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Abstract

Several complete genome sequences of Lactococcus lactis and their annotations will become available in the near
future, next to the already published genome sequence of L. lactis ssp. lactis IL1403. This will anow intra-
species comparative genomics studies as wen as functional genomics studies aimed at a better understanding
of physiological processes and regulatory networks operating in lactococci. This paper decribes the initial set-up
of a DNA-microarray facility in our group, to enable transcriptome analysis of various Gram-positive bacteria,
including a ssp. lactis and a ssp. cremoris strain of Lactococcus lactis. Moreover a global de scription win be given
of the hardware and software requirements for such a set-up, highlighting the crucial integration of relevant bioin-
formatics tools and methods. This includes the development of MolGenIS, an information system for transcriptome
data storage and retrieval, and LactococCyc, a metabolic pathway/genome database of Lactococcus lactis.

Introduetion The avai1abi1ity of genomic infonnation on 1acto-
cocca1 and other bacteria1 species has opened the
way for a number of ana1ytica1 and experimenta1 ap-
proaches, which were impossib1e to perform without
this data. First, genome mining and comparison stud-
ies yie1d va1uab1e infonnation on the presence or
absence of certain features in the strains studied, as
we11 as on evo1utionary phenomena. For instance, the
IL1403 sequence has revea1ed the presence of some
unexpected pathways, e.g., on competence deve1op-
ment and some expected but interesting traits, such as
respiration abi1ity (Duwat et a1. 2001), as we11 as on
horizonta1 gene transfer (Bo1otin et a1. 2001). Apart
from the rnining approaches, which in essence wi11
primari1y p1ace genes in functiona1 categories and a1-
1ow to compare gene organizations in various re1ated
and unre1ated species, it is exciting to see how fast
a number of experimenta1 approaches have evo1ved
to enab1e transcriptome ana1ysis, genomotyping, pro-
teome ana1ysis, high-throughput screening and high-
throughput structura1 bio1ogy in microbia1 systems
(Kuipers 2000; Paton et a1. 2000; Sebaihia et a1. 2001;
Tomita 2001; Ye et a1. 2001; Zheng et a1. 2001; 01iver
et a1. 2002). Since there is a huge interest to identify

Lactococcus lactis ssp. lactis IL1403 was the first
lactic acid bacterium for which the complete gen-
ome sequence and its annotation have been pub1ished
(Bolotin et al. 2001). This important achievement
has set the stage for various other genome sequen-
cing projects on L. lactis and on a wide variet y of
other lactic acid bacteria (see also Klaenhammer et
al. 2002 in this issue). The completion ofthe genome
sequence of L. lactis ssp. cremoris MG1363 by an
English/Irish/Dutch consortium is in progress and is
expected to be completed in 2002. Moreover, in the
USA an effort is going on to sequence the chromo-
some and plasmids of L. lactis ssp. cremoris SK11 (D.
Mills et al., personal communication), the sequence of
which is also expected to be finished in 2002. It is very
likely that the genomes of even more strains will be
sequenced in the near future, enabling comparative ge-
nomics within this species that is of such great interest
to the dairy industry. Next to Bacillus subtilis, which is
the paradigm for genetic, physiological and biochem-
ical research in Gram-positive bacteria, L. lactis has
evolved to be a model species for Gram-positive cocci.
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cies will be developed in the near future in various
collaborations with groups having in-depth expertise
with these organisms.

DNA-microarray production

Because standardisation of DNA-microarray produc-
tion and analysis is of crucial importance to be able
to create robust and validated data, a series of steps
in the whole procedure was carefully analysed and
optimised. Amplicons of all genes of the genome stud-
ied are synthesised by PCR, have a maximal length
of 800 bp and are commonly, if gene size allows,
longer than 500 bp. The 5' and 3' specific primers are
synthesized with generic tags (15 nucleotides forward
and reverse, respectively), allowing reamplification of
the amplicons obtained in the first round of PCR (ori-
ginal amplicons). These amplicons can be reamplified
with an aminated forward primer and a non-arninated
reverse primer-based on the generic tag sequences,
which yield single-aminated amplicons after PCR.
This approach has the advantage of only detecting cD-
NAs originating from gene transcripts and not those
originating from antisense RNA, produced by read-
through from genes/operons into downstream genes in
a back-to-back orientation.

The purity, size-correctness and amounts of the
amplicons are routinely checked by running them on
agarose gels. Subsequently, amplicons are purified
by the Millipore 96 colums PCR purification sys-
tem. Amplicons are transferred to 384-well rnicrotiter
plates and are diluted 1: 1 with Array-It spotting solu-
tion to a final concentration of 0.25-1.0 mg/ml. Us-
ing Telechem stealth pins (SMP5) 0.2 Jtl is sampled
and 1-3 nL are spotted in duplicate onto aldehyde-
coated slides (Cell Associates) and further handled
using standard protocols for aldehyde slides. Before
and after boiling, slides are incubated with either Sy-
berGreenI, for detection of double stranded DNA, or
SyberGreenIl, for detection of single stranded DNA
(Molecular Probes) and subsequently scanned with a
Gene TAC LS IV (Genomics Solutions) to check the
transition of double stranded DNA before boiling and
single stranded DNA after boiling treatment.

lactococci with desired properties or to construct such
strains by genetic modification, it is essential to know
how the function of each individual gene/protein is re-
lated to its expression/production during growth and
in stationary phase in various environments. Por this
reason the elucidation of gene regulatory networks and
identification of protein-protein interactions involved
in important industrial processes is of crucial import-
ance. Portunately, these issues can now be addressed
in a systematic way, by using the genomics tools that
have evolved over the past years. Research using these
tools will undoubtedly be directed towards studying
important industrial phenomena like acidification rate,
various stress responses, flavour formation, effects of
metabolic engineering, assessment of the safety of
GMOs, use of lactococci as delivery vehicles in a host
or food-product, or for improved biopreservation.

One of the most powerlul approaches is to use
proteomics to determine the full complement of pro-
teins in a cell under a specific condition and at a
defined time. Technology development in this field
is taking place rapidly, e.g., directed to the develop-
ment of protein- or antibodyarrays and improved and
high-throughput protein separation techniques. How-
ever, the most commonly used methodology is to
combine separation of proteins by 2D-electrophoresis,
folIowed by trypsinolysis and protein identification
by MALm-ToP. Some drawbacks of this approach
are the difficulty to detect low-abundancy proteins,
and the problems in analysing membrane proteins and
unstable proteins.

Another very powerlul tool in genomic research
is provided by DNA-microarrays, which offer a near-
complete view of the relative abundance of all messen-
ger RNAs in a cell in a spatio-temporal way. Various
technologies for the production and analysis of DNA-
microarrays have been described (Die hl et al. 2001;
Kamb & Ramaswami 2001; Lucchini et al. 2001;
Wei et al. 2001; BalI & Trevors 2002), but it is bey-
ond the scope of this paper to further describe them.
The purpose of this paper is to describe in some de-
tail how DNA-microarray analysis has been set-up in
our group, including a description of the infrastruc-
ture and the bioinformatics tools that are extremely
important for being able to extract useful informa-
tion from primary transcriptome data. The set-up that
will be described has already been implemented for
microarrays of Bacillus subtilis 168 and for Strep-
tococcus pneumoniae TIGR4 (collaboration with Dr.
P. W.M. Hermans, Pediatrics, Rotterdam), while arrays
for a Lactobacillus species and another Bacillus spe-

DNA.microarray analysis: the hardware and
methods

During the validation of the transcriptome analysis
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procedure the following steps have been optimised
RNA isolation, cDNA labeling, and hybridisation.

with the scanning image are stored in the Molecular
Genetics Information System (MolGenIS), which is
described below. A grid definition was made to enable
the spot analysis software, i.e., Array Pro (Phoretix),
to produce tables containing gene names and signal in-
tensities. The program Genespring (Silicon Genetics)
is used for further statistical analyses and clustering.
The whole procedure for microarray production and
analysis is schematically depicted in Figure 1.

RNA isolation

RNA isolation is performed by first growing cells in
50 ml GM17 medium and harvesting cells at the de-
sired optical density (OD600 ranging from 0.6 to 1.6).
From 50 ml MG 1363 culture usually 200-300 JLg tota!
RNA is routinely obtained. Ana!ysis of isolated RNA
is performed using agarose gels in order to assess that
the materia! is of good qua!ity (no degradation, and a
16S to 23S rRNA ratio of approximately 1 :2). Altern-
atively, an Agilent bioana!yzer will be used in the near
future, for improved standardisation.

DNA-microarray allalysis: bioillformatics

Primer design

cDNA labeling

Single-strand reverse transcription (amplification) and
direct labeling of 25-50 fLg of isolated total RNA with
Cy3-dCTP or Cy5-dCTP is done either with the Amer-
sham CyScribe First-Strand cDNA Labeling kit or the
Invitrogen FluoroScript cDNA labeling system. Both
kits give good label incorporation when the labeled
cDNA is subsequently used for hybridisation experi-
ments. However, since Cy5 incorporation in cDNA is
less efficient than that of Cy3 ( due to preference of the
reverse transcriptase) and to improve on the sensitiv-
ity by enhancing the absolute fluorescence signals, the
Amersham CyScribe Post Labelling Kit is currently
being tested. Checking the quality of the cDNA is
done by hybridising a series of dilutions on a polylys-
ine slide and subsequent analysis with the GeneTAC
LSIV.

Hybridisation and scanning

Slides are pre-bybridised in Ambion SlideHyb buffer
I for 15 min at 40 cC in a Genornic Solutions Hyb-
station. Af ter removal of the pre-bybridisation buffer,
5-10 ,uI of tbe Cy3/Cy5-labeled cDNA mix in 100 ,uI
Ambion SlideHyb buffer I is added and incubated for
1 b at 42 cC and finally 16 b at 40 cC. Subsequently,
tbe bybridised slides are wasbed for 1 min in 2x
SSC, 0.5% SDS and 5 min in 1 xSSC, 0.25% SDS.
Tbe slides are scanned using a confocallaser scanner
(GeneTAC LS IV).

Large scale production of P CR products of genes or
gene fragments is a crucial step in the production
of spotted DNA-microarrays. In order to use a high-
throughput approach for the production of these P CR
products (amplicons) we have developed a software
program for the design of primer pairs, named 'Gen-
omePrimer' .A tab-delimited text file or Excel file with
the nucleotide sequences of all putative open reading
frames (ORFs) is needed as input. GenomePrimerruns
under Windows and was written in Horland Delphi
4.0. Various selection parameters for primers, amplic-
ons and annealing temperatures (Tm) can be setwithin
the user-friendly interface.

The parameters to be defined for primer selection
are length, GC content, G or C at the 3' end and
inclusion of start or stop codon. For amplicon selec-
tion, length, location within an ORF, and flexibility in
choice of the length for optimal adjustment of the T rn
of the primer can be set. Distribution of G and C and
palindromic check of the primer pairs is routinely per-
formed. Calculation ofthe melting temperature can be
performed according to the rules of Suggs et al. (1981)
Tm=4(GC)+2(AT) or via the method of Sugimoto et
al. (1996), Tm = 62.3 + 0.41(GC) -500/1ength.
Desired tags, for instance for the amplification of all
amplicons using one single oligonucleotide pair dir-
ected against the 3' and 5' tags, can be added to the

designed oligonucleotides.
Thousands of primers can be selected within

seconds. General result-statistics such as success rate,
average primer size, number of nucleotides to synthes-
ize and specific characteristics such as the number of
failed primers, (short and/or low GC) amplicons, or
number of failed amplicons are given. If primers have
not been selected for all ORFs, the setting can easily
be adjusted and a new selection run can be performed

Signal analysis

After scanning of the slides with the GeneTAC LS IV,
spot intensities are deterrnined. The raw data, along
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Figure 1. Process overview of a DNA-microarray experiment.
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List of ORF's

iTab-delimited cr Excel frcmat)

Parameters:
.Primer length, GC %, G or C at 3' end,

inclusion of start-/stopcodon
.Amplicon: location within ORF, length, length flexibility

Variables: Tm, Tag's, Palindromic size, GC optimisation
.Fixed: GC distribution, primer pair hybridisation

Repeat until desired list
is obtained

Output

Primer: names, sequences, length, GC%, Tm, position in ORF
.Amplicon sequence and ORF length
.Comments on designed amplicons
.Tab delimited text file, Excel file or Paradox database

Figure 2. Flow chart of GenomePrimer.

until all primers/amplicons fit within the desired range.
The procedure is schematically depicted in Figure 2.
The primer pairs and amplicons of the output file can
be used as input for the 'Genome2D' program (see
below) to indicate their positions within the ORFs.

GenomePrimer was first tested on coding se-
quences of the lactococcal phage rIt (Table I). A
high-throughput approach, using 96-well microtiter-
plates, is used for amplicon production using a pipet-
ting robot in combination with a P CR machine for
96-well plates. After obtaining a 100% success rate
for amplicon production with rIt, the program was
used to select primers for the complete genome of
S. pneumoniae TIGR4 and L. lactis IL1403, which
also gave good results. Simultaneously, a similar
software tool for design of primer pairs for DNA
microarray construction named 'PrimeArray' was de-
signed by researchers of the Max-Planck Institute of
Biology in Switserland (Raddatz et al. 2001). Both

GenomePrimer and PrimeArray need the input of cod-
ing sequences. Recently the program GST-PRlME
was published which can be used to design a large
number of primer pairs starting from a list of protein
sequences (Varotto et al. 2000). DNA sequences cor-
responding to the arnino acid sequence of the proteins
are retrieved, extracted and assembIed into gene se-
quences with and without introns folIowed by design
of primers.

Genome2D: Visualisation of transcript profiles on a

linear chromosome map

To visualise a bacterial genome with all its individual
genes on a computer screen, we developed a pro-
gram called Genome2D. Pull-screen visualisation of a
complete genome enables quick identification of bio-
logically relevantinformation (Pigure 3). Por example,
it can illustrate which genes have the same orientation
and could be transcriptionally linked. Purthermore,
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Table 1. Overview of primer selection using GenomePrimer and results obtained for amplicon
production (GenomePrimer software settings are indicated in grey)

Phage rIt L. lactis IL1403 s. pneumoniae TIGR4

51

35.5%

17or20

6 to 16

80 to 2000

Most unique

52°C

Tm=62.3+0.41

(GC)-500/1ength

100%

89 to 1842

100%

100%

2126

35.5%

18 ta 22

9ta11

80 ta 800

Mast unique

52°C

Tm=62.3+0.41

(GC)-500/1ength

96.5%

83 ta 798

100%

96.2%

Nr ORF's

GC% ORF's

Primer length (in nt)

Primer GC%

Amplicon length (in hp)

Amplicon location

Minimal T rn

Tm calculation

2229

40.6%

1810 22

91011

200 10 800

150 hp from ORF ends

56°C

Tm=62.3+0.41

(GC)-500/length
98%

7910 800

99.5%

100%

Success primer selection

Amplicon length (in hp)
Success rate original P CR

Success rate re-amplification
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transcriptional terminators or regulator binding sites
can be indicated to help in the discovery of oper-
ons. Using a simple input file (i.e., a tab-delirnited
text file, comprising one column with the gelles to
be colored and one column indicating their colors),
subsets of genes can be differentially visualised for
DNA-microarray analysis. The input file is based on
the differences in transcript levels. This feature en-
ables easy and rapid identification of genes which
are transcriptionally linked. In a multiple transcrip-
tome analysis experiment (e.g., measurements during
a time course), all data-sets can be loaded as separ-
ate input files and subsequently shown in animation.
Thus, changes in gene expression levels can be readily

recognised.

coding regions from a genome. Additional utilities can
be easily included in the program.

Genome2D development

Genome2D is programmed in Borland Delphi 4. It
runs on PCs with Microsoft Windows 98 and higher.
To enable the 2D visualisation of a genome, Delphi
makes use of the CADSys 4 library version 4.2 (ob-
tained from Piero Valagussa). This library extends the
Delphi vectorial graphics support to include 2D/3D
CAD-like functions in applications.

MalGen IS: an information systemfor transcriptome

data starage and retrieval

The result of high-throughput DNA-microarray pro-
duction and analyses will re sult in large numbers of
data. In order to control the processing and storage
of these data a dedicated database system, named
MolGenlS, has been set-up within the Molecular Ge-
netics group. The MolGenlS system is implemented
using the Invengine product of Inventory Netherlands
(www.inventory.nl). The setup of an Invengine sYs-
tem is always based on a schematic design file and
a user interface design file. MolGenlS is built up of
tables that have been grouped in five functional mod-
ules: Amplicon design, Plate synthesis, Array design,

Genome2D tooIbox

Apart from visualisation properties, Genome2D in-
cludes a large number of utilities. These comprise
tools to: (I) convert gene lists (tab-delimited text files)
to PastA format, (2) perform a BLAST allalysis at a
location of choice (local, NCBI, etc.), (3) search in the
genome for binding sites of transcriptional regulators
(with or without a trained set), (4) calculate codon us-
age (of a complete genome or a subset of gelles), (5)
randomise the genome for statistical purposes (gene
fragments or single basepairs), and (6) extract non-
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Array Design 10

Spotter Settings (File)

Grid Layout (File)

Spot Notes (File)

Log
Current date

Current user

Experiment ID

Project ID

Medium

Protocol

Temperature

Shaking
Stress

Log
Current date

Current user

such that it can be easily accessed to compare data
obtained from different studies and be made available
to other users in any desired format.

LactacacCyc: the metabalic pathway database fa,

lactis ILI403

Array production and Arrayexperiment (Figure 4). A
module for users and user roles has also been added.
Access at different restricted levels is given to each
user via the use of passwords. The tables of each mod-
ule have to be completed via a user-friendly interface-
Design of the DNA-microarrays and the experiments
performed with the arrays are schematicany depicted
in Figure I.

Various different types of apparatus/computer-
generated files, including data ranging from design
to analyses, are stored within MoIGenIS. The initial
input ofthe database is a Genbank file map ofthe gen-
ome ofbacteria for which DNA-microarrays are being
produced. The output file of primers selected by Gen-
omePrimer is stored under 'Amplicon design'. Results
of synthesis of the amplicons and their position in the
microtiter plates are stored in the 'Wen description ,

file. Under 'Array design and production' the different
output files of the software for the GenPack spotter
are saved, such as de scription of the grid-Iayout of
the spotter, spotter settings and the spot description,
linking a spot to a microtiterplate wen. In addition, a
scan of one of the slides from a batch is made af ter
staining with SyberGreen to check the slide quality.

The section 'Array experiments' stores images of
the isolated RNA analysed by gel electrophoresis, a
scan used to control the labeling of the cDNA by di-
lution series, and the hybridisation protocol. During
measurement of the signal, an ArrayPro grid file with
the de scription of the spot position, which is specific
for each type of DNA-microarray, is generated. The
results of the scan image obtained with the confocal
laser scanner and the ArrayPro software package (im-
age processing solutions), and quantification output
files are subsequently generated and stored. The final
analysis is performed using the Genespring software
package that links the initial input data (Genbank file)
with the ArrayPro grid and quantification files. These
output results can be linked to pathway data. In ad-
dition to the stored files, specific experimental details
have to be fined in by the user for each step of the
various processes. For instance, within the process
of DNA-microarray design and array experiments the
fonowing information has to be given: See table top

right.
In a similar way, fields also have to be completed

for the description of the project, strain, medium,
stress condition, sample size and hybridisation condi-
tions within the DNA-microarray experiment section.
In this way all generated data are stored within the
MoIGenIS database in a highly structured manner,

The recent availability of the complete chromosomal
DNA sequelice of L. lactis ssp. lactis ILl403 eli-
ables us to get ilisight in the numerous properties
elicoded in this genome (Bolotili et al. 2001; Kuipers
2001). Some 10 years ago, Peter Karp and co-workers
started building a kliowledge base concerning chem-
ical compounds of intermediary metabolism (Karp
1992). This illitiative gradually evolved into the cur-
rently well-knowli elicyclopaedia of Escherichia coli
gelles and metabolism (EcoCyc) (Karp et al. 1996).
Besides exploratioli of the metabolic routes of vari-
ous (at present II) bacteria in the EcoCyc package
(http://biocyc.org/), its computational analysis tool
PathoLogic eliables users to generate new databases of
ally sequeliced micro-organism of interest. The Eco-
Cyc PathoLogic program uses a genome sequelice and
alinotatioli in GenBank file format as input. Gene or
proteili narnes are extracted/searched (text recogni-
tion) from this alinotatioli file and compared to those in
the reference database, MetaCyc. Subsequelitly, wheli
components/elizymes of metabolic routes in the refer-
elice database are found, PathoLogic will predict the
preselice of this metabolic pathway in the alialysed
organism (Karp et al. 2002).

In a research program oli Gram-positive bacteria,
we and our collaborators at the Wageningen Center
for Food Scielices (Wageningen, The Netherlands) and
the Center of Molecular and Biomolecular Illformatics
(Nijmegen, The Netherlands) aim to reconstruct their
metabolic pathways and gene regulatory networks by
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Concluding remarksperforming genome-wide transcriptome allalysis of L.
lactis, B. subtilis, Streptococcus pneumoniae and B.
cereus using DNA microarrays. With the aid of the
EcoCyc program, in which transcription profiles can
be overlayed onto metabolic maps, we expect to be
able to identify metabolic pathway-related changes in
gene expression (i.e., data filtering).

We have set-up an EcoCyc Pathway/Genome Data-
Base (PGDB) of L. lactis ssp. lactis IL1403 by using
the EcoCyc PathoLogic program, and called it the
LactococCyc PGDB. The program was fed with the
GenBank accession-file AEO05176. PathoLogic pre-
dicted 134 metabolic routes in the genome of IL1403
(whereas 162 pathways are described in EcoCyc for
E. coli). Out of the 134 predicted metabolic path-
ways, 88 pathways contained at least 50% of the
contributing/participating enzymes in L. lactis (for the
remaining 46 pathways less than 50% but at least
one of the enzymes involved were present). In more
detail, from 566 enzymes involved in the various path-
ways, 408 are present in the genome of IL1403, of
which 71% are possibly involved in multiple routes.
The MetaCyc reference database (version 5.7) con-
tains 445 pathways composed of 4221 enzymatic and
transport reactions. The LactococCyc PGDB com-
prises 669 enzymatic and transport reactions, while
579 metabolic conversions are missing. This means
that either the conesponding enzymes are not present
at all in the genome of L. lactis IL1403, or the pro-
gram failed to recognise them, or the gelles were not
conect1y annotated in the GenBank input file. An ini-
tial requirement for successful building of a PGDB is
that the genome has been adequately annotated, as it is
the primary and only input of the PathoLogic program
(Ouzounis & Karp 2002). Secondly, since the Patho-
Logic program produces a prediction of the metabolic
content of an organism, the generated PGDB has to be
updated with knowledge from literature.

Although the generated L. lactis IL1403 PGDB is
not fully complete, this does not hamper visualisation
of its metabolic pathways and exploration of these
with transcriptome data. Reactions missing in path-
ways are easily recognised, since the conesponding
gelles (differently colored) are absent in the graphs.
Furthermore, the PathoLogic program generates hy-
pertext markup language files displaying the missing
reactions or absent gelles or gene products. To en-
able refining and curation of the database an Editor
program is included. We are cunently curating and
refining the PGDB of L. lactis IL1403, and building
a PGDB of L. lactis ssp. cremoris strain MG1363.

To be able to generate transcriptome data that are both
reliable and reproducible, all procedures for produc-
tion and analysis have to be standardized and valid-
ated. Only when this process has been successfully
completed, does it make sense to start doing the ac-
tual experiments, and to begin to answer biologicaIly
relevant questions. Subarrays and complete arrays of
IL1403, as weIl as subarrays containing 96 amplicons
of MG1363 are currently being analysed to generate
the first reference sets. The fuIl arrays ofMG1363 wiIl
become available in autumn 2002, providing us with
the unique opportunit y of doing comparative tran-
scriptome analyses of these two model strains of L.
lactis. Moreover, methods for genomotyping using
DNA-DNA hybridisation are currently being imple-
mented, to be able to analyse the gene content of other
lactococcal species and to be able to deterrnine correc-
tion factors for the subsequent transcriptome analysis.
Moreover, available and future sequence inforrnation
on lactococcal plasmids, transposons and phages wiIl
be used to further enlarge the set of amplicons already
spotled on the two master slides.

First experiments wiIl concentrate on the analysis
of gene transcription during growth on different me-
dia, providing reference sets for the analysis of modi-
fied strains or strains grown under different conditions.
Moreover, cross hybridisations between IL1403 and
MG1363 wiIl be performed to further assess the pOS-
sibilities and problems associated with using model
slides for analysis of non-isogenic strains.

Great chaIlenges now lie ahead to use transcrip-
tome analysis, if possible in conjunction with pro-
teome analysis, for in stance (i) to unravel and visualize
the complex gene regulatory networks underlying rel-
evant physiological processes, (ii) to study adaptation
to changing or completely different environments, (iii)
to investigate possible side-effects of genetic engin-
eering and (iv) to optimize the design of metabolic

engineering experiments.
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