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During the last few years, genome-related information has become available for many microorganisms,
including important food-related bacteria. Lactic acid bacteria (LAB) are important industrially in the
production of fermented foods such as dairy products, sausages, sourdoughs, and vegetables. Despite their
limited metabolic capacity, LAB contribute considerably to important characteristics of fermented foods, such
as flavor and texture. In the present study, a species-independent functional gene microarray was developed
that targets 406 genes that play key roles in the production of sugar catabolites, bacteriocins, exopolysaccha-
rides, and aromas, in probiotic and biosafety characteristics, and in the stress response. Also, genes linked to
negative traits, such as antibiotic resistance and virulence, are represented. As LAB ecosystems contain a
variety of species, there was a more global focus on these specific functional properties. Thus, an algorithm was
used to design gene-specific oligonucleotides that preferably hybridize with multiple LAB species, thereby
allowing controlled cross-hybridization. For proof of concept, the microarray composed of 2,269 30-mer
oligonucleotides focused on LAB species that are prevalent in sourdough ecosystems. Validation hybridizations
using DNA and RNA from 18 LAB strains, covering 86% of all the oligonucleotides, showed that there were wide
ranges in intensity and high reproducibility between microarrays.

The fast technological evolution of the last two decades in
molecular biosciences, particularly in genome and transcrip-
tome research, has resulted in increased use of molecular tech-
niques in many research areas, including food microbiology
and food biotechnology (24, 26). Thanks to this shift from
conventional microbiology to molecular microbiology, ge-
nome-related information has become available for many mi-
croorganisms, including important food-related bacteria such
as the lactic acid bacteria (LAB). LAB have great industrial
importance in the production of fermented foods, such as dairy
products, fermented sausages, and sourdoughs (29, 57). Also,
in small-scale artisan fermented food products, natural LAB
strains with interesting properties dominate the fermentation
process (7, 15, 43, 46, 60). Despite their limited metabolic
capacity, LAB contribute considerably to the microbial safety
and organoleptic properties of fermented foods. They produce
organic acids (mainly lactic acid) and bacteriocins (small anti-
bacterial peptides) that contribute to the extended shelf-lives
of fermented raw materials (29). Their production of exopo-
lysaccharides influences the texture and/or mouthfeel of dairy
products and sourdoughs (11, 13). Their ability to convert
pyruvate and amino acids during various food fermentation
processes results in flavor components and hence determines
the sensory profiles of a variety of fermented food products

(31). Besides these desired traits, LAB may have negative
traits, such as the ability to produce toxic biogenic amines,
possession of transmittable antibiotic resistance genes, and the
potential for expression of putative virulence factors (29).

During the last few years, the full genome sequences of 25
LAB have been released into the public domain (6, 23, 35, 38,
40). This genomic information has provided better insight into
the physiology and total metabolic capacity of LAB, particu-
larly how specific LAB strains contribute to desired traits dur-
ing food fermentations (31, 40). Furthermore, the genomic
information has been used to develop several species-specific
microarrays that allow workers to monitor the expression of all
genes of a single LAB species and to examine interesting
metabolic functions during monoculture experiments (2–4, 20,
26, 39, 41, 49). However, it is still a challenge to monitor gene
expression in complex ecosystems, such as fermented foods.
With a so-called functional gene microarray (63, 64), a mi-
croarray encompassing functional genes of different microbial
strains belonging to different species, the expression of specific
genes can be followed under certain environmental conditions,
hence exceeding the strain level. Until now, only a few mi-
croarrays, all in the field of environmental research, were de-
veloped to monitor gene expression in complex ecosystems (for
instance, soil) (18, 44, 58). One of these microarrays, GeoChip,
encompassing functional genes of different soil microorgan-
isms that play an important role in biogeochemical processes,
is actually the first large-scale, comprehensive functional gene
microarray that was described and utilized (18).

The present study was aimed at designing and validating a
species-independent LAB functional gene microarray that al-
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lows examination of expression of functional genes in complex
food ecosystems. The microarray developed was set up in such
a way that the oligonucleotides in it allowed assessment of the
expression of functional genes in an ecosystem which are in-
volved in important enzymatic steps for desired traits as well as
unwanted traits, regardless of the specific LAB contributing to
the gene expression. For proof of concept, the sourdough eco-
system was used. Validation of this functional gene LAB mi-
croarray was performed using DNA and RNA from species
represented on the microarray.

MATERIALS AND METHODS

Microarray production. An oligonucleotide-based microarray covering 406
well-chosen genes that represent important pathways and phenotypic traits of
fermented-food-related bacteria (47 LAB species and 4 non-LAB species) was
constructed. All oligonucleotides were purchased from Isogen Life Science BV
(Ijsselstein, The Netherlands). They were diluted to obtain a concentration of 25
�M in 125 mM sodium phosphate buffer containing 4.26 �M N-lauroylsarcosine
(Sigma-Aldrich, St. Louis, MO). A MicroGrid II spotter (Genomic Solutions,
Huntingdon, United Kingdom) was used to spot the oligonucleotides using 10-K
pins on CodeLink activated slides (GE Healthcare, Bucks, United Kingdom).
After spotting, the CodeLink activated slides were placed in a humid chamber
containing saturated NaCl for at least 24 h. Unused active groups were blocked
with a preheated blocking solution (50 mM ethanolamine, 0.1 M Tris; pH 9.0) at
50°C for 30 min. The slides were rinsed twice with ultrapure water and washed
with preheated 4� sodium chloride-sodium citrate (SSC) (1� SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) containing 0.1% sodium dodecyl sulfate
(SDS) in a shaking water bath at 50°C for 30 min. The slides were rinsed with
ultrapure water and dried by centrifugation at 115 � g for 3 min.

Bacterial strains and growth conditions. The bacterial strains used for vali-
dation of the microarray are listed in Table 1. All strains were stored at �80°C
and grown twice overnight in MRS-5 medium (de Man-Rogosa-Sharpe medium
supplemented with a vitamin solution [34]) before use in experiments.

DNA and RNA extraction. DNA extraction from the bacterial strains was
performed as described previously (17). For RNA extraction, 10 ml of an over-
night culture was collected in 40 ml RNAprotect (Qiagen, Hilden, Germany) that
was diluted 2:1 with 1� phosphate-buffered saline (Invitrogen, Carlsbad, CA),
mixed, and kept at room temperature for a minimum of 5 min. Subsequently, the
sample was centrifuged at 5,000 � g for 15 min, and the supernatant was
discarded. Each pellet was resuspended in 200 �l TE buffer (30 mM Tris-HCl, 1
mM EDTA; pH 8.0) containing 1.3 U �l�1 mutanolysin (Sigma-Aldrich) and 50
�g �l�1 lysozyme (Sigma-Aldrich). This mixture was incubated in a shaking
water bath at 37°C for 1 h for enzymatic lysis of the cells. From this point on, an
RNeasy mini kit (Qiagen) was used. Briefly, 700 �l of RLT buffer, provided with

the kit, plus �-mercaptoethanol (10 �l ml�1) was added to the lysate, and the
solution was mixed and transferred to a 2-ml tube containing approximately 50
mg acid-washed beads (Sigma-Aldrich). Vortexing for 5 min resulted in addi-
tional mechanical disruption of the cells. The tube was microcentrifuged at
13,000 rpm for 10 s, and 850 �l of the supernatant was added to 590 �l of 80%
(vol/vol) ethanol. The manufacturer’s standard instructions were followed from
this point on. RNA quality was checked by determining the A260/A280 and
A260/A230 ratios using a NanoDrop ND-1000 spectrophotometer (NanoDrop,
Wilmington, DE) and by capillary electrophoresis using an Agilent 2100 bioana-
lyzer (Agilent Technologies, Palo Alto, CA).

Labeling and hybridization. DNA samples from bacterial strains used for
validation hybridization were labeled using an adapted protocol based on the
BioPrime DNA labeling system (Invitrogen). Twenty microliters of a 2.5� mix-
ture of a random primer and reaction buffer, which was provided with the kit, was
added to 2 �g of DNA in a 21-�l mixture. The mixture was incubated at 90°C for
5 min and then immediately put on ice. Five microliters of a deoxynucleoside
triphosphate mixture (1.2 mM dATP, 1.2 mM dGTP, 1.2 mM dTTP, and 0.6 mM
dCTP; GE Healthcare), 3 �l of 1 mM Cy3-labeled dCTP (GE Healthcare), and
1 �l of Klenow fragments were added. The mixture was incubated in a thermal
cycler at 37°C for 16 h. The reaction was stopped by adding 5 �l of stop buffer,
which was part of the BioPrime DNA labeling system. The amplification product
was purified using a MinElute PCR purification kit (Qiagen), and the concen-
tration was measured using the NanoDrop spectrophotometer.

RNA from bacterial strains was linearly amplified using a Genisphere Sens-
Amp kit (Genisphere, Hatfield, PA) with 200 ng of total RNA. The protocol
described in the manufacturer’s instructions was followed. The amplified RNA
(aRNA) was purified using an RNeasy mini kit (Qiagen), and the purified aRNA
was labeled with the Cy3 and Cy5 dyes in a reverse transcription reaction (42).

Hybridization mixtures were prepared using 40 pmol of labeled DNA or 50
pmol of labeled aRNA in 210 �l hybridization buffer (GE Healthcare) contain-
ing 50% (vol/vol) formamide (Sigma-Aldrich). The hybridization mixtures were
denatured by heating them at 96°C for 3 min, put on ice for at least 5 min, held
at 32°C for 5 min, and subsequently microcentrifuged at 12,000 rpm for 5 min. All
samples were hybridized with an HS 4800 Pro hybridization station (Tecan
Systems Inc., San Jose, CA) at 32°C for 16 h. Automated posthybridization
washing was performed with 1� SSC, 0.2% SDS at 32°C, 27°C, and 23°C for 20 s,
20 s, and 30 s, respectively. This was followed by washing with 0.1� SSC, 0.2%
SDS at 23°C for 1 min and with 0.1� SSC at 23°C for 30 s. Slides were dried using
nitrogen gas at 30°C for 2 min and scanned using an Agilent scanner (Agilent
Technologies) at 10 �m. Images were analyzed using ArrayVision v7 (GE
Healthcare).

Experimental design and data analysis. For validation hybridizations based on
selected bacterial strains, DNA samples were hybridized twice using the same
dye (Cy3), and aRNA samples were hybridized once with each dye (Cy3 and
Cy5), using a loop design.

As each oligonucleotide was spotted four times on the array and each sample
was hybridized twice (technical repeat), each oligonucleotide was measured eight

TABLE 1. Strains used in the validation hybridizations

Strain Origin Reference

Lactobacillus plantarum D06SS01T01-H18 Belgian artisan bakery spelt sourdough 47
L. plantarum LMG 9211 Human saliva 25
L. plantarum 80 Ghanaian cocoa bean heap fermentation 7
L. plantarum ACA-DC 287 Greek Xynotyri cheese 14
Lactobacillus fermentum LMG 8154 Unknown 36
L. fermentum 222 Ghanaian cocoa bean heap fermentation 7
L. fermentum IMDO 130101 Rye laboratory sourdough fermentation 54
Lactobacillus johnsonii La1 LC1 yoghurt (Nestlé, Switzerland) 33
Lactobacillus acidophilus IBB 801 Romanian dairy product 59
Lactobacillus delbrueckii subsp. bulgaricus LMG 6901T Bulgarian yoghurt 53
Lactobacillus sakei subsp. sakei CTC 494 Spanish naturally fermented sausage 28
Lactobacillus curvatus D06SS01T01-H12 Belgian artisan bakery spelt sourdough 47
Lactobacillus sanfranciscensis LMG 16002T San Francisco sourdough 10
Lactococcus lactis subsp. lactis LDV 22186 Dutch dairy starter 12
L. lactis subsp. cremoris MG 1363 Plasmid-free NCDO 712 derivative (United Dairies,

United Kingdom)
16

Enterococcus faecium RZS C5 Belgian cheese 27
Enterococcus faecalis LMG 8222 Urine 37
Leuconostoc mesenteroides subsp. mesenteroides LMG 6893 Olive fermentation 32

VOL. 75, 2009 FUNCTIONAL GENE LAB MICROARRAY 6489



times. The intensity of a spot was considered to be above the background level
if the signal or foreground intensity (Fg) was greater than the background
intensity (Bg) plus three times the standard deviation of the foreground intensity
and background intensity, computed as the square root of the average of their
variances [var(Fg) and var(Bg), respectively], as determined by the following
equation:

Fg � Bg � 3��var�Fg� � var�Bg�

2 �
An oligonucleotide was considered present if the intensities for at least six of
eight spots on the microarray were above the background level.

Microarray data accession numbers. The microarray data have been depos-
ited in the NCBI Gene Expression Omnibus (GEO) database (http://www.ncbi
.nlm.nih.gov/geo/) under accession numbers GPL5459 (microarray including de-
tailed annotation), GSE9082 (DNA validation data), and GSE9140 (RNA
validation data).

RESULTS

Microarray design. A species-independent functional gene
microarray that can be extended and upgraded on a regular
basis was developed for food-related LAB, with a focus on
sourdough LAB. Therefore, 406 genes encoding proteins and
enzymes involved in desired and unwanted phenotypic traits of
LAB used in the production of fermented foods were selected
(Table 2).

As it was the purpose of the study to design a microarray
containing oligonucleotides for conserved regions that could
hybridize with several closely related LAB species and/or
strains, a comparative analysis using BLAST (1) was per-
formed for all coding sequences of 71 LAB strains that were
retrieved from the GenBank database at the moment of oli-
gonucleotide design, based on a search by the taxonomy iden-
tifier in the protein section (5; http://www.ncbi.nlm.nih.gov
/GenBank/). These sequences, together with their annotations,
were stored in an in-house relational database. The resulting
BLAST hits were likewise stored in the database, referring to
the BLAST query sequence, and selected for alignment length
(�30 bp) and overall identity (�85%). To overcome inconsis-
tencies in oligonucleotide annotation that might result from
the sometimes incorrect and/or incomplete annotation of the
coding sequences in public databases, the BRENDA (48; http:

//www.brenda-enzymes.info) and KEGGS (http://www.genome
.ad.jp) databases were used as references for manual curation of
the EC number and gene name information for the sequences of
interest prior to oligonucleotide design.

An oligonucleotide design algorithm that used the results of
the comparative sequence analysis was developed and was
applied to the 406 key genes. For each gene, all related se-
quences were selected from the database, together with the
corresponding BLAST hits obtained in the comparative se-
quence analysis mentioned above. For each of the gene-related
sequences, homology clusters were designated based on the
BLAST hits. For each cluster, a consensus sequence was ob-
tained using ClustalW (8), allowing incorporation of nucleo-
tide ambiguity codes. Depending on the length of the consen-
sus sequence, 30-mer oligonucleotides were designed using
Primer3 (45) by applying a 60-base sliding window in the orig-
inal query sequence (i.e., a 60-base window in which an oligo-
nucleotide was designed and which was moved 40 bases over
the consensus sequence to design additional oligonucleotides).
The 30-mer oligonucleotides obtained were ranked according
to the number of species that could be hybridized and the
number of possible mismatches. Altogether, a maximum of
three possible mismatch positions were allowed, as long as a
stretch of at least 15 bp was present (22). Query sequences for
which no hits and/or oligonucleotides were found in the com-
parative sequence analysis were subjected to unique oligonu-
cleotide design using OligoWiz (version 2.0.1) (56), which en-
sured that all gene-related sequences were represented by an
oligonucleotide. The oligonucleotide design algorithm and ad-
jacent scripts were written in Perl, making use of the Bioperl
toolkit (51).

Applying the oligonucleotide design algorithm to the col-
lected coding sequences resulted in 4,851 oligonucleotides. A
subset of 2,269 oligonucleotides was selected for synthesis and
hence production of the microarray based on the LAB micro-
biota prevailing during sourdough fermentations. This subset
represented 406 key genes in a total of 46 LAB and 4 non-LAB
species (Tables 2 and 3). Based on sequence annotation and
oligonucleotide design information, 351 oligonucleotides could
cross-hybridize with different LAB species and 649 oligonucle-
otides could cross-hybridize with different strains of the same
species. The remaining 1,269 oligonucleotides were the result
of unique oligonucleotide design, reflecting the rather low
number of hits in comparative sequence analysis.

Validation hybridizations. To validate hybridization repro-
ducibility and oligonucleotide specificity, DNA and aRNA
from 18 strains of 12 LAB species represented on the microar-
ray were hybridized (Table 4). For each strain, hybridization
reproducibility was monitored by plotting spot intensities for
the duplicate hybridizations with DNA for all spots (Fig. 1). To
determine the specificity of the microarray, hybridization in-
tensities were analyzed for each of the 12 species to identify the
oligonucleotides whose intensities were above the background
level, and the results were compared with the annotations of
the oligonucleotides (Table 4).

The validation hybridizations using DNA and aRNA from
18 strains of 12 LAB species, representing 86.0% of all oligo-
nucleotides (1,951 of 2,269 oligonucleotides), showed wide
ranges of intensity and high reproducibility for technical rep-
licates. Altogether, the intensities of 79.0% (1,541 of 1,951) of

TABLE 2. Distribution of the key genes and corresponding
oligonucleotides based on metabolic features

Class No. of
genes

No. of
oligonucleotides

Carbohydrate and pyruvate metabolism 95 715
Stress response 57 534
Amino acid metabolism 59 282
Proteolysis 41 221
Exopolysaccharide production 44 215
Glycosyltransferases 49 64
Lipoproteins 4 52
Antibiotic resistance 17 41
Virulence factors 8 32
Household genes 4 30
Phosphotransferase systems 5 27
Biogenic amines 7 24
Bacteriocin production 7 11
Others 9 21

Total 406 2,269
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all species-specific oligonucleotides for the 12 LAB species
tested were above the background level when DNA was hy-
bridized. For the LAB species for which more than one strain
was hybridized, data for the strain with the lowest number of
oligonucleotides whose intensities were above the background
level were used. Of the 1,541 oligonucleotides whose intensi-

ties were above the background level, 1,406 (91.2%) produced
spots whose intensities were above the background level for
RNA as well, corresponding to a total of 72.1% of all oligo-
nucleotides whose intensities were above the background level
when aRNA was hybridized (Table 4). Of the 351 cross-hy-
bridizing oligonucleotides on the microarray, 230 were covered
in the validation hybridizations, resulting in 357 expected
cross-hybridization occasions, as some oligonucleotides could
cross-hybridize with several species tested. When DNA was
hybridized, the intensities of 65.5% (234 of 357) of the oligo-
nucleotides were above the background level, and the intensi-
ties of 85.5% of these oligonucleotides were also above the
background level when they were hybridized with aRNA (Ta-
ble 4). The percentage of unrelated oligonucleotides whose
intensities were above the background level for DNA ranged
from 5.9% (100 of 1,688 oligonucleotides for Lactococcus lactis
subsp. cremoris MG 1363) to 14.8% (283 of 1,917 oligonucle-
otides for Lactobacillus plantarum D06SS01T01-H18). The
percentage of unrelated oligonucleotides whose intensities
were above the background level for both the DNA and aRNA
hybridizations ranged from 0.1% to 6.0%.

As L. plantarum is an important species in food fermenta-
tions, the hybridization data obtained for the four strains of
this species were used to look for strain-dependent hybridiza-
tion behavior. Almost all of the 302 oligonucleotides for L.
plantarum were designed based on sequences from L. planta-
rum WCFS1, whose genome sequence was available (25). L.
plantarum strain LMG 9211 was in fact the same as the se-
quenced strain, although it came from a different culture col-
lection. The percentage of oligonucleotides whose intensities
were above the background level for this strain was 94.7%,
which was much higher than the values obtained for the three
other L. plantarum strains (84.8 to 87.4%) (Table 4). For all L.
plantarum-specific oligonucleotides whose intensities were
above the background level, the intensities of 94.9 to 98.8% of
them were above the background level when they were hybrid-
ized with aRNA (Table 4).

During oligonucleotide design, a limited number of mis-
matches were tolerated in the search for cross-hybridizing oli-
gonucleotides, as reflected by 357 cross-hybridizing occasions.
For the species for which several strains were hybridized, an
oligonucleotide was considered to have an intensity above the
background level if the intensity for at least one of the strains
was above the background level, in contrast to the rule men-
tioned above for the classification of oligonucleotides that were
present or absent. Forty-two percent (39 of 93 oligonucleo-
tides) of the perfectly matching cross-hybridizing oligonucleo-
tides displayed a signal whose intensity was above the back-
ground level when they were hybridized with DNA, and the
intensities of 87.2% of these oligonucleotides were also above
the background level when the oligonucleotides were hybrid-
ized with aRNA. A higher percentage was obtained for oligo-
nucleotides that had one mismatch when they were cross-
hybridized; the intensities of the signals of 81.4% (57 of 70
oligonucleotides) were above the background level when DNA
was hybridized, and the intensities of the signals of 96.5% of
these were above the background level when aRNA was hy-
bridized. For the oligonucleotides that had two mismatches
when they were cross-hybridized, the intensities of the signals
of 78.4% (76 of 97 oligonucleotides) were above the back-

TABLE 3. Number of oligonucleotides for each of the 46 represented
LAB species, based on species annotation for the BLAST query

sequences during oligonucleotide design, and number of
target genes representeda

Species No. of
oligonucleotides

No. of target
genes

Lactococcus lactisb 551 270
Lactobacillus plantarumb 302 220
Lactobacillus acidophilusb 207 147
Enterococcus faecalisb 206 152
Lactobacillus sakeib 187 145
Leuconostoc mesenteroides 120 79
Lactobacillus delbrueckii 117 75
Enterococcus faecium 113 76
Lactobacillus johnsoniib 96 79
Pediococcus pentosaceus 72 49
Lactobacillus helveticus 33 29
Lactobacillus casei 31 24
Lactobacillus reuteri 31 22
Lactobacillus sanfranciscensis 28 26
Lactobacillus brevis 17 13
Lactobacillus crispatus 14 9
Lactobacillus fermentum 14 13
Enterococcus hirae 11 11
Lactobacillus hilgardii 11 11
Lactobacillus curvatus 10 8
Enterococcus casseliflavus 8 7
Enterococcus mundtii 7 7
Lactobacillus buchneri 7 4
Lactobacillus pentosus 7 5
Lactobacillus amylovorus 6 4
Pediococcus acidilactici 6 3
Lactobacillus gasseri 5 5
Streptococcus thermophilusb 5 5
Oenococcus oeni 5 4
Lactobacillus paracasei 4 4
Lactobacillus rhamnosus 4 4
Lactobacillus suntoryeus 4 2
Lactobacillus paraplantarum 3 3
Leuconostoc pseudomesenteroides 3 3
Weissella confusa 3 3
Lactobacillus alimentarius 2 2
Lactobacillus farciminis 2 2
Lactobacillus fructivorans 2 2
Lactobacillus parabuchneri 2 2
Leuconostoc citreum 2 2
Staphylococcus aureus 2 2
Bifidobacterium sp. strain ISO3519

(accession no. AAL30847)
1 1

Brevibacterium linens 1 1
Lactobacillus frumenti 1 1
Lactobacillus kimchii 1 1
Lactobacillus mindensis 1 1
Lactobacillus panis 1 1
Lactobacillus pontis 1 1
Lactobacillus rossiae 1 1
Staphylococcus lentus 1 1

a The oligonucleotides designed using sequences from four non-LAB species
(Staphylococcus aureus, Bifidobacterium sp. strain ISO3519, Brevibacterium lin-
ens, and Staphylococcus lentus) represent genes involved in antibiotic resistance.

b One or more genome sequences of this species were available when the
oligonucleotides were designed.
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ground level when DNA was hybridized, and 89.5% of these
oligonucleotides were positive after hybridizations with aRNA.
Of the 97 oligonucleotides that had three mismatches when
they were cross-hybridized, 62 gave a positive signal. Of these
62 oligonucleotides, 75.8% (47 of 62 oligonucleotides) were
positive when aRNA was hybridized.

DISCUSSION

In the present study, a species-independent functional gene
LAB microarray was developed to study gene expression of
LAB in fermented food ecosystems. This microarray covers
406 well-chosen genes that represent important pathways and
phenotypic traits of food-related LAB. Genes involved in car-
bohydrate uptake and production of intermediates and end
metabolites of sugar breakdown are represented, as are genes
involved in the proteolysis and conversion of amino acids to
favorable flavor components, in the production of exopolysac-
charides that influence fermented food’s texture, in the bio-
synthesis of bacteriocins as natural antibacterial peptides that
are involved in mixed-strain competitiveness, and in stress re-
sponses, all including or not including regulatory genes. Also,
genes to monitor unfavorable phenotypic traits, such as bio-
genic amines, antibiotic resistance, and potential virulence fac-
tors, are represented.

An algorithm able to design 30-mer oligonucleotides with
limited and controlled cross-hybridization capabilities for spe-
cies for a given gene was implemented by applying parameters
for the amount and position of mismatches in hybridization
processes (19, 21, 22, 30, 52, 55, 61, 62). Based on data ob-
tained from a comparative analysis of all coding sequences for

LAB strains that were present in the public domain (71 LAB
species and 4 non-LAB species), a set of 4,851 oligonucleotides
was designed, and 2,269 30-mer oligonucleotides for 46 LAB
species and 4 non-LAB species were selected for synthesis. At
the time of oligonucleotide design, eight full genome se-
quences were available for seven LAB species, including the
genome sequences of two Streptococcus thermophilus strains.
The length of the oligonucleotides was a well-balanced com-
promise between sensitivity and the aim to design oligonucle-
otides that could hybridize with several LAB species with a
minimal number of mismatched positions and a maximal
length of contiguous matching stretches.

Of the 2,269 oligonucleotides on the microarray, 15.5% met
the initial criterion of the microarray design, namely, develop-
ment of a species-independent microarray with gene-specific
oligonucleotides that could cross-hybridize with multiple spe-
cies. This could be ascribed to two factors. The first factor was
the limited availability of gene sequence information for the 71
LAB strains selected, only 8 of which were fully sequenced and
available in the public domain at the moment of oligonucleo-
tide design. Indeed, six of the fully sequenced species ac-
counted for 68.3% of all oligonucleotides on the microarray.
Only 5 of the 2,269 oligonucleotides originated from S. ther-
mophilus, the seventh fully sequenced species that was taken
into account, but this was solely a matter of postdesign selec-
tion, as the microarray was to be used in the first instance for
follow-up of sourdough fermentations. The second factor was
the lower-than-expected homology at the gene sequence level.
Indeed, from a taxonomic point of view, bacterial isolates with
a global level of homology of at least 70%, as determined by

TABLE 4. Results of the validation hybridizations using DNA and RNA from 18 LAB strains based on oligonucleotide typea

Strain

No. of species-specific
oligonucleotides

No. of cross-hybridizing
oligonucleotides

No. of unrelated
oligonucleotides

Totalb DNAc RNAd Totalb DNAc RNAd Totalb DNAc RNAd

Lactobacillus curvatus D06SS01T01-H12 10 4 4 14 8 5 2,245 250 38
Lactobacillus fermentum 222 14 7 7 8 3 3 2,247 153 59
L. fermentum LMG 8154 14 7 7 8 4 3 2,247 147 2
L. fermentum IMDO 130101 14 7 7 8 2 2 2,247 218 51
Lactobacillus plantarum D06SS01T01-H18 302 256 243 50 36 29 1,917 283 35
L. plantarum 80 302 264 259 50 35 32 1,917 226 100
L. plantarum LMG 9211 302 286 279 50 33 31 1,917 176 89
L. plantarum ACA-DC 287 302 258 255 50 34 31 1,917 184 97
Lactobacillus sanfranciscensis LMG 16002T 28 25 25 7 6 6 2,234 155 12
Lactobacillus johnsonii La1 96 94 89 46 34 31 2,127 215 117
Lactobacillus acidophilus IBB 801 207 198 181 46 43 38 2,016 203 120
Lactobacillus delbrueckii subsp. delbrueckii

LMG 6901T
117 81 75 26 15 11 2,126 213 66

Lactobacillus sakei subsp. sakei CTC 494 187 165 160 48 33 27 2,034 176 73
Lactococcus lactis subsp. lactis LDV 22186 551 386 344 30 18 14 1,688 137 59
Lc. lactis subsp. cremoris MG1363 551 342 280 30 20 17 1,688 100 45
Enterococcus faecium RSZ C5 113 85 70 27 7 7 2,129 157 77
Enterococcus faecalis LMG 8222 206 181 171 37 19 14 2,026 154 65
Leuconostoc mesenteroides subsp.

mesenteroides LMG 6893
120 103 101 18 16 14 2,131 198 62

a The oligonucleotide type was determined based on sequence annotation. Species-specific oligonucleotides were designed based on sequences of the corresponding
LAB species; cross-hybridizing oligonucleotides were designed based on sequences from other LAB species and hybridized to the species indicated based on annotation;
and the unrelated oligonucleotides did not show any homology to sequences from the species indicated.

b Number of oligonucleotides that were available on the microarray.
c Number of oligonucleotides whose intensities were above the background level for DNA hybridizations.
d Number of oligonucleotides whose intensities were above the background level for RNA (a subset of the oligonucleotides whose intensities were above the

background level for DNA).
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DNA-DNA hybridization, are classified as members of the
same species (50). Consequently, the amount of sequence vari-
ation at the gene level greatly influenced the search for proper
species-independent oligonucleotides. Likewise, the fact that
most of the 71 LAB strains selected belonged to the taxonom-

ically heterogeneous genus Lactobacillus certainly contributed
to this factor (9). The limited availability of gene sequence
information for the 71 LAB strains selected also explains the
number of unrelated oligonucleotides whose intensities were
above the background level.

FIG. 1. Reproducibility of the background-corrected intensities (Fg � Bg, where Fg is the foreground intensity and Bg is the background
intensity) for two hybridizations using DNA of each of the four LAB species with the highest number of oligonucleotides on the microarray:
Lactobacillus plantarum LMG 9211, Lactobacillus acidophilus IBB 801, Enterococcus faecalis LMG 8222, and Lactococcus lactis subsp. lactis LDV
22186. The black symbols represent spots for species-specific and cross-hybridizing oligonucleotides. The gray symbols represent spots for
unrelated oligonucleotides.
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The validation hybridizations proved that 30-mer oligonu-
cleotides hybridized well and showed good sensitivity and re-
producibility. The validation hybridizations also provided in-
sight into the specificity of the microarray, although it remains
difficult to fully understand this specificity in terms of an eco-
system approach. The fact that 21.0% of the species-specific
oligonucleotides tested had a hybridization intensity below the
background intensity could be explained not only by experi-
mental performance, such as random labeling and differences
between hybridization conditions and thermodynamic param-
eters for the oligonucleotides (55), but also by sequence vari-
ations between the strains tested and the public sequences that
were used for oligonucleotide design, which is well illustrated
by the four L. plantarum strains that were hybridized. When
the cross-hybridizing oligonucleotides were focused on, only
41.9% of the perfectly matching cross-hybridizing oligonucle-
otides resulted in a signal whose intensity was above the back-
ground level when DNA was hybridized. Cross-hybridizing oli-
gonucleotides with incorporated mismatches seemed to result
in better hybridization results than cross-hybridizing perfectly
matching oligonucleotides. Probably, the incorporated mis-
matches, defined based on available sequence information,
could be perfect matches and vice versa for the hybridized
strains for which sequence information was missing.

In summary, to perform gene expression studies of fer-
mented food ecosystems involving LAB, a species-independent
functional gene microarray containing oligonucleotides that
represent well-chosen key genes involved in favorable as well
as unwanted phenotypic traits was designed and validated for
the first time. The 30-mer oligonucleotides used did not com-
promise the sensitivity, and the oligonucleotides, including
cross-hybridizing oligonucleotides with one mismatch, dis-
played good selectivity. Nevertheless, the results demonstrated
that the aim to develop species-independent oligonucleotides
was only met partially, due to highly variable genes involved in
metabolic processes and hence low sequence similarity, as well
as a lack of sufficient sequence information for the targeted
species, explaining the incorporation of unique oligonucleo-
tides besides species-independent oligonucleotides. As ge-
nome sequencing projects are ongoing and sequencing tech-
nology is becoming faster and cheaper, more sequence data
will be available soon, resulting in a larger number of species-
independent oligonucleotides in a future version. Conse-
quently, the LAB functional gene microarray developed in the
present study will be extended and upgraded regularly with
additional species-independent oligonucleotides, so that the
microarray will become a powerful tool to monitor gene ex-
pression in LAB communities during food fermentations.
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