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AFLP(analysis)
AP-PCR
ARDRA
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DGGE
DNA
ERIC-PCR
FAME
IGS(analysis)
Inter-LINE-PCR
ITS(analysis)
MLEE
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PFGE
PCR-RFLP
RAPD-PCR
RC-PFGE
REP-PCR
rep-PCR
RISA
SCAR
SSCP
TGGE
TRFLP

amplified (DNA) fragment length polymorphism
arbitrary primed polymerase chain reaction (of DNA)
amplified ribosomal DNA restriction analysis
polymerase chain reaction of (DNA sequences between) BOX
Elements
denaturing gel gradient electrophoresis
desoxyribonucleinic acid
polymerase chain reaction of enterobacterial repetitive
intergenic consensus sequences
fatty acid methyl ester analysis
intergenic spacer analysis (=ITS analysis =RISA when used
for ribosomal spacers)
polymerase chain reaction of (DNA sequences between) long
interspersed elements
internal transcribed spacer analysis (=RISA)
multilocus enzyme electrophoresis
Oligonucleotide fingerprinting of rRNA genes
pulsed field gel electrophoresis
restriction fragment length polymorphism of polymerase
chaincreaction-generated amplicons
polymerase chain reaction of random-amplified polymorphic
DNA
pulsed field gel electrophoresis (of DNA digested by)
rare cutting endonucleases
polymerase chain reaction of (DNA sequences between)
repetitive extragenic palindromic elements
polymerase chain reaction of (DNA sequences between)
repetitive (REP, ERIC or BOX) elements
ribosomal intergenic spacer analysis
sequence-characterized amplified (DNA) regions
Single stranded conformation polymorphism
temperature gradient gel electrophoresis
terminal restriction fragment length polymorphism
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1. Sampling methods
1.1. Proteomic analysis
1.1.1. General precautions

The proteome of a bacterial species could be modified by proteases present in the
culture or in the supernatant. Wherever possible, a protease cocktail inhibitor will be
used (e.g. CompleteTM Mini, EDTA-free, Roche) and work at 4 °C. Isolated proteins
(ex : filtrated supernatant) can be temporarily stored on ice or refrigerated (2-8 °C) or
frozen (-80—20 °C) for long-term storage. Storing protein can cause protein
precipitation, especially if the protein solution is repeatedly going through freezethaw cycles. Thus, it is recommended to freeze multiple aliquots of each preparation.
1.1.2. Sample processing
Number and volume of samples required for each time point, frequency of sampling
♦
TBP and SP techniques: TBP :3 samplings (1mL) for each stress
conditions. The volume of each supernatant culture has to be evaluated primarily.
♦
ICM-MS: 3 samplings (1ml) for each stress conditions.
♦
SAPD technique: 3 samplings (5-10mL) of the axeny or inoculums cultures
(especially for the compartment III and the Arthrospira compartment).
Special considerations when taking the sample
♦
TBP-SP ; ICM-MS and SAPD techniques :
Ideally, all experiments are to be performed in sterilized polypropylene test
tubes. Liquids must be transferred using sterilized graduated plastic pipettes.
Sample preparation just after the sampling
♦
ICM-MS and SAPD techniques: for the intact cell analysis and the surface
protein detection, the samples do not need to be submitted as a specific preparation.
A sterile storage of the samples at 4 °C is recommended.
♦
SP technique: The samples will be sterilised with specific filtration units
(0.2um) (ex: Nalgene disposable filter ware: 150mL filter unit with sterile receiver)
just after the sampling. The filtration has to be done in the sterile hood. Before the
filtration, a protease cocktail inhibitor (1 tablet for 25 mL of supernatant) is added
to the supernatant (in the sterile hood). After filtration, samples are kept at –20 °C.
1.2. Genomic analysis
1.2.1. General precautions

It is an absolute prerequisite that growth of experimental and reference
cultures and sampling from the reactors for PCR reactions are carried out in a
controlled and sterile way, as even minute quantities of contamination, in the order of
nanograms of free DNA or as few as 10-100 individual cells, may give false signals in
the PCR results. For cultures, one should work in a laminar flow hood, using sterilised
(e.g. autoclaved) material. For taking samples from the MELISSA reactors, different
7
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strategies need to be deployed, depending on the compartment, but great care must be
taken that at no time there is contact with personnel, and as little as possible contact
with the open environment (e.g., by treating reactor outlets and recipient openings
with a blue flame during the sample taking).
1.2.2. Sample processing

Samples must be fixed in order to enable the preservation of the nucleic acids
(containing the target sequence for PCR). Several methods are possible.
1) The best method is freezing, an easy method when the subsequent steps of
analysis are carried out in the same laboratory. The practical drawback of this method
when the DNA extraction and PCR steps are performed in a different country (as for
the samples of the pilot plant of Barcelona) is that transportation should be done in
dry ice, a costly and not very flexible procedure.
2) A practical alternative is the fixation with 70% ethanol. This is also the
concentration where nucleic acids are precipitated and the ULg ‘s lab has good
experience with that method for preserving the nucleic acids of cells and sending
them by normal post at ambient temperatures.
3) Molecular biology companies have designed reagents for stabilizing RNA, as
RNAlater (Ambion Inc., USA), of secret composition, that should be able to preserve
the nucleic acids when sampling in places where there is no possibility to freeze (field
trips, etc). One can use it for DNA but it depends on the precise method of extraction
(e.g. not compatible with the use of phenol).
4) It should be noted that the use of fixatives like formaldehyde should be
avoided because they cross-link all cell materials and will inhibit PCR.
DNA quality. There are numerous methods available for the preparation of
microbial genomic DNA. The most commonly used methods are based on cell lysis
through addition of cell wall degrading enzymes (e.g., lysozyme, lysostaphin,
proteinase K, etc.) and ionic agents such as SDS or sarcosyl, followed by phenol and
chloroform extractions. Methods that aim to obtain high molecular weight DNA from
organisms known to release high levels of DNAses often make use of nucleic acid
stabilising agents such as cetyltrimethylammonium bromide (CTAB) or guanidinium
thiocyanate (GTC). For AFLP it is strongly recommended to use DNA of adequate
purity and high molecular weight. The simple reason lies in the fact that the activity of
restriction enzymes may be sensitive to co-purified impurities leading to inspecific
cleavage ('star-activity') or incomplete digestion. If this occurs, partial fragments of
aberant size will be amplified with serious consequences for data interpretation and
reproducibility.
1.3. Flow cytometry
1.3.1. General precautions

Ideally, samples should be first analysed fresh. Alternatively, if fresh analysis is
not possible, a simple method for the preservation of the samples, that interfere
minimally with the cellular properties of cells can be used (see preservation and
storage of samples). The combined analysis of the forward and the side scatters can
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allow the identification of different groups that differ in terms of size and granularity,
respectively. Several aspects are critical to succesful analysis of bacterial samples :
- careful sample preservation (if necessary)
- good discrimination of populations from noise
- accurate identification of populations
- careful determination of flow sample rate
Best results should be obtained on fresh samples run immediately after collection.
Fresh samples can be stored at 4°C for up to 12 hours with minimal effect. Fixation
(in paraformaldehyde solution) will always result in cell loss (about 10%) and in
change of scatters signals.
1.3.2. Sample processing
Retention of fully replicated chromosomes . To obtain bacteria that contain only
fully replicated chromosomes, different substances such as rifampicin (around 150
µg/ml) or cephalexin (around 10 µg/ml) will have to be added to the culture grown to
an optical density The molecular mechanism of rifampicin is an inhibition of bacterial
RNA polymerase that forms a complex with rifampicin. Rifampicin prevents the
ribosomes from binding to messenger RNA, and thus proteins are not produced.

Flow cytometry is useful in order to study the DNA distribution of an
exponentially growing culture. When DNA of an exponentially growing E. coli is
investigated in the absence of antibiotics, it is observed that the DNA distribution
resembles that of the age distribution, there are more cells with the low DNA content
corresponding to a little more than 2 fully replicated chromosomes, than cells with
twice the amount of DNA. When rifampicin or cephalexin is added, the DNA occurs
in discrete peaks, most of the cells have 4 fully replicated chromosomes. The number
of fully replicated chromosomes corresponds to the number of origins present in the
cell at the time of drug addition. Cultures will have to be preincubated for around 3
hours (time to optimise) in the presence of rifampicin and cephalexin in order to allow
complete runout of replication, such that all cells contain only fully replicated
chromosomes.
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2. Proteomic analysis
2.1. Outline and principle

Proteomics (proteome is defined as the expressed protein complement of a
genome) holds a key position in the new biology. This discipline recently emerged
from the decades-long work on comprehensive protein visualization on twodimensional gels, which was revitalized by developments in biological mass
spectrometry and the growth in searchable sequences databases. Proteomics adds
value to these databases by providing tools for the parallel separation and large-scale
identification of proteins (i.e. high-throughput bacterial membrane protein
identification) (figure 2.1). Over the past ten years, mass spectrometry has become the
technique of choice for protein or molecules characterization. The reason is the
development of new methods for the ionization of proteins and peptides, especially
matrix-assisted laser desorption-ionization and electrospray ionization. In the field of
proteomics, the technique of MALDI- TOF MS is particularly suited to high
throughput identifications of low femtomole level protein digest samples (figure
1). The samples are previously excised and processed from 2D electrophoresis gels or
high-pressure liquid chromatography.
Figure 2.1.: Strategy for high throughput protein identification

Protein Spot Identification
Membrane proteins

Excision of spots
of interest

In-gel tryptic digestion
Elution of fragments

Image Analysis
of Sets of 2D Gels

HPLC followed by
amino acid sequencing
(Edman degradation or
Mass Spectrometry)

MASS SPECTROMETRY
MALDI peptide mass fingerprinting
(ESI) MS/MS sequence tagging

Protein (translated genomic) database search
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The technique routinely provides high mass measurement accuracy ( < 10 PPM
RMS) which leads to high specificity for identification of proteins from databases.
The new reflectron based instrument has been optimized primarily for the function of
peptide mass fingerprinting of large arrays of protein digest samples. Now, the
MALDI-TOF technique can be used also to characterize microorganisms.
Proteome analysis is a particularly powerful tool for study stress response or
radiation sensitivity of different bacterial species as shown in numerous examples
(review, proteomics a trends guide). Moreover, the proteomic approach allows to
detect and identify specific surface proteins.
A variety of characteristics of microorganisms (both phenotypic and genotypic)
are used to differentiate between strains and often to determine the relationship
between strains of bacteria present on the bacterial cell wall are surface components,
which give rise to a unique pattern of biomarkers. These surface components are
important since they mediate the contact between the cell and the environment. This
unique population of molecules can be rapidly desorbed from the cell surface; ionized
and analysed by matrix-assisted laser desorption/ionisation time of flight mass
spectrometry (MALDI-TOF-MS) resulting in a mass fingerprint. This mass
fingerprint is characteristic of the particular species, and in some cases differences at
the strain level can be observed. Automated collection of mass spectral data from 96
well plates,in less than 30 seconds per sample necessitates the implementation of
customised software to analyse and report the data produced in real time. Innovative
spectral matching software, which employs a probabilistic search algorithm, is used to
match these 'bacterial mass fingerprints' against the database of quality-controlled
reference spectra. The best match, with a probability score, and the genus, species and
strain of the organism is reported.
A schematic of the instrument is shown in Figure 2.2.. The reflectron system has
an effective path length of 2.3 meters. The target plate is held at ground potential and
the flight tube and detector assembly are held at - 20kV. “Time lag focusing ”( TLF)
is applied to the source to enhance resolution by velocity focusing, this allows the
instrument resolution to be almost independent of the laser fluence - an essential
element of automated control. The TLF method has been further modified so that the
optimum pulse voltage is the same for both high and low mass peptides . The detector
system consists of a 2 inch dual MCP ( Burle, MA). The signal from the detector is
acquired using a PC based 8 bit, 2GS/ sec A/ D converter. The target plate is
positioned on an X- Y stage using stepper motors 4 microns resolution. Either 96 or
384 well plates may be accommodated. The ionising laser is the OEM VSL- 337i ( 3
nsecs pulse width ( FWHM) at a UV wavelength of 337nm) . The laser fluence is
computer controlled using a motorised iris assembly. One of the most contentious
issues in MALDI (matrix assisted laser desorption ionization) is the role of the matrix
in the ionization process. When the laser strikes the matrix crystals, energy deposition
is though to cause rapid heating of the sample-crystals brought about by matrix
molecules emitting absorbed energy in the form of heat. Laser ionizes sample by 3-nswide pulses. Ions are accelerated into the flight tube by accelerating voltage. Since
they are allowed to drift through the field-free region to the detector, they separate
according their mass-to-charge ratios. Lighter ions drift more quickly, heavier more
slowly (time of flight -TOF) (figure 2.3.).
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Figure 2.2. : Reflectron M@ LDI Instrument Description

Figure 2.3. :
A. Schematic representation of the ionization process.

B. Schematic representation of MALDI-TOF

C. Output of MALDI-TOF/MS

C. Example of fingerprint of one protein.
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2.2. Study of stress response and radiation sensitivity by mass spectrometry

The word phenotype was coined in the field of genetics, where it refers to the
observable properties of an organism that result from the interaction between its
genetic state (genotype) and its environment. The concept of phenotype can usefully
be extended to proteomics. A proteomic phenotype is a phenotype that can be
observed using proteomic methods such as two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) and mass spectrometry. A proteomic phenotype is
determined by the state of the biological system under analysis ; genotype and
environment can both modify proteomic phenotypes. Using proteomic methodology,
several components of proteomic phenotypes can readily be measured: induced
proteins, repressed proteins, modified proteins, unresponsive proteins. To date,
various proteomics techniques exist (reverse phase capillary HPLC, electrospray
ionisation mass spectrometry, gas chromatography-tandem mass spectrometry,
MALDI-TOF) that offer new and refined developments to study and characterize
stress response or radiation sensitivity of different bacterial species.
The analysis of a proteome involves the resolution of the proteins in a sample
followed by the identification of the resolved proteins. 2D PAGE followed by mass
spectrometry is the most widely used method of protein resolution and identification.
However, now multidimensional chromatography must be used to achieve the
resolving power of 2D PAGE. In 2D PAGE, proteins are separated in one dimension
by isoelectric point (pI) and in the other dimension by molecular weight. As a result, a
single 2D-PAGE system (2D map) can resolve more than 5000 proteins. This allows
differential expression studies at the protein level by comparison between two
different 2D-Maps (figure 4). In this context, analyze proteins may originate from
total bacterial pellet (TBP) or from secreted proteins (secretome SP).
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Figue 2.4.: Example of a differential expression study from total bacterial pellet.

Mass spectrometry combined with novel bio-informatic approaches provides a
powerful new strategy for the rapid speciation and typing of microorganisms. This
revolutionary concept of Bacterial "Mass-Fingerprinting" offers greater sensitivity,
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selectivity and speed of analysis as compared to classical identification methods that
are currently used in clinical microbiology, food science, biotechnology, water quality
and pharmaceutical analysis. Recent works show that this technology could be used to
possible modifications after environmental variations.
Intact cell MALDI-TOF-MS (ICM-MS) applies established biopolymer Mass
Spectrometry technology to the analysis of intact bacteria. This method allows the
rapid sampling of a population of macromolecules expressed on the surface of
bacteria and characterisation of these molecules by molecular weight. The resulting
mass spectrum provides a unique physico-chemical fingerprint for the species tested.
Mass-Fingerprints of unknown species can be reliably matched against databases of
quality controlled reference mass spectra leveraging this simple analytical method
into a powerful new tool for real-time detection and sub-typing of bacteria.
Mass-Fingerprinting is very rapid - the entire process from sample preparation
to result takes only a few minutes for each test microorganism. Sample preparation is
quick and easy - intact cells from primary culture are smeared across a stainless steel
target plate and allowed to co-crystallise with a UV-absorbing matrix. After drying,
the target is placed into the MALDI-TOF mass spectrometer. The microorganisms in
the matrix are illuminated with a pulse from a nitrogen laser (337 nm). The matrix
absorbs energy from the laser and macromolecules from the surface of the
microorganisms are desorbed and ionised. The resulting ionised macromolecules are
mass analysed and the results reported as a mass spectrum, i.e. a plot of mass (X axis)
versus abundance (Y axis).

The Mass-Fingerprint of the test microorganism is then submitted to the
MicrobeLynx™ search algorithm, which challenges an appropriately selected
database from a range of quality controlled bacterial reference mass spectra. This
technique could be used to characterize possible modifications after environmental
variations (oxidative stress, low radiations,….) of the different Melissa bacteria’s
(Bright et al., 2002). Each bacterial Melissa compartment will be characterized by a
specific fingerprint .
2.3. Membrane or surface accessible proteins detection (SAPD)

Flow cytometry has great potential as a rapid, automated tool for ecological
studies of microorganisms. It is used for detection and characterization of aquatic
bacteria, analysis of bacterial populations present in soils and sediments, detection of
bacterial food contamination, analyses of intestinal flora and drinkable water. Flow
cytometry can detect and separate specific populations of bacteria by using the cell
sorting. Using an antibody against a specific surface bacterial protein allows to detect
contaminants in a specific culture, example a Melissa compartment. The proteomic
approach is one of the best approaches to identify a typical surface protein for each
Melissa bacterial culture. In the first step, bacterial surface proteins are labeled by a
specific surface probe (Sabarth, 2002). After extraction, these proteins are separated
by two-dimensional gel electrophoresis and identified by mass spectrometry.
2.4. General procedures
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The protein concentration will be estimated by the classical Bradford technique
using BSA as standard. This procedure will be used to determine the required volume
to the SCM-MS technique.
2.4.1. Short term and long-term storage procedures
♦

ICM-MS and SAPD techniques: A short-term storage is available at 4
°C.

♦

TBP-SP techniques: Short and long-term storages are available at –20 °C
or –80C if the samples are prepared as indicated above.

2.4.2. Target selection/Validation

Which molecules are being targeted?
Flow cytometry can detect and separate specific populations of bacteria by the
application of cell sorting. Using an antibody against specific surface bacterial protein
would improve the detection of contaminants in a specific culture, for instance in a
Melissa compartment. The proteomic approach is one of the best approaches to
identify a specific surface protein for each Melissa bacterial culture. In the first step,
bacterial surface proteins are labelled by a specific surface probe (Sabarth, 2002) .
Bacteria were suspended in ice-cold PBS (PBS : Phosphate buffer saline), 1mM
CaCl2, 0.5mM MgCl2 at an optical density at 600nm of 2.5-3.5. The bacteria were
surface-labeled by incubation with 200uM (final concentration) sulfosuccinimidyl-6(biotinamido)-hexanoate [s-NHS-LC-biotin (Pierce)] for 30 min on ice. The reaction
was stopped by adding two volumes of TNKCM (50mM Tris , pH 7.4, 100mM NaCl,
27 mM KCl, 1mM CaCl2, 0.5 mM MgCl2). After 10 min incubation at room
temperature, the bacteria were sedimented by centrifugation by centrifugation at 3500
g for 10 min and washed three times with TNKCM. The biotin surface proteins are
purified by affinity chromatography on reversibly binding avidin-agarose
(Boehringer). After extraction, these proteins are separated by two-dimensional gel
electrophoresis and biotinylated proteins were detected on the blots using
NeutrAvidin-peroxydase staining (Pierce) and chemiluminescent visualization (ECL,
Amersham). Proteins will be identified by mass spectrometry. The specificity of these
surface proteins can be further analysed by comparison with the genes included in the
different genomic and proteomic databases.
Validation of analytical methods
a) TBP and SP techniques:
So far, this technique has been validated to characterize and identify different proteins
up or down regulated after different stress conditions on many bacterial species.
However, in order to fulfill the demanding requirements of proteome analysis
(resolution, reproducibility, ….), several conditions will be tested for each bacterial .
These conditions will be : the protein extraction method , the pH gradient in the first
dimension and the gel reticulation of the second dimension.
b) ICM-MS technique:
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A possible study by this technique will be validated pilot study. In the first step, a
specific MS fingerprint of Arthrospira cultures will be characterized. After
centrifugation (5000 rpm during 30 min at 4 °C), the pellet will be laid directly with a
Maldi-tof matrix on the sample plate and the measure will be done. A characterisation
of intact bacterial fingerprints will be done in different culture time points.
In the second step, the Arthrospira cultures will be submitted to different
environmental stress ( heat shock, oxidative stress,…) and a MS fingerprint will be
characterized. This study will allow us to assess the sensitivity and the reproducibility
of this method.
c) SAPD technique :
This technique has been validated for a large number of bacteria (Sabarth, 2002).
Briefly, In the first step, bacterial surface proteins are labelled by a specific surface
probe (Sabarth, 2002). After extraction, these proteins are separated by twodimensional gel electrophoresis and identified by mass spectrometry. In this context, a
specific surface membrane two-dimensional gel electrophoresis from the different
Melissa strains will be realized. After separation, surface proteins will be
characterized by Edman degradation or mass spectrometry techniques.

3. Description of biodiversity
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3.1. Outline and principle

The classic approach to enumerate bacteria from the environment have been
culture-dependent techniques combined with a simultaneous or subsequent
differentiation of the isolates based on batteries of physiological and biochemical
tests. Together with the description of the morphology of the bacteria, this could not
offer a straightforward strategy to identify and classify micro-organisms. Next to the
ambiguous character of the extracted data, culture-dependent methods do not
accurately reflect the actual bacterial community structure (Theron and Cloete, 2000).
Therefore it was necessary to develop various recombinant DNA techniques for the
identification of bacteria that are independent of cultivation methods.
Two main types of molecular techniques have been developed. The first
molecular approach investigates parts of DNA by focusing on genome sequences
which are targeted and amplified by PCR (f.e. 16S rRNA). Another approach will try
to investigate all the genetic information in the extracted DNA (Ranjard et al., 2000).
In this project, however, we will concentrate on the approach based on the
identification of micro-organisms via 16S rRNA gene sequences, determined directly
from the biomass without further cultivation. The rRNA molecules comprise highly
conserved sequence domains interspersed with more variable regions. Consequently
comparative analysis of rRNA sequences can identify so-called signature sequence
motifs on various taxonomic levels that are targets for an evolutionary-based
identification. rRNA molecules offer a number of advantages to be used as targets for
several reasons: they are functionally conserved molecules in all organisms; the
primary structures of 16S and 23S rRNA molecules are composed of sequence
regions of higher and lower evolutionary conservation, 16S rRNA sequences have
already been determined for a large fraction of bacterial species, and their natural
amplification with high copy numbers per cell greatly increases the sensitivity of the
method (Amann, 1995). Furthermore, their sequences can be retrieved from the
samples of interest without prior cultivation (Theron and Cloete, 2000).
3.2. Amplified 16S and 16-23S ribosomal DNA gene sequences and restriction
endonuclease analysis (ARDRA) (Massol-Deya et al., 1995)

ARDRA can be used for analyzing mixed bacterial populations. If the rDNA
fingerprints for individual bacteria in a community are sufficiently different, then one
can examine the amplified products for a series of distinct patterns resulting from the
different populations that make up the community. This method for ribosomal DNA
fingerprinting of communities could hence be used for a quick assessment of
genotypic changes over time (Massol-Deya et al., 1995).
This method involves the use of a pair of universal priming sequences for the
PCR amplification of either the 16S rRNA genetic loci or the intergenic regions of the
16S and 23S rRNA genes. The latter regions exhibit a large degree of sequence,
length and frequency variation because the spacer region is not well conserved.
ARDRA using the 16-23S rDNA region will provide a more diverse template for
restriction analysis resulting in more diverse template for restriction analysis resulting
in more complex band patterns and potentially higher resolution of community
members. This version of ARDRA may be useful in communities that are composed
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of closely related populations. In highly diverse communities, the pattern may turn out
to be too complex or there may be too little resolution of the distinct bands. If this is
the case, an alternative may be to use group specific primers for a given bacterial
group or to carry out the DNA amplification under more stringent conditions. Further,
resolution can also be obtained by hybridization with DNA probes specific for the
target groups (Massol-Deya et al., 1995). The limiting step is the fractionation step.
The separation of DNA fragments derived from different populations requires that
they differ in sequence at the restriction endonuclease sites, or differ in length of
DNA flanked by common restriction sites. The separated DNA fragments may also be
transferred to filters for hybridization with probes specific for an organism of interest,
subjected to Southern transfer (Theron and Cloete, 2000).
Advantages of the method include: detection of community members present in
very small numbers (1-10 cells); monitoring population dynamics without drastic
disturbance by sampling; free of bias of culture dependent methods. The
disadvantages are: ARDRA detects only the dominant species; cannot unequivocally
distinguish between two closely related strains (Massol-Deya et al., 1995).

16S

23S

Ribosomal RNA operon
Figure 3.1. General schematic representation of the rRNA operon showing the
localization of primer binding sites for PCR amplification. White fields indicate
spacer regions; filled arrows indicate the annealing sites of the 16S primer pair;
dotted arrows indicate the annealing sites for the primers amplifying the 16-23S
rDNA intergenic region.

Highly conserved flanking sequences are used for primer binding sites (arrows)
for the amplification of 16S ribosomal genes (Fig. 5.). For the 16-23S rDNA
intergenic region, amplification is carried out by using a pair of an opposite highly
conserved 16S and a 23S ribosomal primer (dotted arrows). Afterwards, the intragenic
PCR product will be digested and the pattern will be analysed by gel electrophoresis.
In order to ameliorate the ability to distinguish among different populations separate
digestions with three different restriction enzyme digestions is recommended
(Massol-Deya et al., 1995).

3.3. Analysis of bacterial communities using whole cell in situ hybridization
(Amann, 1995)
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Analysis by whole cell in situ hybridization does not only reveal the identity of
the bacteria at single cell level, it can also visualize cellmorphology or the spatial
distribution of the cells within the bacterial community (Theron and Cloete, 2000).
During whole cell in situ hybridization morphological integrity has to be maintained
under hybridization conditions. Cell walls and membranes have to be permeabilized
to allow penetration of the oligonucleotide probe. After hybridization of the probe to
the target DNA and several washing steps, the sample can be viewed by
epifluorescence microscopy. Probes will only bind correctly under defined and
optimized hybridization and washing conditions (Theron and Cloete, 2000).
A set of group-specific oligonucleotide probes for major phylogenetic
sublineages of micro-organisms allows a crude characterization of the community
structure in a certain ecosystem (Amann, 1995). Using top down in situ hybridization
more and more detail of the bacterial community can be revealed. Although this is an
indirect approach to identify the members of a bacterial community, it can provide
quantitative as well as qualitative information of the different groups of bacteria very
quickly. On the other hand does the method require expensive tools like the confocal
laser scanning microscope connected to PC’s programmed to analyze the obtained
images automatically and subsequently process the output data in order to be use the
method of whole cell in situ hybridisation most advantageously.
3.4. Single stranded conformation polymorphism (SSCP) (Hawkins, 1997)

The mobility of single-stranded or double stranded DNA electrophoretically run
through a gel matrix depend on their size as well as on their tertiary structure. Small
molecules pass through the pores in the matrix more easily than large molecules and
hence migrate faster. In order to run single-stranded DNA a denaturant is needed that
maintains the single-strandedness of the DNA fragments. Running single stranded
DNA on a nondenaturing gel will permit intramolecular interactions to occur. In other
words, the single-stranded DNA is able to bind partially to itself. As DNA is not
running as a linear molecule, the mobility of the DNA is governed by both its size and
tertiary structure. This tertiary structure of a single-stranded DNA fragment is
dependent on the sequence of the entire fragment. Any sequence differences in a
given fragment will result in a different conformation and hence a different pattern.
Alas, the method is very sensitive to the gel temperature, cross-linker concentration,
acrylamide concentration, presence of glycerol and the type of the gel matrix. It is
therefore difficult to guarantee that a replicate of the same SSCP investigation will
result in an identical banding pattern.
3.5. Terminal restriction fragment length polymorphism (TRFLP)

The TRFLP method is based on the ARDRA method. But while ARDRA is of
limited use for demonstrating the presence of specific phylogenetic groups or for
estimating species richness, the technique of TRFLP can give much more specific
insight in the bacterial community structure. The initial steps of DNA isolation, PCR
amplification and restriction are similar to ARDRA. However, in TRFLP one of the
primers used is labeled with a fluorescent dye so that when the preparation was
analysed with an automated DNA sequencer, the sizes of only the terminal restriction
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fragment (T-RF) could be determined and the amount can be quantified. Using
TRFLP on 16S rDNAs, the method can be adopted for analyzing complex microbial
communities (Liu et al., 1997). However, the method does not directly identify the
members of the bacterial community as it is possible for the DGGE method. Still, a
growing database of T-RFLP’s and the use of controls can give a clue on the identity
of the microorganisms residing in the community.
3.6. Denaturing gradient gel electrophoresis (DGGE) (Muyzer et al., 1998) or
temperature gradient gel electrophoresis

In DGGE and TGGE DNA fragments of the same length but with different basepare sequences can be separated. Separation in DGGE is based on decreased
electrophoretic mobility of a partially melted DNA molecule in polyacrylamide gels
containing a linearly increasing gradient of DNA denaturants (a mixture of urea and
formamide), while separation of the fragments in TGGE is accomplished by a
temperature gradient. Melting of the DNA fragments proceeds in discrete so-called
melting domains (base pairs with an identical melting temperature). Once a melting
domain reaches its melting temperature at a particular position in the denaturant
gradient gel, a transition of helical to partially melted molecules occurs, and migration
of the molecule will stop. Sequence variation within such domains causes their
melting temperature to differ. Sequence variants will thus stop migrating at different
positions in the denaturing gradient and be separated, thereby enabling the analysis of
a mixed microbial community (Muyzer et al., 1998).
Although DGGE analysis of PCR-amplified 16S rDNA fragments provide a
rapid method to characterize community population structure, more specific
information of population composition can be obtained by secondary analysis of the
DGGE banding pattern. Individual bands may be excised and sequenced.
Alternatively, DNA can be transferred to nylon membranes and hybridized with
group- and species-specific oligonucleotide probes to identify specific populations
within the microbial community (Theron and Cloete, 2000).
This method of describing bacterial diversity is straightforward and will give a
rough idea of what bacterial species are present in the sample. Therefore this project
will concentrate on DGGE as the primary method to reveal the most dominant species
in the first compartment.
3.7. Oligonucleotide fingerprinting of rRNA genes (ORFG)

The recent advances in DNA microarray technology provide for a method were
thousands of genes can be simultaneously assessed by using a large set of probes,
miniaturized on one glass slide. It is likewise an ideal format to assess the sequence
diversity of 16S rRNA in natural environmental samples (Koizumi et al., 2002). In
this approach labeled rRNA or rDNA from environmental samples are analyzed by
hybridization to oligonucleotide probes attached to a substrate. This method, however,
had only limited success. The most significant problem was based on probe design
next to and in conjunction with hybridization conditions.
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The method of oligonucleotide fingerprinting of rRNA is an alternative array
based approach in which the rDNA, not the oligonucleotide probes, are attached to a
solid substrate. ORFG is an adaptation of a method used for gene expression
profiling, where clone libraries are constructed from rDNA molecules that have been
PCR amplified from environmental DNA. The rDNA clones are then arrayed on
nylon membranes and subjected to a series of hybridization experiments, each using a
single DNA probe 10 nucleotides long. For every probe, the signal intensities reflect
negative, positive, or uncertain hybridization events. This creates a hybridization
fingerprint for each clone. Subsequently the clones are identified by clustering their
hybridization fingerprints with those of known sequences, as well as by nucleotide
sequence analyses of representative clones within a cluster (Valinsky et al., 2002).

4. Investigation of critical genes by DNA chip technology
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4.1. Outline and principle

A significant technology that has emerged is the use of miniaturized DNA
hybridization systems: DNA microarrays or DNA chips. They allow simultaneous
detection of expression of thousands of genes, and reveal the manner in which an
organism uses its genetic arsenal under various conditions (Stephens, 2001).
An entire microbial genome can be easily represented in a single array, making
it feasible to perform genome-wide analysis (DeRisi et al., 2001). Two of the most
used applications for DNA chips are the investigation of genome-wide transcriptional
profiles and the measurement of the similarities or differences in genetic contents
among different microbes (Ye et al., 2001).
DNA microarrays are basically a miniaturized form of dot blot in a highthroughput format. There are two major types of DNA chips: the oligonucleotidebased array; and the PCR product-based array. The outline of an DNA-chip based
experiment is shown in fig. 4.1..
Primer designs
(for ORFs and intergenic regions)
Amplification
of genomic
DNA

PCR products

Long oligonucleotides

Spotting on glass slides or membranes

In situ synthesis

Short oligonucleotide arrays

Total RNA isolation and
labeling
Hybridisation and
image processing
Data analysis
Fig.4.1. Construction of DNA microarrays. (Ye et al., 2001)

4.2. Experimental approach
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The possible stress resulting from both space conditions and effluents from the
various compartments will be evaluated on the bacterial microflora of MELISSA
loop. Indeed, these conditions can have an effect on the physiology of the strains and
alter the functioning of the whole system. With this aim, the expression level of genes
known to play an important role in the resistance to stressful conditions.
The expression of genes in bacteria is regulated by environmental conditions.
Hence variations in environmental stimuli will result in differential expression of the
genes. Until recently only a limited number of genes could be analyzed. Therefore it
was impossible to obtain a complete overview of the induction or repression of gene
expression under certain environmental conditions. Now, simultaneous detection and
quantitative estimation of all transcripts in a micro-organism or tissue was made
possible by the invention of arrays with DNA fragments representing an entire
genome or a subset thereof (Rimini et al., 2000).
This procedure will require the prior identification of such genes in the strains of
interest. First, the protein sequence of homologous genes present in the databases and
identified in various microorganisms, including Rhodospirillum rubrum, Rhodobacter
sphaeroides and Synechocystis spp. that are closely related to some MELISSA strains
will be aligned to identify conserved domains in all these proteins. Second, the
nucleotide sequence of the corresponding genes will be aligned to allow the design of
degenerate oligonucleotides on the basis of the conserved regions in their coding
parts.
A

B

C

A

B

C

atggtattatgcc---attc
atcgtattaggc----attc
accgtattatgcc---attc

allignment

mRNA extraction

Reverse transcription and
fluorescent labeling
A

B

C

primer construction
culture organism under
various conditions
testing expression of
stress induced genes
on a stressome chip
PCR amplification

construction of DNA
probes

TTGAACCTCGGGAA

sequencing of PCR fragment

Figure 4.2. Overview of the approach to investigate induction of stress related genes.
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Third, these oligonucleotides will be used to amplify by PCR the genes of
interest in Arthrospira platensis and in Rhodospirillum rubrum. These PCR amplified
DNA fragment will then be used as probes to monitor the level of gene expression
from mRNA preparations of the various strains. Alternatively, the physiological
alterations resulting from specific stresses can be investigated in a global way with the
so-called DNA chips, which are glass slides where all the genes of an organism can be
spotted. For this purpose, DNA chips will be prepared from DNA genomic libraries of
MELISSA strains.
The procedure for transcriptome (i.e. the whole transcript set of an organism)
analysis is as follows: messenger RNAs are extracted and DNA complementary to
these RNAs are synthesized by a reverse transcriptase enzyme. During this process,
cDNAs are labelled with two different fluorescent compounds. For each strain, cDNA
pools corresponding to two different conditions can be hybridized on the same
support and analysed in one step by specific software and statistical methods. This
allows a direct comparison of the differential expression rate of all the genes of the
organism of interest.

5. Genomic pattern analysis by PCR-based techniques
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5.1. Outline and principle

For prokaryotic species that can be cultivated, numerous molecular methods exist
to obtain genetic information. These methods largely depend on four levels: i) the
genome (DNA/RNA), ii) proteins, iii) cell components (fatty acids, lipids, etc.), and
iv) morphology and behaviour. The complexity of interactions of gene product
increases from level i) to iv), and accordingly the genetic relatedness of
microorganisms is more difficult to deduce (Fig. 5.1.).

Fig. 5.1.: An overview of taxonomic information provided by biological molecules

Nucleic acid-based analysis methods, often referred to as ‘genotypic methods’,
have become increasingly important to address the actual state of genetic relatedness
within groups of prokaryotic organisms (reviewed by Schloter et al., 2000).
Consequently, the scientific community has been confronted with an avalanche of
new genotypic fingerprinting techniques, often with confusing or overlapping names
and terminologies (reviewed in detail by Vaneechoutte, 1996). The common theme in
all these methods is the detection of naturally occuring DNA polymorphisms (point
mutations, insertions, inversions, deletions) which are a result of evolutionary
processes that take place in the cell. In the past few years, general approaches have
been established that allow the detection of single nucleotide polymorphisms (SNPs),
but these approaches require high density microarrays or novel sequencing procedures
and it is not our immediate aim to detect SNPs, but rather to study overall genetic
stability in terms of differences in DNA banding patterns using restriction enzymes
and PCR.

5.2. Genotyping methods
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The development of genotypic methods can be divided in a number of phases. In
the 1970s, analysis of plasmid content and the restriction patterns of plasmid DNA
was used, but this was quickly superseded in the early 1980s by the realisation that
plasmids have a potential transient nature, and methods that examined the whole
chromosome emerged. These included total chromosomal restriction digests, RFLP
with probes (i.e. on rRNA encoding genes – ‘ribotyping’), followed by more
advanced methodologies such as PFGE, RAPD, REP-PCR, and AFLP (see also
section 5.5). In the last few years, primarily owing to a leap in the efficiency,
throughput, and automatisation of various DNA sequencing technologies, methods
such as multilocus sequencing (MLST) and microarray analysis have gained ground.
The majority of these genotypic methods are able to address, with various degrees of
reliability, reproducibility, and resolution, genetic variability at the strain level (Fig.
5.2.).

Fig. 4.2.: Taxonomic resolution of current genotypic and phenotypic methods (abbrevations as in
section 4.5.)

In addition, whole-genome sequencing has provided a wealth of genetic
information and has enabled full-sequence comparison between a number of strains of
the same species (e.g. E. coli, S. aureus, B. anthracis, etc.). As of June 2002, 64
eubacterial and 15 archaeal genomes have been sequenced and published (Janssen et
al., 2002).
From the above overview, it can be seen that none of the common phenotypic
typing methods offer an ideal approach for the sub-dividing of microbial species, let
alone the monitoring of genetic variance in microbial populations or the study of
genetic stability. In contrast, genotypic methods have the potential to be used for
studying diversity in any microbial species, with some genotypic methods also
offering the possibility of providing a ‘universal’ approach (i.e. through DNA
sequence independency). One of the most promising techniques is selective restriction
fragment analysis (SRFA), in which the entire genome is digested with restriction
enzymes and a subset of tagged fragments is selectively amplified using universal
PCR primers. The best known SRFA method is AFLP , originally developed at
Keygene International (Wageningen, The Netherlands) for the monitoring of traits in
plant and animal breeding (Vos et al., 1995). The technology was successfully
adapted for microbial analysis (Janssen et al., 1996), and since then has been used for
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the genotypic characterisation of fungi, yeast, and a large variety of prokaryotic
species (reviewed by Janssen, 2001).
5.3. Polymorphism analysis by AFLP
5.3.1. The AFLP concept

Strictly speaking, and based on the technical layout, AFLP should be classified
under the category of Selective Restriction Fragment Amplification (SRFA)
techniques employing short double stranded 'adaptors' or 'indexers' that are ligated to
genomic restriction fragments and which serve as primer binding sites for
amplification (Vaneechoutte, 1996). The AFLP concept can be largely divided into
three steps (Fig. 5.3):
(1) digestion of total cellular DNA with two restriction enzymes and ligation of
restriction halfsite-specific adaptors to all restriction fragments,
(2) selective amplification of some of these fragments with two PCR primers that
have corresponding adaptor- and restriction-site sequences, and
(3) electrophoretic separation of amplicons on a gel matrix followed by visualisation
of the banding pattern.

(1)

(2)

(3)

Fig. 5.3.: Main principles of the AFLP method: digestion of total genomic DNA (1), ligation
of adapters (2), and amplification with adapter-specific primers and electrophoretic separation
of amplicons (3) (Janssen et al., 2001).

The simultaneous use of two restriction enzymes is beneficial. First,
heterologous ends are produced, allowing ligation of adaptors with different
sequences so that many primer pairs can be used on the same template. This facilitates
the analysis of highly monomorphic genomes to a great extent (Keim et al., 1997 )
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(note: AFLP has been used for strain identification of Bacillus anthracis in the recent
anthrax scare in the US). Second, by using a mix of enzymes, only a limited number
of fragments (due to the 6-base cutter) are obtained that are relatively small (due to
the 4-base cutter) and amplification is thus straight forward. In addition, the resulting
amplicons are in an optimal size range (50 - 1000 bp) for high resolution separation
on denaturing 5 - 6 % (w/v) polyacrylamide gels.
5.3.2. Template preparation
Ligation of adaptors. After digestion of the genomic DNA, fragments are
tagged with short double stranded DNA molecules that bind in a complementary
fashion to the restriction half-sites. In the presence of T4 ligase and ATP, a
phosphodiester link is created between the 3'-OH and 5'-PO4 groups at the end of each
adaptor and fragment (Fig. 5.4., step 1). Note that, because unphosphorylated
oligonucleotides are used for the adaptors, there is only one phosphodiester link for
each adaptor-to-fragment ligation (Fig. 5.4., step 2), meaning that if DNA was
denatured prior to the addition of Taq DNA polymerase and dNTPs, no amplification
would occur (Vos et al., 1995). The PCR in AFLP works because Taq polymerase
fills in the 3'-recessed ends or displaces the non-ligated strand at ambient
temperatures (Vos et al., 1995), thereby ensuring the presence of the originally
intended primer binding site (Fig. 5.4., step 3).

Fig. 5.4.: Preparation of template DNA for selective amplification
(see text for details).

Adaptor features. When two restriction enzymes are used, adaptors have
different sequences allowing a combination of PCR primers. Obviously, the core
sequences of the adaptors are dictated by proper primer design, i.e., inverted repeats
and long nucleotide runs should be avoided. Also, although the sequences must be
sufficiently different to ensure specificity, the Tm of both primers should be in the
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same range. Once the primer sequences are chosen, adaptors can be designed. An
essential feature of AFLP adaptors is that they contain a base change so that the
original restriction site is not reconstructed during ligation. In the example of Fig.
5.4., a HindIII-adaptor with a 3'-cytosine is used for this purpose. This has the
advantage that the ligation can be done in the presence of restriction enzymes,
thereby preventing fragment-to-fragment ligation and simultaneously stimulating
adaptor-to-fragment ligation. In addition, because adaptors are made of
unphosphorylated oligonucleotides, they are unable to ligate to each other. The
combination of these features ensures that virtually all restriction fragments are
tagged with the appropriate adaptor sequence.
5.3.3. Selective PCR
Principles. AFLP primers consist of the adaptor-derived core sequence,
including the 3'-part of the restriction half-site, and an extension sequence made up by
a number of so-called selective bases. These selective bases are complementary to
nucleotides flanking the restriction sites. For a given template, elongation of the DNA
chain will only take place if the primer binds with high specificity, e.g., if the
corresponding complementary nucleotide is present in the fragment (Fig. 5.5.). In
addition, exponential amplification is only achieved when DNA synthesis occurs from
both ends. The stringency of primer binding is essential for the succes of reproducible
AFLP (for review, see Janssen, 2001).
Primer structure. Obviously, proper primer design is very important. Hairpin
structures should be avoided and the formation of self-dimers and cross-dimers should
be kept to a minimum as much as possible to prevent the loss of reaction components.
Also, it is preferred that a primer sequence does not contain long stretches of As or
Ts, because this may cause local instabilities in the primer-template hybrid, and the
G+C-content should range between 40 and 60%, allowing highly specific annealing
between primer and template at 56 - 60°C. For AFLP primers, another feature is the
obligatory presence of a 5'-guanine residue. This prevents the generation of so-called
'double bands' that were observed occasionally in older AFLP gels due to incomplete
addition of an extra nucleotide to the synthesised strands. This terminal transferase
activity, also known as 'extendase' activity, of the DNA polymerase is 3'-base
dependent: if the 3'-base is a cytosine, extendase activity is quite strong and mainly
adenines are added. Using AFLP primers with a 5'-guanine thus guarantees that most
amplicons will be identical and have the same electrophoretic properties, leading to
the formation of discrete bands and improving comparative analysis of banding
patterns.
Selection criteria. Assuming random base distribution, one out of four
fragments will be amplified for each selective base used. However, in reality, the final
complexity of the AFLP pattern is determined not only by the number of selective
bases used, but also by the choice of the selective bases and the base composition of
the genome (reviewed by Janssen, 2001). In general, when properly executed, AFLP
methodology deploying +1 or +2 primers (i.e. primers with 1 or 2 selective bases,
respectively) ensures a proportional reduction in the number of amplicons for each
selective base used.
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Fig. 5.5.: Selective amplification with AFLP primers; only a perfect match at the 3'-end between primer
and template results in DNA chain elongation and subsequent PCR amplification.

5.3.4. Fragment separation

The original AFLP procedures described by Vos et al. (1995) made use of
conventional sequencing gels containing 7 - 8 M urea and 4.5 - 6% cross-linked
polyacrylamide. Typically, detection of AFLP amplicons required the labelling of one
of the primers with either P-32 or P-33, followed by visualisation of the banding
patterns by autoradiography or by the use of a phosphorimager (Fig. 5.3.). However,
many research institutes prefer to limit the use of radioactivity, and methods for
nonradioactive detection of nucleic acids have been put forward, e.g. by silverstaining
(Chalhoub et al.,1997) and chemiluminescense (Lin et al., 1999). A much better, but
also much more expensive, approach involves the use of Cy5-labelled primers in
combination with on-line laser detection of fluorescent amplicons while they pass
through the gel (Fig. 5.6.). This now has been done for AFLP analysis of a large
number of bacterial species (reviewed by Janssen, 2001).
If an automated apparatus is equipped with a multiple fluorescence detection
system e.g. the 4200 NEN Global IR2 DNA Analyzer (LI-COR, Lincoln, NE) that is
present in the group of Dr. Wilmotte (ULg), a separate fluorescent label can be used
as an internal standard for addition to each sample, thus greatly improving the
normalisation of the gels. Improved resolution is also achieved because the fragments
are detected at a fixed distance from the origin, leading to a more uniform spacing
between fragments. General advantages of 'automated' fluorescent AFLP (fAFLP)
include the large simultaneous throughput of samples, a rapid turnaround, and the
direct processing of raw data and subsequent error-free storage of results through
linkage with a computer. The Li-Cor instrument that will be dedicated to our AFLP
genotyping analysis has the added advantage that it is connected to our Local Aerea
Net (LAN), facilitating remote analysis of the generated data using the ISIX software
package.
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Fig. 5.6.: fAFLP electropherogram obtained using fluorescently labelled primers and an
automatic sequencing apparatus.

5.3.5. Pattern visualisation

With fAFLP technology, fluorescently labelled amplicons are detected with a
laser while they migrate downwards through the gel. The detection signals are
collected, digitised and sent to the computer for storage and processing. These raw
data are converted to the TIFF format with software that is included in the automatic
sequencing apparatus package. The actual size of the image file depends on the
conversion settings used, with a typical 7- to 10-fold reduction of the original vertical
resolution (as defined by the run-time and signal detection interval).
5.3.6. Data analysis

Data analysis is done using the GelCompar Software package of Applied Maths,
Kortrijk, Belgium. Digital images are normalized by aligning the internal AFLP
reference patterns. Background signals are substracted using the curve-fitting
algorithm supplied with the Gelcompar software. Different digital images (e.g. from
different electrophoresis runs) can be combined by assigning one particular reference
track as a standard and alligning all other reference tracks versus this standard (Fig.
5.6.). Bands will be scored and a similarity matrix will be created using the bandbased Dice coefficient, SD, equal to the ratio of twice the number of common bands in
two compared patterns to the sum of all bands in both patterns (Sneath & Sokal,
1973).
5.3.7. Applications
AFLP as a taxonomic tool. The AFLP method has been used with great
success in numerous taxonomic studies of various bacterial and fungal species, as
well as plants. The use of AFLP as a novel taxonomic tool for bacterial species has
been evaluated in detail (Janssen et al., 1996).
Epidemiological typing of bacteria. AFLP has also been used in conjunction
with other typing methods for the epidemiological typing of a wide scala of medically
important bacteria, including Acinetobacter, Aeromonas, Campylobacter,
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Mycobacterium, Helicobacter, Staphylococcus, Streptococcus, etc. (reviewed in
Janssen, 2001).
AFLP for studying the molecular evolution of microbes. In nature, genetic
diversity in prokaryotes is driven largely by a number of dynamic processes that
enable them to react swiftly to changes in their environment. To accomplish this
'adapt-to-survive' strategy, microbes have a plethora of routes at their disposal to
acquire beneficial, or eliminate superfluous, genetic material, and to 're-shuffle' genes
that need to be expressed at short notice (Casjens, 1998; Arber, 2000). This structural
plasticity of microbial genomes has been the subject of numerous investigations,
although these studies focused on only one particular gene or set of genes, and reports
on whole genome analysis in the context of evolutionary studies on microbes are very
scarce (Arber et al., 1995; Naas et al., 1995). The AFLP method has great flexibility
in that many different primer pairs (i.e. up to 16 for +1 primers) may be used on the
same template. This means that large numbers of nucleotides distributed over the
entire genome can be surveyed simultaneously. For instance, with an average of 60
bands for each of the 16 patterns, and given that 12 nucleotides (6 + 4 of the
restriction sites and 2 of the +1 selective bases) are associated with each band, 16 x 60
x 12 or 11,520 nucleotides are examined for point mutations and, assuming an
average fragment length of 250 bp, 240,000 nucleotides are surveyed for length
mutation. This approach allows the detection of rare polymorphisms, is particularly
interesting for the analysis of highly related genomes, and owing to its supurb
resolution, is perfectly suited to follow the genetic stability of prokaryotic organisms.
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6. Flow cytometry analysis
6.1. Outline and principle

In flow cytometry, the cells may be alive or fixed at the time of measurement,
but must normally be in monodisperse (single cell) suspension. They are passed
single-file through a laser beam by continuous flow of a fine stream of the suspension.
Each cell scatters some of the laser light, and also emits fluorescent lights excited by
the laser which are collected by photomultiplier tubes positioned at different angles
relative to the incident light and 90° relative to the jet of the cells (figure 6.1.).

Fig. 6.1.: Individual cells confined within a rapidly flowing jet of water pass a measuring window, at
which several parameters can be simultaneously measured (Fig 6.2).

The flow cytometer typically measures several parameters simultaneously for each
cell (figures 1 and 2):
•
•

low angle forward scatter intensity, approximately proportional to cell
diameter
orthogonal (90 degree) scatter intensity, approximately proportional to the
quantity of granular structures within the cell
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•

fluorescence intensities at several wavelengths

Fig. 6.2.: measurement of various parameters in flow cytometry

Light scatter alone is often quite useful. It is commonly used to exclude dead
cells, cell aggregates, and cell debris from the fluorescence data. Fluorescence
intensities are typically measured at several different wavelengths simultaneously for
each cell. Different cell components are stained with fluorescent dyes and, as the cells
pass the window, the dyes are excited with a high-intensity light source. The emitted
fluorescence from the dye is proportional to the cellular content of the stained
substance. In this way, DNA content (measured as fluorescence from stained DNA for
example) can be measured at rates of more than 1,000 cells per second. The method
yields unique information about the distribution of a parameter between the individual
cells in a population, which provides a different and more informative result than
methods in which average values are measured. Fluorescent antibodies are often used
to report the densities of specific surface receptors, and thus to distinguish
subpopulations of differentiated cell types. By making them fluorescent, the binding
of viruses or hormones to surface receptors can be measured. Intracellular
components can also be reported by fluorescent probes, including total DNA/cell
(allowing cell cycle analysis), newly synthesized DNA, specific nucleotide sequences
in DNA or mRNA, filamentous actin, and any structure for which an antibody is
available. Flow cytometry can also monitor rapid changes in intracellular free
calcium, membrane potential, pH, or free fatty acids.
Flow cytometers involve sophisticated fluidics, laser optics, electronic detectors,
analog to digital converters, and computers. The computer records data for thousands
of cells per sample, and displays the data graphically.
6.2. Analysis Equipment at SCK-CEN: the EPICS XL (Beckman Coulter)

The facility at the laboratory of radiobiology at SCK-CEN provides a Beckman
Coulter EPICS XL for analysis of cell samples. This instrument cannot separate and
thus sort cells into different containers based on their properties; the samples are thus
consumed and discarded during analysis. The EPICS XL is a closed fluidic system, so
use with biohazardous samples (such as human blood samples, bacteria) is possible
with appropriate precautions.
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The EPICS XL uses an air-cooled argon gas laser, 15 mW output, with a fixed
wavelength emission of 488 nm. It has four fluorescence detection channels which
simultaneously detect green, yellow-orange, and red light. Fluorescein is used
extensively for the green channel, and phycoerythrin or propidium iodide (a DNA
stain) for the yellow-orange channel. Dyes are also available which can be excited at
488 nm yet emit in the red.
The EPICS XL can analyze cell suspensions at the rate of several hundred cells
per second. Typically, investigators acquire 5,000 to 15,000 cells per sample. Data are
saved to the hard disk of a dedicated computer, where they can later be analyzed with
graphics software.
6.3. Optimised detection of bacterial changes induced by exogeneous factors.
6.3.1. Optimisation of the flow rate of sample cell inside the flow cytometer

The quality of the results depends on the cell flow rate expressed as cells per
minute that passes through the flow chamber inside the flow cytometer. When the rate
is too high, the sharpness of the peaks decreases. When the rate is too low, the
experimental time is too long. An optimal cell flow rate needs to be determined
emperically.
6.3.2. Discrimination of bacteria from the background

To decrease to the minimum the level of background noise, the media that are
used in order to analyse bacterial populations will have to be carefully filtered (0.22
µm, 1, 2 or 3x). Then, the discriminator has to be set on size (if cells are not stained),
on DNA fluorescence (if the DNA of the cells is stained) in order not to visualise
background.
6.3.3. Basic detection of differences in bacterial size and granularity

Some of the most important work in marine microbiology, using FCM includes
the ability to detect, count, sort, and identify free living bacteria to help better
understand their role in the marine ecosystem. FCM has shown that is has the ability
to identify pico-phytoplanktonic cells. These particular organisms present a great
challenge, due to their tiny size 0.2 to 2 µm, even the answers to basic questions about
the organism are elusive. However, with natural seawater samples flow cytometry
enables the discrimination of pico-organisms from larger phytoplanktonic cells,
photosynthestic prokaryotes, bacteria, and nanoheterotrophs. The interest in these
organisms is founded by their role as primary producers and as a food source. Using
rRNA oligonuclotide probes, the organisms can be subjected to in situ hybridization
and based on their different degrees of side scatter the organisms are readily detected.
The FCM histograms can be directly examined to aid in bacterial determination.
There is a relationship between the forward scatter (size) and cell mass. In addition,
the scatter signal from bacteria depends on its shape and on the range of scatter angles
detected. As bacterial populations are morphologically heterogeneous, we will
investigate to which extend results may vary according to the composition (possibly
taking into account age and density) of reference populations. Furthermore, a study
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will be performed in order to analyse whether a change in the bacterial culture (due to
viral infection, specified stress,..) could be correlated with a change in size and
granularity. Finally, a possible relationship between the side scatter (SSC) and
bacterial morphology will be investigated. Visual evaluation is to be performed with
phase contrast microscopy. All the changes will be quantified by the use of calibrated
microspheres of known diameter size (0.1, 0.2, 0.5, 1, 2, 5 and 10 µm diameter) and a
calibration curve of the mean channel versus the size will be established. If there is
heterogeneity of the bacterial size, it should be reflected by a high variation
coefficient.
Below are two tables taken from Environmental Monitoring of Bacteria that
display the different types of fluorescent dyes that may be used for flow cytometry
labeling. Flow cytometry can a mass a variety of data types. The possibilities for
analysis types are innumerable, with different fluorochromes available to do a variety
of experiments (tables 1 and 2). Investigations include many environmental samples
especially aquatic samples but flow cytometry is also applicable to other fields as
shown in table3.
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Author/Year/Journal

Study Preformed

Sample Type

Dye/Method
Used

Andreatta et al. 2000 Cytometry

Image analysis to detect subgroups

Heterotrophic Bacterioplankton

DAPI/ TransFloroSpheres

Bernard et al. 2000 Microb.
Ecol.

Relationship cell size, productivity, and
genetic diversity

Aquatic Mediterranean

SYTO/Cell Sorting

Bernard et al. 2001 Cytometry

Genetic diversity of viable and active
bacteria

Seawater cultures

DVC/ CTC/Cell Sorting

Bouvier et al. 2001 Cytometry

Estimate Bacteria Biovolume

Bacterial strains of aquatic env.

DAPI/ Light Scattering

Button et al. 2001 AEM

Determination of DNA Content

Seawater/marine org.

DAPI/Triton X-100

Davey et al. 1999 Cytometry

Identification of Microorganisms

B.subtilis, E.coli, M. luteus

TinopalCBS-X/SYTO
17/Oxonal V/ TO-PRO-3

Dubelaar et. al. 1999 Cytometry

In situ analysis of marine and fresh
water

Marine and fresh water

CytoBuoy: a wireless
Flow cytometer

Edwards et al. 1999 Cytometry

Rapid sequential flow cytometry

Chinese hamster ovary cells

GFP/hydroethidine/Plug
flow

Gasol et al. 1999 AEM

Significance of size and nucelic acid
content

Planktonic bacteria

Gregori et al. 2001 AEM

Resolution of viable mebranecompromised bacteria

Fresh and marine water
samples

Live/Dead kit/
epiflourescence
microscopy
Live/Dead SYBR Green I
& II and PI

Huage et al. 1999 Cytometry

Bacterial genome fingerprinting

S.aureus and λ-phage

T0T0-1/ PFGE

Jacoberger et al. 1999
Cytometry

Cell-Cycle-regulated gene expression

Human prostate cancer cell line

FITC-anti-cyclin B1

Larson et al. 2000 Cytometry
Robertson et al. 1998 AEM

Rapid DNA fingerprinting of Pathogens
Determination Biomass of small
bacteria in low concentrations in mixed
species
FISH using rRNA probes to identify
Small Phytoplankton

S. aureus, E.coli
C.oliotrophus, Marinobacter
sp., P.diminuta

PFGE / PicoGreen dye
DAPI/Triton X-100

Simon et al. 1995 AEM
Schmid et al. 1999 Cytometry
Zubov et al. 1999 AEM

Live cell growth and phenotype in
population with low viability
Determination of total protein content of
bacterial cells

Phylas Chlorophyta,
Heteroconta, Dinophyta, and
Cryptophyta
Molt-4f t-cell leukemia

7-AAD/ Leu-3a FITC

Seawater sample isolates

SYPRO

Table 6.3: Selected Studies Exhibiting Multiple Uses Of Flow Cytometry

The above table displays in utmost brevity the a few applications of flow cytometry.
However, this table does not give a full understanding of technique and results.
6.3.4. Assessment of viability and survival

In the last few years, various studies for the rapid assessment of bacterial
viability and survival have been undertaken. In addition, numerous applications of
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flow cytometry to analyse drug susceptibility of eukaryotes and prokaryotes have
been reported. Efficient dyes for the assessment of viability and survival are
Rhodamine 123, oxonol, and propidium iodide. The signals from these
fluorochromes detect changes in membrane potential or envelope integrity of the
cells. The level of accumulation of Rhodamine 123 and oxonol inside the cell depends
on its membrane potential or the difference in charge between both sides of the
plasma membrane. A study will be performed in order to find a rapid method to assess
bacterial survival and viability among the bacterial populations. This is based on the
hypothesis that viral contamination or stress may disrupt or alter the outer membrane
and cell membrane in bacteria, resulting in changes in the integrity of cell envelopes
and membrane potential.
Rhodamine 123 is a cationic lipophilic dye (accumulated cytosolically by cells
with an inside negative transmembrane electrochemical potential) that has been used
extensively to study bacterial viability.
Oxonols [i.e. bis-oxonol DiBaC(4)3] are anionic lipophilic dyes which, unlike
Rhodamine 123, are not extensively accumulated cytosolically by cells with an inside
negative transmembrane potential, and which have also been used to assess bacterial
viability. Therefore, their fluorescence response is opposite that of cationic
Rhodamine 123. When membrane potential increases, the fluorescence response of
Rhodamine increases, but the fluorescence response of oxonol decreases. Conversely,
when membrane potential decreases, Rhodamine 123 fluorescence decreases but
oxonol fluorescence increases.
Propidium iodide (a phenanthridinium dye) is a membrane-impermeant dye
that stains by intercalating into nucleic acid molecules stains nucleic acid molecules.
It binds RNA and DNA and exhibits no sequence specificity (one dye per 4-5 base
pairs of DNA). On binding to nucleic acids, the fluorescence yield is enhanced ~ 25fold, and the excitation maxima is shifted ~30-40 nm to the red and the emission
maxima is shifted ~15 nm to the blue. In the DNA bound form, propidium iodide
excites at 536 nm and fluoresces at 617 nm. Propidium Iodide is cell membrane
impermeant dye and can be used for evaluating viable cells (will stain negative). It is
also useful in double-label experiments to detect DNA and a fluorescein-labeled
antigen simultaneously.

The overall set-up of the viability protocol based on Rhodamine 123, bis-oxonol
DiBaC(4)3, and propidium iodide stainings is determined by the following steps that
will each have to be optimised :
In order to permeabilise the bacterial outer membrane, EGTA (at a final
concentration of 1 mM) will be added to an overnight culture (or maybe more
depending on the length of the cell cycle of the bacterial populations) previously
diluted 1/1000 in NaCl 0.9%.
♦ Rhodamine 123 will be added to a final concentration of around 0.2 µg/ml
(concentration to be optimised) from a stock solution in ethanol.
♦ Propidium iodide will be added to a final concentration of around 10 µg/ml
(concentration to be optimised).
♦
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Oxonol (around 4 µl of 250 µM solution of oxonol in ethanol) will be added to
1ml of bacterial suspension and incubated for a few minutes (between 2 and 5
minutes) at room temperature.

♦

Remark : Oxonol and Rhodamine 123 staining at different culture times will have to
be determined in order to check whether Rhodamine 123 and oxonol are taken up at
different rates during the exponential and stationary phases. A progressive decline in
Rhodamine uptake is usually observed during the growth phase. Bacteria showing
high Rhodamine 123 fluorescence should exhibit little or no fluorescence with
oxonol. Because the fluorescence intensity of Rhodamine 123-stained populations is
highly dependent upon their physiological state, standardisation of the inoculum is an
important factor that has to be chosen for flow cytometrical experiments.
6.3.5. Use of flow cytometry to check DNA content changes in microbial
populations

Flow cytometry is uniquely suited for cell cycle analysis, since information
about different cell cycle stages can be obtained without the need for synchronization
of the cell culture. Also, flow cytometry offers the advantage that it can be applied to
organisms whose genetics and physiology are largely unknown; as long as a DNAspecific stain can be made to enter the cells and reach the nucleic acid, flow cytometry
can be performed on most species from which single cell suspensions can be obtained.
In cell cycle analyses of eukaryotic organisms, flow cytometry is commonly
employed, and a variety of instrument configurations, light sources and stains are in
use. In contrast, flow cytometric analysis of bacterial cells is not widely used.
Previously, the reason for this was that the resolution and sensitivity of conventional
flow cytometers was near or below the detection limit for bacterial analysis; the DNA
content of a bacterial cell is about 1,000-fold less than that of a human cell, and the
cell mass difference is also considerable.
With the development of a flow cytometer with a different configuration, flow
cytometry of bacteria became feasible and several laboratories have used this
instrument for bacterial cell cycle analysis. Unique information has been gathered,
including measurements of lengths of different cell cycle periods in various
Escherichia coli strains subjected to different growth conditions, the degree of
coordination of initiation at multiple origins of DNA replication, the variation in the
DNA content and cell size distributions of bacterial populations at different stages of
growth in batch cultures as well as other cell cycle studies. Characterisation of DNA
replication and cell division patterns in different mutant strains has been carried out,
as well as characterisation of strains in which chromosome replication is controlled by
integrated plasmid replicons. Other uses include studies of antibiotic effects as well as
analysis of clinical material.
The quantitative measurement of the DNA content became possible by specific
fluorescent dyes which bound stoichio-metrically to the double helix of nuclear DNA.
The fluorescence inside the cell-nucleus can easily be detected using flow cytometry.
Thus, the amount of DNA for cell populations can be studied regarding: a) the cell
cycle; b) the ploidy level
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In a growing population the DNA amount per cell is correlated to certain cell
cycle phases of replication of chromosomes. Three different phases can be
distinguished: G1, S, G2M (G1: normal DNA content = 2c, S: DNA synthesis, G2M:
double DNA content = 4c and mitosis).
The peaks of the G1 and G2M compartments in a DNA histogram show
Gaussian distributions (see below). Different mathematical models are available to
integrate peak areas in order to determine cell counts (in percent) of the different cell
cycle phases.

Figure 6.4 : DNA profile of a bacterial population.

6.3.6 Preparation of samples to analyse DNA content from bacterial cultures
Retention of fully replicated chromosomes . To obtain bacteria that contain only
fully replicated chromosomes, different substances such as rifampicin (around 150
µg/ml) or cephalexin (around 10 µg/ml) will have to be added to the culture grown to
an optical density of 0.1 to 0.3. The molecular mechanism of rifampicin is an
inhibition of bacterial RNA polymerase that forms a complex with rifampicin.
Rifampicin prevents the ribosomes from binding to messenger RNA, and thus
proteins are not produced.

In figure 5.5, flow cytometry is useful in order to study the DNA distribution of
an exponentially E. Coli growing culture. Note that the DNA distribution resembles
that of the age. distribution, there are more cells with the low DNA content
corresponding to a little more than 2 fully replicated chromosomes, than cells with
twice the amount of DNA. Fig. 12B shows the DNA distribution of a sample from the
same culture incubated for 3 hours in the presence of antibiotics inhibiting protein
synthesis and cell division. The DNA now occurs in discrete peaks, most of the cells
have 4 fully replicated chromosomes. The number of fully replicated chromosomes
corresponds to the number of origins present in the cell at the time of drug addition.
Cultures will have to be preincubated for around 3 hours (time to optimise) in the
presence of rifampicin and cephalexin in order to allow complete runout of
replication, such that all cells contain only fully replicated chromosomes.
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Figure 6.5 Flow cytometric DNA distributions. A. A sample from an exponentially growing culture of E.
coli was fixed and stained. B. A sample from the same culture was incubated for 5 hrs with rifampicin and
cephalexin and then fixed and stained. C. A sample from a 30°C culture of a dnaA46 mutant was incubated
at 42°C for 2 hrs and then fixed and stained.

DNA staining:
Samples will be chilled in 1.5 ml of chilled Tris buffer (Tris 10 mM buffer + 1
mM EDTA) pelleted and washed in Tris buffer, pelleted again, and resuspended in the
same buffer before fixation in 70%-80% cold ethanol during vortexing.Different
DNA stains will have then to be compared and the optimal concentration range will
have to be determined from dilution experiments:
♦
♦
♦
♦

Propidium iodide (around 50 µg/ml)
Mithramycin A (around 200 µg/ml)
7AAD (around 50 µg/ml)
Ethidium bromide (around 40 µg/ml)

RNAse treatment:
Since DNA stains (propidium iodide, 7AAD) generally bind double strain
RNA, the sample had normally to be treated with RNAse for DNA measurements to
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be correct. Otherwise, the fluorescence from RNA bound dye molecules may broaden
the DNA distributions. However, some authors do not include any RNAse treatment.
A comparison between the presence or the absence of RNAse treatment will have to
be performed.
Coefficient of variation :
The coefficient of variation (CV) of a peak area is given by the term standard
deviation divided by mean channel number in percent. A low CV value indicates a
high resolution analysis due to a very homogenous DNA staining and excellent
instrument performance in detecting the fluorescent signal. With the EPICS XL
instruments, very low CV values (lower than 1,5 %) can be obtained for various cell
samples.

The coefficient of variation (CV; the standard deviation of a normal
distribution divided by the average value) for the peaks obtained will be used for
comparison of stains and concentrations of rifampicin and cephalexin.
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7. Bioinformatic approaches
7.1. Outline and principles
Bioinformatics is an emerging discipline, which combines efforts and advances
in computer science, computational science, and various aspects of life science. While
there is currently no generally agreed upon definition of 'bioinformatics,' one view is
that bioinformatics is concerned with the creation and development of advanced
information and computational technologies to solve problems in biology. That is,
bioinformatics typically relies on techniques from informatics, involving efficient
algorithms for manipulating large amounts of data stored and processed on highperformance computers, in order to obtain information about genomic or protein
sequence data. Bioinformatics is often applied to problems in computational
chemistry, functional genomics, neural imaging (brain mapping), pharmacogenetics,
pharmacogenomics, pharmacometrics, proteomics, and structural biology.

Fig. 7.1.: In the genome era, bioinformatics is strategically placed to exploit information directly from a
multifold of science fields (from Attwood and Miller, 2001)

7.2. Bioinformatic tools
Predicting functions. Central to bioinformatic approaches is to predict putative
gene functions by finding a similar sequence that has been experimentally studied in
another organism. For example, a quarter of cloned human genes were found to have
matches among Sacharomyces sequences with known functions.

For molecular biologists it is thus extremely important to have access to public
databases with the most recent information (see further). In addition, there are
numerous specialized databases covering a diverse array of areas. Taken together the
databases provide valuable collections of organized data that is of broad benefit to the
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molecular biologists. However, the number and diversity of information resources
makes efficient data-resource discovery as important as effective data-resource use.
Thus, tools and systems to assist the researcher in navigating the biological data are
increasingly important. BLAST and FASTA are programs for finding sequence
similarities between a selected piece of DNA or amino acid sequence and the DNA
and protein sequences contained in the databases. These programs report the hit in the
database along with the estimated statistical signficance of the hit. According to
probability theory, the similarity score required for a given level of statistical
significance is proportional to the logarithm of the database size. Therefore, as the
database grows, biologically significant matches of distantly related sequences may
have smaller similarity scores than random matches, and may be lost in the noise. One
approach to this problem is to simplify the database by eliminating redundant
sequences or by reducing families of similar sequences to a single representative
sequence in the database that can be used for the initial searching.
The result of the sequence similarity search provides initial information about
the putative function of the gene product of interest.
7.3. Databases

Because of the high rate of data production and the need for researchers to have
rapid access to new data, public databases have become the major medium through
which genome sequence data are published. Public databases and the data services
that
support
them
are
important
resources
in
bioinformatics.
EMBL (Heidelberg, Germany) and GenBank (Bethesda, USA) are the two major
nucleotide databases. Both sources collaborate and synchronize their databases so that
the databases contain the same information. The rate of growth of DNA databases has
been following an exponential trend, with a doubling time now estimated to be 9-12
months. The two databases are updated on a daily basis.
General Databases
GenBank - DNA and RNA sequences, National Center for Biotechnology
Information, USA
EMBL - DNA and RNA sequences; the European Molecular Biology Laboratory,
Cambridge
PIR - Protein sequences, Protein Identification Resource, USA
SWISS-PROT - Protein sequences, Switzerland
NRL-3D - Predicted protein structures
OWL - Non-redundant collections of protein sequences
PROSITE - Protein sequence motifs
PRINTS - Protein sequence motifs
BLOCKS - Protein sequence motifs
SCOP - Proteins classified according to strutural similarities
PDB - Macromolecular structures

The principal requirements on the public data services are:

44

45

• Data quality - data quality has to be of the highest priority. However, because
the data services in most cases lack access to supporting data, the quality of the
data must remain the primary responsibility of the submitter.
• Supporting data - database users will need to examine the primary experimental
data, either in the database itself, or by following cross-references back to
network-accessible laboratory databases.
• Deep annotation - deep, consistent annotation comprising supporting and
ancillary information should be attached to each basic datat object in the database.
• Timeliness - the basic data should be available on an Internet-accessible server
within days (or hours) of publication or submission.
• Integration - each data object in the database should be cross-referenced to
representation of the same or related biological entities in other databases. Data
services should provide capabilities for following these links from one database or
data service to another.
Access to bioinformation
Biological databases are built by different teams, in different locations, for
different purposes, and using different data models and supporting databasemanagement systems. However, biological databases are most valuable when
interconnected than when isolated. One approach to database integration is
construction of either a data warehouse or a database containing a combination of
datasets from a variety of primary databases. Annotations and connections may be
added, either automatically (algorithmically) or manually by experts (curators). Some
examples of integrated bioinformation resources are:
• SRS (Sequence Retrieval System)
• Entrez Browser
• ExPASy
• Integrated genome database

The popularity of these services indicates the need for querying interrelated datasets,
rather than isolated databases. The advantages of physical integration are that queries
can be executed rapidly because all data are located in one place, and the user sees a
homogenous, integrated data source.
7.4. Relevant analysis strategies

For Nitrosomonas europea the strategy would involve the search for relevant
and critical genes via BLAST before designing a stressome DNA array to investigate
the induction of specific genes. For Rhodospirillum rubrum the same strategy will be
possible when the sequence will be completely annotated and published on the JGI
(Doe Joint Genome Institute) DNA sequence site. However, because the published
strain (ATCC 11170) is not the strain used in the MELiSSA loop (ATCC 25903), it
will still be necessary to sequence (parts of the) genes to be able to know the exact
sequence necessary to build the stressome chip.
To build the stressome chips for Arthrospira platensis, it will be necessary to
design degenerate primers for extracting the interesting genes from the genome (see
2.3.) based on BLAST analysis of the closely related Synechocystis PCC6803.
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