 1, step 1).
In this step, oligonucleotides that correlated to species for which none of the
species-specific oligonucleotides showed hybridization intensities above back-
ground level during the fermentation process were omitted. Consequently, these
species were considered to be absent in the ecosystem and thus not able to
contribute to the net expression of a gene.

This decision was refined by taking false-positive hybridization intensities into
account, which were obtained during validation hybridizations using RNA from
18 LAB strains (74). Briefly, for each of the 46 LAB species represented on the
microarray, oligonucleotides related to the considered species that showed hy-
bridization intensities above background level when RNA from other species was
hybridized were selected. Subsequently, the hybridization intensities of these
selected (false-positive) oligonucleotides were used to calculate a one-sided 99%
confidence interval for that considered species. For all time points in the current
study, a species was considered present in the ecosystem at that time point, and
thus able to contribute to the net expression, in cases where the number of
oligonucleotides with hybridization intensities above background level was
greater than the upper limit of the calculated confidence interval. As a result, the
remaining oligonucleotides that showed no hybridization intensity above back-
ground level could be correctly interpreted as being correlated to a nonexpressed
gene of a species that was present in the ecosystem or as an oligonucleotide that
was not well designed.

In the second step (Fig. 1), poor performing species-specific oligonucleotides
were identified. Indeed, data obtained during the validation of the microarray
using DNA from 18 LAB strains were taken into account, i.e., information on
86% of the 2,269 oligonucleotides (74). Oligonucleotides that showed a hybrid-
ization intensity that was not above background level were considered technically
not suitable and were omitted. After the first two steps, an oligonucleotide
passing both steps and having a hybridization intensity that was not above
background level could be interpreted as true negative, i.e., representing a gene
that was not expressed by the corresponding species at the given time point in the
ecosystem.

In the third step (Fig. 1), weights were assigned to the oligonucleotides that
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passed the previous two steps, thereby taking into account possible cross-hybrid-
ization. In cases in which a gene was represented by only one oligonucleotide,
designed for or likely to cross-hybridize with a given species present in the
ecosystem at a specific fermentation stage, the oligonucleotide obtained a weight
equal to 1. In the case of a gene that was represented by more than one
oligonucleotide for a given species, each oligonucleotide was assigned a weight
equal to 1/n, where n was the number of oligonucleotides for the gene in that
specific species.

In the fourth step (Fig. 1), the net expression was calculated for each gene at
each time point during fermentation by taking the log of the sum of the weighted
intensities for each species considered present in the ecosystem. For time points
where all oligonucleotides were omitted in the first two steps, information was
insufficient and net expression could not be calculated. The net expression
profile, being a measure for gene expression, as well as the intensity profiles of
the contributing oligonucleotides were plotted as a function of time. Expression
was considered physiologically meaningful if the expression level was above a
threshold of 1, corresponding to an intensity that was 10 times higher than the
background level.

Metabolite target analysis. Maltose concentrations (in g kg~') were deter-
mined by high-performance anion-exchange chromatography with pulsed am-
perometric detection on an ICS-3000 chromatograph (Dionex, Sunnyvale, CA),
as described previously (64). Concentrations of the amino acid metabolites
2-methyl-propanol, 2-methyl-butanol, and 3-methyl-butanol, expressed in arbi-
trary units, as 100 X [(peak area for the compound)/(peak area of the internal
standard X g of sample)], were determined by static headspace gas chromatog-
raphy-mass spectrometry analysis on an Agilent 6890 gas chromatograph coupled
to an Agilent 5973N mass spectrometer (Agilent Technologies, Palo Alto, CA),
as described previously (64).

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 numbers GPL5459 (microarray including detailed
annotation), GSE15692 (D12S), GSE15686 (D12W), GSE15691 (D13S), and
GSE15693 (D13W).

RESULTS

The metatranscriptome RNA samples were hybridized to the
LAB functional gene microarray to reveal the expression patterns
of genes involved in carbohydrate utilization and amino acid me-
tabolism during 10-day back-slopped sourdough fermentations.
No samples were available for day 2 (51 h) and day 3 (75 h) of
fermentation D13S due to poor-quality RNA. Although this LAB
functional gene microarray was intended to be used beyond the
species level, only 15.5% of the 2,269 oligonucleotides were spe-
cies independent, while the remaining oligonucleotides could hy-
bridize only one species. This was mainly due to the limited
availability of gene sequences at the time of design and produc-
tion (74). As a result, gene expression still could be linked to
specific LAB species in the sourdough fermentation process (75),
which allowed us to include species information in this study for
ease of understanding.

Phosphotransferase transport system. On the microarray,
four genes involved in carbohydrate transport were represented.
None of the sourdough fermentations showed expression of the
lactose phosphotransferase transport system (PTS). The gene
coding for a maltose/maltodextrine ABC transporter, which was
represented by oligonucleotides designed based on sequences
from Lactobacillus plantarum and Lactococcus lactis showed a low
net expression in fermentation D13W, originating from the ex-
pression by Lc. lactis during the first 2 days of back-slopping. For
the other fermentations, the net expression level was below the
expression level threshold. Yet, carbohydrate transport occurred.
A PEP-carbohydrate phosphotransferase system enzyme I
showed a high net expression in all sourdough fermentations and
was represented by oligonucleotides related to Lactobacillus
sakei, Lactobacillus brevis, L. plantarum, and Lc. lactis. Also, a
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phosphocarrier protein showed high net expression in all fermen-
tation steps during the whole 10-day back-slopping period.

Carbohydrate metabolism. Ninety-five genes involved in car-
bohydrate metabolism were represented on the microarray. All
genes encoding enzymes involved in the conversion of glucose
into pyruvate through glycolysis, such as fructose 1,6-bisphos-
phate aldolase, triose phosphate isomerase, glyceraldehyde
3-phosphate dehydrogenase, phosphoglycerokinase, and pyruvate
kinase, showed a high net expression in all fermentations during
the whole sourdough back-slopping period. Also, the genes en-
coding glucose 6-phosphate dehydrogenase and 6-phosphoglu-
conate dehydrogenase of the phosphoketolase pathway showed a
high net expression in all fermentations, encompassing the gene
expression levels in L. plantarum, Pediococcus pentosaceus, and
Lactobacillus curvatus. The expression level of the oligonucleotide
related to L. curvatus was the highest, perhaps caused by cross-
hybridization with L. plantarum, as indicated by the oligonucleo-
tide annotation. Additionally, transketolase gene expression was
only found in Lc. lactis in the wheat fermentations. None of the
sourdough fermentations showed transaldolase expression.
Genes encoding enzymes involved in the pentose phosphate path-
way, such as ribulose 5-phosphate 3-epimerase and ribose 5-phos-
phate isomerase, were moderately to highly expressed by P. pen-
tosaceus and L. plantarum, respectively, in all fermentations.
Further, citrate permease was not expressed at all, citrate lyase
was only expressed by L. plantarum, succinate dehydrogenase was
only expressed by P. pentosaceus, fumarase was expressed mod-
erately and was linked with P. pentosaceus and L. plantarum, and
pyruvate formate lyase was highly expressed by Lc. lactis only in
the wheat fermentations and by L. sakei only in the spelt fermen-
tations. The moderate (D12W) to high (D13W) net expression of
the catabolite control protein (CcpA) gene was linked with Lc.
lactis during the first days of back-slopping during the wheat
fermentations and with L. plantarum in all fermentations (Fig. 2).

The gene encoding fructokinase, which is involved in fruc-
tose degradation, showed a high net expression in all sour-
dough fermentations. This expression was linked with Lacto-
bacillus fermentum in fermentations D12W and D12S and with
L. plantarum in fermentations D13W and D13S, although the
contribution of the latter LAB species was only moderate. The
gene encoding B-fructofuranosidase, which is involved in su-
crose and oligofructose degradation, showed a high net expres-
sion in all sourdough fermentations linked with L. plantarum.
B-Galactosidase, which is involved in the degradation of B-gal-
actosides such as lactose, showed a moderate net expression
that was linked with L. plantarum and P. pentosaceus. o-Amy-
lase, involved in starch degradation, was moderately expressed
by L. plantarum only in the two wheat fermentations; the ex-
pression of this gene in the two spelt fermentations was hardly
above the expression level threshold.

Maltose phosphorylase. Ten oligonucleotides represented the
enzyme maltose phosphorylase on the microarray. For fermenta-
tions D12W and D138, the net expression of the coding gene was
below the expression level threshold (Fig. 3). For fermentation
D128, its net expression was slightly above the threshold during
the last 4 days of back-slopping and was linked with L. plantarum.
For fermentation D13W, its net expression was low but above the
threshold for almost the whole 10-day back-slopping period and
was linked with L. plantarum and Lc. lactis. The largest amounts
of maltose were reached on days 2 and 3 of back-slopping in all
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FIG. 2. Net expression profiles for the catabolite control protein gene in fermentations D12W, D13W, D12S, and D13S.

sourdough fermentations (Fig. 3). Except for fermentation
D13W, which showed little variation in maltose concentration
over the 10-day back-slopping period, the concentration de-

creased after day 3.
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Proteolysis and amino acid conversions. One hundred genes
involved in proteolysis and amino acid conversions were rep-
resented on the microarray. Net expression profiles of genes
encoding peptide transport systems, such as the genes coding
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bars; left axes) in fermentations D12W, D13W, D12S, and D13S. No data on the maltose concentration were available for time points 120 h, 144 h,
168 h, 192 h, or 216 h for fermentation D12W.
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FIG. 4. Relation between the net expression of the glutamate dehydrogenase gene (black line; right axes) and the branched-chain amino-
transferase gene (gray line; right axes) and the production of the branched-chain amino acid metabolites 2-methyl-propanol (black bars; left axes),
2-methyl-butanol (white bars; left axes), and 3-methyl-butanol (shaded bars; left axes) in fermentations D12W, D13W, D12S, and D13S. No data
on the concentrations of these alcohols were available for time points 120 h, 144 h, 168 h, 192 h, or 216 h for fermentation D12W. AU, arbitrary
units, determined as 100 X [(peak area for compound)/(peak area for internal standard X g of sample)].

for the subunits of the oligopeptide transport system
(oppBCDF) and the gene encoding a di/tripeptide transporter
(dtpT), showed moderate expression, originating from L. plan-
tarum in all sourdough fermentations, from Lc. lactis in the two
wheat fermentations, and from L. sakei in the two spelt fer-
mentations. The subunits for the oligopeptide ABC trans-
porter (optABCDF) were only expressed by Lc. lactis in the two
wheat fermentations.

Net expression profiles of genes encoding intracellular deg-
radation of peptides, such as those coding for nonspecific
aminopeptidases, dipeptidases, tripeptidases, X-prolyl-dipepti-
dyl aminopeptidases, and several endopeptidases, showed ex-
pression by L. plantarum in all sourdough fermentations and by
Lc. lactis in the two wheat fermentations. No expression was
found for the cell wall-associated serine proteinase, the only
proteinase represented on the microarray.

Net expression profiles of the gene coding for the enzyme
aromatic aminotransferase, which catalyzes the transamination
step in the conversion of the aromatic amino acids tyrosine,
phenylalanine, and tryptophan to their corresponding a-keto
acids, showed moderate expression by L. plantarum in all sour-
dough fermentations and by Lc. lactis in the two wheat fer-
mentations. Genes encoding enzymes in the aromatic amino
acid biosynthesis pathway were moderately expressed by L.
plantarum in some sourdough fermentations, such as the genes
coding for 3-dehydroquinate dehydratase, shikimate 5-dehy-
drogenase, shikimate kinase, and chorismate synthase.

Several genes encoding enzymes involved in different gluta-
mate-related pathways were expressed during the sourdough
fermentations. Expression of a glutamate dehydrogenase gene
was found solely for L. plantarum in all fermentations. The
gene coding for the branched-chain aminotransferase, which
catalyzes the first step in the conversion of the branched-chain
amino acids valine, leucine, and iso-leucine into their corre-
sponding a-keto acids, was expressed by L. plantarum in all
fermentations and additionally by Lc. lactis in fermentation
D13W (Fig. 4). A simultaneous increase in the production of
several amino acid metabolites was observed together with the
expression of the glutamate dehydrogenase gene and the
branched-chain aminotransferase gene, which was reflected in
the concentrations of 2-methyl-propanol, 2-methyl-butanol,
and 3-methyl-butanol (Fig. 4). The gene coding for aspartate
aminotransferase, involved in the metabolism of aspartate, was
expressed by L. plantarum in all fermentations and by P. pen-
tosaceus in fermentations D12W, D12S, and D13S.

Arginine deiminase pathway. All four genes involved in the
ADI pathway were represented on the microarray. The gene
coding for the arginine/ornithine antiporter was only expressed
by Lc. lactis in fermentation D13W during days 2 and 3 of the
back-slopping process. The gene expression at other days and
in other sourdough fermentations was below the expression
level threshold. The net expression of the gene coding for
arginine deiminase was linked with high expression by Lc. lactis
during the first days of back-slopping during fermentations
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D12W and D13W and from Enterococcus faecium in the first
days of back-slopping during fermentation D12S. Its net ex-
pression in fermentation D13S did not reach the threshold.
The gene coding for ornithine carbamoyltransferase showed a
moderate net expression over the whole back-slopping period
in fermentations D12W, D13W, and D12S. In fermentation
D13S, the net expression was above the expression level
threshold during the last 3 days. The gene coding for carbam-
ate kinase showed moderate to high expression by Lc. lactis
only during the first days of back-slopping in fermentations
D12W and D13W, although an additional weak expression by
P. pentosaceus in fermentation D12ZW was noticed. Further,
weak expression of this gene by E. faecium during the first day
of back-slopping during fermentation D12S was observed. In
fermentation D13S, no expression of this gene could be de-
tected.

Decarboxylation of amino acids. The gene gadB, coding for
the enzyme glutamate decarboxylase, was moderately ex-
pressed by L. plantarum only in fermentations D12W and
D13S during the last days of back-slopping. A higher net ex-
pression was observed in fermentation D12S from day 3 on and
also by L. plantarum, as well as in fermentation D13W, where
the gene was moderately expressed by Lc. lactis during the first
3 days of back-slopping and by L. plantarum from day 5 on.
The gene tyrDC, coding for the enzyme tyrosine decarboxylase,
showed high net expression during the first 2 to 3 days of
back-slopping in fermentations D12W, D13W, and D12S. The
oligonucleotide related to this gene was designed based on a
sequence from Enterococcus faecalis and could, according to
information gathered during oligonucleotide design, cross-hy-
bridize with Lc. lactis. No expression was observed in fermen-
tation D13S. No other decarboxylase gene was expressed in
any of the sourdough fermentations.

DISCUSSION

Functional gene expression is usually studied by applying
real-time PCR for specific genes and/or (meta)transcriptome
analysis with whole-genome microarrays representing all pro-
tein-coding genes of a particular genome (3, 29). Real-time
PCR is, however, limited to investigations in which the se-
quences of the genes of interest are known, since mismatching
primers result in nonefficient PCR assays and hence hamper
proper data interpretation. Consequently, real-time PCR is not
the best-suited approach in metatranscriptome analyses. Until
now, the use of functional gene microarrays has been restricted
to the analysis of environmental samples, such as soil (27),
feces (34), and sludge (26). Fermented food ecosystems are in
general of moderate complexity, compared to soil or the hu-
man colon, and their microbial species diversity and commu-
nity dynamics are often well understood (16, 30, 80), allowing
functional gene microarray analysis of these food ecosystems
beyond the species level.

In this study, a LAB functional gene microarray was used to
monitor global gene expression of sourdough fermentation
processes with daily back-slopping. The microarray was de-
signed to assess global gene expression of 406 target genes in a
species-independent way, thereby focusing on gene function
rather than on the species present (74). As this is a new focus
for the use of microarrays and the analysis of hybridization
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data, a successful method was set up to calculate a measure for
the net expression of genes, i.e., the global level of expression
per gene function during fermentation, regardless of the spe-
cies present. These net expression profiles were used to further
understand spontaneous wheat and spelt sourdough fermenta-
tions.

A highly efficient use of the available nutrients is a prereq-
uisite for LAB to dominate a certain ecosystem. Wheat and
spelt flours are rich in carbohydrates, peptides and amino
acids, minerals, vitamins, and other growth factors. Carbohy-
drates are the main energy source for LAB, and both the
glycolytic pathway and the phosphoketolase pathway were ac-
tive during the sourdough fermentations performed, indicating
the breakdown of both hexoses and pentoses in these LAB
species (8). Further, it has been shown that the phosphoketo-
lase bypass is activated in L. plantarum in response to lactic
acid stress (51). Wheat and spelt flours contain starch-derived
maltose, sucrose, and fructose as freely available carbohy-
drates. Starch is the main carbohydrate source in wheat flour
and is degraded by endogenous amylases. The ability to hydro-
lyze starch, either by cereal enzymes or by enzymes secreted by
microorganisms, is known to be an important prerequisite in
sourdough ecosystems. The a-amylase-encoding gene was only
moderately expressed by Lc. lactis in the beginning of the two
wheat fermentations, although amylolytic strains of Lc. lactis,
L. plantarum, and L. fermentum have been found before in
cereal fermentations (13, 18). Furthermore, the sourdough
microbiota apparently exhibited the capacity to degrade other
carbohydrates relevant for sourdough, such as sucrose and
fructose, indicating that a high degree of flexibility toward the
available carbohydrates is necessary for successful competition
(76). If excessive glucose is present, expression of genes en-
coding enzymes involved in the metabolism of other carbohy-
drates is often repressed through carbon catabolite repression,
which is mediated via the catabolite control protein CcpA (41,
45, 48, 61). The apparent high expression of the gene coding
for the CcpA protein by L. plantarum in all four sourdough
fermentations studied could indicate repression of genes cod-
ing for such enzymes involved in the metabolism of carbohy-
drates other than glucose.

Although typical members of sourdough environments are
characterized by their ability to use maltose as carbohydrate
source, the gene coding for maltose phosphorylase was only
moderately expressed by L. plantarum, indicating that the us-
age of maltose as carbohydrate source by L. plantarum was not
preferential, which corresponded with the high expression of
the gene coding for CcpA. As no L. fermentum-related oligo-
nucleotides for the maltose phosphorylase gene were available
on the microarray, due to a lack of sequence information at the
time of oligonucleotide design and microarray production,
gene expression linked to L. fermentum cannot be reported.
However, because L. fermentum is known to be an important
member of the sourdough ecosystem and is able to use maltose
as energy source (64), it is likely that L. fermentum plays an
important role in maltose consumption (69).

Differences between wheat and spelt sourdoughs in gene
expression levels involved in carbohydrate metabolism could
be mainly ascribed to gene expression linked with Lc. lactis,
which was almost exclusively observed in the wheat sour-
doughs. This is exemplified by the expression of a transketolase
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gene by Lc. lactis. This enzyme could be involved in a less
common pathway for xylose fermentation in Lc. lactis, yielding
relatively more lactate (59) and indicating heterofermentation
by this generally accepted homofermentative LAB species (6),
or in a Bifidobacterium-like phosphoketolase bypass leading to
acetate production, as has been demonstrated in L. plantarum
(51). This bypass also requires the action of transaldolase,
which did not show expression levels above background, pos-
sibly indicating that only pentoses were routed through the
phosphoketolase pathway in L. plantarum. Additionally, a
moderate B-galactosidase gene expression level (in L. planta-
rum, Lc. lactis, and P. pentosaceus), as observed in the present
study, implies possible degradation of the raffinose or stachy-
ose present in wheat flour (56). The expression of genes in-
volved in xylose utilization indicates breakdown of components
from plant heteropolysaccharides, such as arabinoxylans, that
undergo degradation by cereal enzymes (22). The use of these
carbohydrates may therefore give a competitive advantage to
the corresponding bacteria, explaining why they can become
dominant during a back-slopped sourdough fermentation pro-
cess.

Efficient nitrogen metabolism is another prerequisite for
dominating sourdough LAB species. In general, peptides
present in a food matrix (e.g., milk) are taken up by LAB and
are degraded intracellularly (38). The resulting amino acids
may be used for biosynthesis or other metabolic activities (12,
17, 65). In the case of sourdough LAB, in particular, it has
been shown that accumulated amino acids that are not further
metabolized, such as phenylalanine, are transported out of the
cell (66). In the present study, no expression of the only pro-
teinase represented on the microarray was found, namely, of
the cell wall-associated serine proteinase gene. This confirmed
that proteinase activity might not be of utmost importance for
the microbiota present, as a sufficient amount of peptides is
already generated by the action of flour proteinases (65, 76).
However, the LAB functional gene microarray did not contain
oligonucleotides targeting this gene in L. plantarum or L. fer-
mentum, and so no clear conclusion can be drawn regarding
the importance of extracellular proteolytic activity for compet-
itiveness, although strains of these species elaborating protein-
ase activities have been isolated from sourdough (14, 21). The
expression of many peptidase-encoding genes, observed during
the sourdough fermentations carried out, underline the impor-
tance of adaptiveness and flexibility for successful competition
of LAB in a sourdough ecosystem.

The importance of the ADI pathway with respect to acid
stress and energy generation (9, 15, 40) was not clear. Indeed,
the LAB functional gene microarray analysis revealed that only
some genes of this pathway were expressed during the first days
of back-slopping by different species and their expression de-
creased later on. This might be peculiar, because stress resis-
tance is of high importance in order to dominate a fermented
food ecosystem. However, it has been shown that a sourdough-
related strain of L. fermentum efficiently converts arginine
through the ADI pathway from the late exponential phase on
(70, 71). Unfortunately, no L. fermentum-related oligonucleo-
tides for the ADI pathway genes were available on the mi-
croarray, which may explain the lack of ADI expression. Also,
the sampling point, i.e., 3 h after back-slopping, might have
been too early to observe gene expression for the genes in-
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volved in the ADI pathway, as the conversion of arginine into
citrulline and ornithine typically starts in the second half of the
exponential growth phase. Therefore, it has been suggested
that a critical cell density, dependent on the environmental pH,
must be reached before the start of arginine consumption.
Indeed, although the ADI genes are not regulated by environ-
mental pH, it has been observed that the consumption of
arginine starts at a lower cell density, thus earlier in the expo-
nential growth phase, when the environmental pH is lower
(70).

Amino acid conversions often use NADH plus H" or NAD™*
as cofactors for their redox reactions, whatever is needed,
contributing to competitiveness (1). This was exemplified by
the expression of the genes coding for enzymes of the shiki-
mate pathway. Although this pathway is referred to as the
aromatic amino acid biosynthetic pathway, it might also play a
role in redox balancing (28, 78), allowing the production of
hydroxyl acids or alcohols. In addition, many flavor compounds
originate from amino acid conversions. They are initiated by
the generation of the corresponding a-keto acids through
transamination with a-ketoglutarate as the most important
amino acceptor. The amount of a-ketoglutarate is known to be
the limiting factor in flavor formation (57, 81). There are three
known ways for generating a-ketoglutarate: (i) from glutamate
through the action of an NAD*-dependent glutamate dehy-
drogenase; (ii) from citrate through the action of citrate lyase
and aspartate aminotransferase; and (iii) from either pyruvate
or citrate through the oxidative part of the citric acid cycle.
This last possibility is often not active in LAB (60). In the
present study, a gene coding for glutamate dehydrogenase was
highly expressed. However, as the glutamate dehydrogenase
enzymes can be divided into two classes, i.e., NAD"-depen-
dent and NADP™"-dependent glutamate dehydrogenases (23),
it remains unclear to which class the expressed gene belongs,
especially because the behavior is strain dependent. Further,
no decisive answer could be given concerning the involvement
of the oxidative branch of the citric acid cycle, relying on the
enzymes pyruvate carboxylase, citrate synthase, aconitase, and
isocitrate dehydrogenase (73). Of these enzymes, only the
pyruvate carboxylase gene was represented on the microarray,
and it was highly expressed. Also, the genes coding for citrate
lyase and aspartate aminotransferase were highly expressed,
but no expression was observed for the citrate permease gene,
and so the route starting from citrate to replenishing the pool
of a-ketoglutarate remains questionable. However, as it has
been shown that glutamate, which is the most abundant amino
acid in wheat proteins, can be obtained by intracellular con-
version of glutamine by glutaminase by cereal-associated LAB,
glutamate could still be the source of a-ketoglutarate in this
sourdough environment, indicating a route to an improved
flavor profile (67). Furthermore, the fact that the expression of
pyruvate-formate lyase was only above background during the
first days of back-slopping, as a result of expression by Lc. lactis
and L. sakei, indicates that homolactic fermentation was the
main energy-generating pathway in L. plantarum and that
mixed-acid fermentation was not elicited under the nonethe-
less-stressful conditions of the sourdough ecosystem.

To conclude, the LAB functional gene microarray was suc-
cessfully used to follow global gene expression of two wheat
and two spelt sourdough fermentations that were daily sam-
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pled during a 10-day sourdough fermentation process with
daily back-slopping. The LAB species present in the sour-
doughs employed many different mechanisms for efficient use
of the available nutrients, such as the use of carbohydrates
other than glucose (e.g., starch and maltose) and the conver-
sion of amino acids (contributing to the redox equilibrium and
generating flavor compounds). Also, the data indicated that
this LAB functional gene microarray is a dynamic tool, and it
will need regular updates of the cross-hybridization annotation
of the current oligonucleotides as well as the design of addi-
tional oligonucleotides with respect to new LAB genome in-
formation as it becomes available in the public domain.
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