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Summary
Transportation plays an important role in the spread of infectious diseases. In addition to
naturally occurring infectious diseases, threats also exist from the intentional use of biological
agents. Transport sector is critical to our society and any disturbances in the major hubs can
have wide-spread consequences. Primary challenge in the transportation hubs is to control
rather than eradicate the microbes. Furthermore, rapid detection methods are needed in order to be able to react quickly in possible pandemic cases. Knowledge about the microbiota
present will help in the controlling, since specific characteristics of each microbiota can be
considered as preventative / control measures are applied. It should be remembered that
sampling is a crucial step in the characterization / identification procedure. If it is performed
inadequately, the characterization of microbiota will inevitably be biased.
Ideal properties for a rapid detection method include representative sampling system, quick
results, high throughput, reliable operation (repeatable, precise, low false alarm rate), sensitive, selective to target agents, low cost (easy to use, userfriendly). Additionally, it includes
interpretation of results and automatic distribution of information to relevant stakeholders and
suggestions for actions. In crowded public places it is also important to take into consideration the variability in microbial populations and continuous sampling possibility. Selection of
target microbes or indicators suitable for different cases are important.
Environments (incl. transport hubs) in which microbial communities are of interest are extremely diverse. However, regardless of the environment in question, representative microbial sampling is often challenging, due to the spatial and temporal heterogeneity of microbial
communities and technical problems. Microbes are often tightly attached to the surfaces and
sampling sites may contain parts that are difficult to access thereby hampering the representative sampling. Conditions during sample transportation have a major impact on the
sample quality and therefore the time between sampling and sample processing should be
limited to the minimum. It should be kept in mind that regardless of how sophisticated method applied for the characterization of the microbial community is, the result can be only as
good as the sample which arrived in the laboratory. Furthermore, the sample processing
method has to be chosen based on the properties of the target microbial groups, and the
method used in the subsequent detection step.
This literature review describes the advantages and limitations of traditional (culture-based
detection and molecular identification) and molecular methods (hybridization-based, PCRbased, and other options) used for microbial detection and identification. Out of the reviewed
microbial detection and identification methods, ethidium monoazide (EMA) / propidium monoazide (PMA) in combination with quantitative PCR (qPCR) seems to be the most interesting
alternative for detection of specific high threat pathogens. qPCR would allow rapid, specific,
and sensitive quantification and EMA/PMA treatment would enable the specific amplification
of viable (membrane-intact) bacteria. Moreover, there are portable qPCR machines, which
would allow the performance of the analysis outside the laboratory (e.g. the handheld advanced nucleic acid analyzer (HANAA), which weighs less than 1 kg and has been evaluated
with E. coli enumeration; Higgins et al. 2003).
In conclusion, there is currently no suitable method allowing online sampling, detection and
identification neither for air nor for surfaces. However, there are rapid methods, which take
several (2 to 6) hours for detection and identification. Because there are no valid commercial
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methods, the best way is to invest in prevention as well as to develop new rapid detection
and identification techniques.
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Abbreviations

ARDRA

amplified rDNA restriction analysis

DGGE

denaturing gradient gel electrophoresis

DHPLC

denaturing high-performance liquid chromatography

DNA

deoxyribonucleic acid

EMA

ethidium monoazide

FISH

Fluorescent in situ hybridization

FISH-MAR

fluorescent in situ hybridization combined to microautoradiography

HANAA

handheld advanced nucleic acid analyzer

mRNA

messenger RNA

NanoSIMS

nano-secondary ion mass spectrometry

NASBA

nucleic sequence-based amplification

PCR

polymerase chain reaction

PMA

propidium monoazide

qNASBA

quantitative NASBA

qPCR

quantitative real-time PCR

Raman-FISH

FISH coupled with Raman microscopy

RNA

ribonucleic acid

RNA-SIP

RNA-based stable isotope probing

SSCP

single-stranded conformation polymorphism

TGGE

temperature gradient gel electrophoresis

T-RFLP

terminal restriction fragment length polymorphism
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1. Introduction
Large numbers of people pass transiently through places like airports, railway stations, and
ports making these places extremely susceptible to the potential spread of disease. HelsinkiVantaa airport, where 16 000 000 travelers passed through during the year 2014 (Finavia
https://www.finavia.fi/fi/tietoa-finaviasta/tilastot/2014/), is an example of this kind of a hub.
Besides direct contact between people, there is also indirect contact via surfaces or via
breathing air. Infected substances, that include bacteria and viruses e.g. saliva droplets, may
be dispersed onto surfaces and into the air when infected people sneeze, cough, talk,
breathe, touch the surfaces, or if we are considering bioterrorism, spread the disease intentionally e.g. via ventilation ducts. Contact with any of the above may lead to spread of pathogenic bacteria or viruses among passengers and personnel. Sufficient contamination control
of surfaces and minimizing the spread of pathogenic bacteria and viruses is thus necessary
to prevent propagation of diseases. The contamination control is extremely important, especially in regard of highly pathogenic bacteria and viruses that cause pandemia. Security control needs also to be taken into account when intentionally spread bioaerosols are considered (e.g. bioterrorism). However, since the most important aerosol source spreading the
pathogen risk for human health is humans themselves, routine actions are needed for prevention of infections (Verreault et al. 2008).
In an ideal case the detection and identification of microbes on surfaces and in the air would
be specific and accurate, and the results of the analysis would be available rapidly, preferably on-line. This is not yet reality. As it stands, first the appropriate samples, in terms of number and distribution, need to be taken, processed and analyzed. The gold standard of analysis for many species of bacteria remains cultivation which takes hours, days or even weeks
which is clearly far too long a time period in emergency cases. Therefore if we are going to
be able to influence the spread of a pandemic or mitigate the impact of a bioterrorist attack,
rapid detection and identification methods are needed so that we know what we are dealing
with and can instigate improved control measures such as intensification of cleaning or diversion of people
Reliable detection of possible pathogenic microbes from surfaces and air is challenging due
to the intense passenger flow in transport hubs. Pathogen carrier particles are quickly diluted
by indoor air to very low concentrations (Yang et al. 2011). In addition, air is full of particles,
air volumes are large, and there are no clear particle depositions. The size range of microbes
is wide, starting from 10 nm (e.g. influenza and Ebola viruses >80 nm, Yersinia pestis >0.5
µm and Bacillus anthracis >1 µm) (Hinds 1999, Verreault et al. 2008). Microbes can also
adhere to other particles (virus- and/or bacteria-containing droplets). While single virus particles exist in the air, they tend to aggregate rapidly. It is important to realize that the size of
the viral particle itself is close to the airborne particle size. The similar size of the particles
makes the detection challenging: bacteria, which are bigger in size than viruses, are easier to
distinguish. Although the indoor environment is generally unfavorable to microbes, some can
and will survive on the surfaces and in the air for a significant period of time therefore pandemic or bioterrorism threats need to be considered. Viability of viruses and bacteria is dependent on ambient temperature, amount of UV-radiation, and relative humidity (Verreault et
al. 2008, Nikitin et al. 2014). Also the surface properties of the materials such as roughness
can affect to viability, incidence, and prevalence (Rose et al. 2003).
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In order to be able to reduce the spread of diseases, good contamination control tools are
needed. These include reliable detection methods for sampling, analysis and identification of
the contaminating microbes, as well as effective cleaning and disinfection methods.

Figure 1. Typical detection times for chemical and biological agents (left-hand side) (NRC
2006).

2. Goal
The aim is to review microbial contamination detection methods applicable to crowded public
spaces and areas typical to transport hubs. The review results will then be applied in future
field studies. The available recommendations including standards for surface contamination
monitoring are analysed and summarised.

3. Sampling methods
3.1

Surface

The importance of sampling cannot be over emphasized. Regardless of how sophisticated
the method applied for the characterization of the microbial community is, the result can be
only as good as the sample which arrives in the laboratory. Furthermore, the sample processing method has to be chosen based on the properties of the target microbial groups, and
the method used in the subsequent detection step. Sampling consists of actual sample collection, sample handling, and sample preparation.
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Sufficient samples need to be collected, which give a high degree of confidence that they are
representative of the environment from which they are collected, before microbial analyses
can be performed Sampling location selection can be different for various purposes; for routine monitoring the sampling location should represent critical control point and for tracing of
contamination source all possible routes should be sampled. In some cases, analyzing capacity can be increased by pooling samples. Sampling methodology is also dependent on
sample type (air, water, or surface) and detection method (for culture-based detection, sampling must not injure microbes, but for DNA-based PCR microbial viability is not critical).
Microbes are often tightly attached to the surfaces and places to be sampled may contain
parts such as dead ends or bends in pipes that are difficult to access. Different methods such
as swabbing, rinsing, agar flooding, and contact agar methods have been employed for
sampling in industrial environments (Wirtanen et al. 1996 & 1997, Ganesh Kumar & Anand
1998, Salo et al. 2002, Raaska et al. 2002).
Sampling and transportation affect the quality of the samples, besides the analysis techniques applied. Conditions during sample transportation have a major impact on sample
quality and therefore the time between sampling and further processing and storing should
be minimized. It should be kept in mind that regardless of how sophisticated the applied
method for characterization of the microbial community is, the result can be only as good as
the sample which arrives in the laboratory. Furthermore, the sample processing method must
take into account both the properties of the target microbial groups and the method used in
the subsequent detection step (Maukonen 2012). Most of the steps in the processing of
samples affect the results obtained. The sampling and storage conditions affect the results,
although not as extensively as the steps following, especially the DNA/RNA extraction (Maukonen et al. 2012).
Sample preparation is a key aspect for all the technologies compared. Currently sample
preparation is usually manual and optimized by each laboratory for each purpose. Some
equipment already include automated DNA/RNA extraction, optimized for the specific targets
for which they have been designed.

3.2

Air

3.2.1

Sample collection

There are no commercial devices for continuous detection of airborne microbes. However,
some particle counters can detect biological particles on-line, but they do not identify the
species. Monitoring of environmental biocontamination is based on conventional methods, in
which sampling and detection are separated (Table 1). Sampling is usually performed manually and detection is based on either culture-based or microscopic methods, which are timeconsuming and days are needed to get the results. Moreover, methods are mostly designed
for bacteria and fungi, but not for viruses.
Techniques that are traditionally used for the collection of bioaerosols from the air include
centrifugal settling, electrostatic precipitation, filtration, liquid impingement, impaction, and
gravitational deposition onto plates (Table 1). In many of the traditional sampling methods
the samples need to be pre-handled before the analysis and identification. However, samples that are collected directly into fluid can be directly used by various analysis and identification techniques. Routine sampling for monitoring biological contamination of air needs to
be reliable and rapid. If sampling is not performed continuously, the sampling time needed
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for a representative sample should be long enough to get reliable results. Currently the most
common sampling methods to get information on bioaerosols and their size distributions are
based on impaction directly on growth media. There are also more recent methods based on
cyclone samplers, which can collect samples up to flow rate of 100 L/min. However, since
most samplers cannot efficiently trap particles with an aerodynamic size of <500 nm, filters
are frequently used to sample airborne microbes (Verreault et al. 2008). For filter sampling
there are devices that can sample air trough filter e.g. 50 l/min (Azhar et al. 2014). When
cyclone samplers (fluid sample) or filter sampling (extraction to fluid) is used, the sample
then needs to be analyzed e.g.by molecular biological techniques such as quantitative PCR.
This combination of modern techniques is still more rapid than traditional cultivation techniques.
Modern methods for bioaerosol detection are based on recognition of physico-chemical
properties of marker molecules of microbial origin (e.g. autofluorescence), biochemical responses, adsorption of light with specific wavelengths and recognition of nucleic acids.
These techniques enable automated, fast, and specific analysis of microbes or their fragments. However, there are only a few applications for rapid real-time detection

Table 1. Characteristics of traditional methods for environmental monitoring (Morris et al.
2000; Martinez et al. 2004)
Principle of sampling
Impactor

Impaction onto agar

Principle of analysis
Cultivation

Cyclone

Impaction into liquid or
onto agar

Cultivation
croscopy

Centrifugal

Centrifugal impaction onto
agar

Cultivation

Impinger

Impingement into liquid

Cultivation
croscopy

/

mi-

>1 day

Bacteria

Filter collection

Filtration; impaction, diffusion, electrical and gravitational forces

Cultivation
croscopy

/

mi-

>1 day

Bacteria,
virus

Deposition plate

Gravitational settling

Cultivation

>1 day

Bacteria

3.2.2

/

mi-

Total time
needed
>1 day

Microbe

>1 day

Bacteria,
virus

>1 day

Bacteria

Bacteria

Particle counters

There are no commercial devices for rapid detection, which can count the concentration and
identify bioaerosols online. Viruses create their own challenge for detection. There are several applications for detection of bacteria and also viruses in the laboratory but suitable field
applications are missing. In the laboratory, different kinds of techniques can be applied such
as flow cytometry, laser induced breakdown microscopy, electron- and fluorescent microscopy and even chemical analytics e.g. gas chromatograph. In the field, particle counters and
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particle counter with laser-induced fluorescence can be used for the detection of the amount
biological particles, but not for identification of what species those particles represent.
Particle counters are used to detect the concentrations and size distribution of airborne particles (both viable and non-viable). In particle counters, the air sample is drawn directly into
the measurement chamber to minimize particle losses during the sampling. A sheath air flow
is used to surround the sample flow, which focuses the aerosol to enhance size resolution,
and keeps the optics clean to improve longevity of the counter. The flow rates in the OPCs
are carefully controlled using real-time feedback to ensure concentration accuracy. In the
optical chamber, the aerosol crosses a laser beam, creating a light pulse. The intensity of the
flash is used to count and measure the particles. The shape of the laser beam, the size of
the viewing volume, the type of detector, and the signal processing algorithms are designed
to provide optimal resolution over the optical size range e.g. 0.3 to 10 μm (TSI model 3330,
Manual TSI 2011).

Particle counters with laser-induced fluorescence
All biological materials contain fluorescent molecules (Hill et al. 2009, Despres et al. 2011).
Most viable organisms, including bacteria and viruses, have natural auto-fluorescence due to
biochemical fluorophores, such as fluorescent coenzymes nicotinamide-adenine dinucleotide
(NADH) and nicotinamide-adenine dinucleotide phosphate (NADPH), the coenzymes flavin
mononucleotide (FMN) and flavin adenine dinucleotide (FAD), amino acids (e.g. tryptophan),
and riboflavin (vitamin B2, B6, B9) which when excited by UV/visual radiation of a suitable
wavelength, fluoresce (Brosseau et al. 2000, Hill et al. 2009, Pöhlker et al. 2012, Taketani et
al. 2013). Viable bacteria usually exhibit a coenzyme signal due to increased metabolic activity and an amino acid signal due to proteins and peptides (Pöhlker et al. 2012). In contrast,
viruses exclusively show a protein signal. Tryptophan, NADH, amino acids, and proteins
have their own peaks in emission spectra (Manninen et al. 2009, Putkiranta et al. 2010, Pöhlker et al. 2012). Vegetative bacterial cells can be found when excited by light in the 405 nm
and bacterial spores when excited by light in the 355nm (Pan et al. 2007, Manninen et al.
2009).
Using a laser-induced fluorescence (LIF) technique, Laser particle counters (LPCs) have
been shown to be useful for discriminating between biological and non-biological particles
(Hill et al. 1999). It detects fluorescence emission from auto-fluorescence molecules when
particles are radiated by laser light. LIF allows non-invasive, real-time, in-situ detection of
particles from air with high temporal resolution (Pöhlker et al. 2012) without separate sampling and sampling pretreatments with a detection limit in the range of 0.1-1 particle/m3. A
major weakness of LIF is that it is not yet capable of identifying microbial groups or species;
only size and number of biological particles can be detected.
Recently, many LIF based real-time rapid biologic detection devices, such ioLaz (Particle
Measuring Systems, Inc. CO, US), BioVigilant IMD (BioVigilant, Inc. AZ, US) and BioScout X
(Environics Ltd. FI) and WIBS (the University of Hertfordshire, UK), have been developed
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3.2.2.1

4th level heading

4. Detection and identification
The application of molecular techniques for the identification and/or enumeration of different
microbial groups has increased enormously during the past decade. Molecular techniques
enable faster detection and enumeration of specific bacteria than conventional culture-base
methods. However, culture-based methods are still the only validated methods able to quantitate viable bacteria. In addition to the analysis techniques used, sampling and transportation
may also affect the quality of the samples. Conditions during sample transportation have a
major impact on sample quality and therefore the time between sampling and further processing and storing should be limited to the minimum. It should be kept in mind that regardless of how sophisticated the applied method for characterization of the microbial community
is, the result can be only as good as the sample which arrives in the laboratory. Furthermore,
the sample processing method must be chosen taking into account both the properties of the
target microbial groups and the method used in the subsequent detection and/or identification step. When molecular techniques are applied to study microbial communities from complex environments, it should be kept in mind that in most cases only viable bacteria are relevant / of interest. Therefore, it is of utmost importance to understand also the limitations related to detection and/or identification techniques applied.

4.1

Culture based methods

The sample processing method used is dependent on the properties of the target microbial
groups, and the method used in the subsequent detection step. If detection is performed by
culture-based methods, the target strains must retain viability and culturability during sample
processing. The sample matrix plays an important role when a decision on the method used
for microbial detection and identification is made.
Cultivation and the subsequent identification of the isolates using conventional techniques
are time-consuming. It may take weeks to obtain the complete results (Curtis & Lee 1995,
Restaino et al. 1999). Much effort has been put into the development of more rapid culture
techniques, many of which are based on the use of fluorogenic and chromogenic culture media. An ideal method for studying microbial communities would detect and enumerate all microbial species present in the samples with equal efficiency. It has been speculated that
many microbial communities are too diverse to be counted exhaustively, which has led to the
application of statistical approaches for estimation of diversity (Hughes et al. 2001).
Microbial community analysis by cultivation is extremely laborious, especially when complex
samples with high diversity are studied. If cultivation is applied to microbial community analysis, several non-selective and selective culture media and different growth conditions including different temperatures and gaseous atmospheres, followed by accurate identification of a
large number of isolates from each medium, should be included to get an overview of the
diversity of the microbial population in the sample. The dominant cultivable population is recovered from non-selective media, whereas selective media allows detection of groups or
species that are present at lower numbers. Identification of isolates with traditional methods
is based on assessment of several phenotypic features, which is often inaccurate, and may
lead to underestimation of the species diversity. Currently, this is combined with molecular
identification techniques, e.g. sequencing. It is generally known that conventional cultivation
methods recover less than 1 % of the total species of microbes present in environmental
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sample (Giovannoni et al., 1990; Ward et al., 1990, Amann et al. 1995), partly due to the
poor ability of the routinely used culture media and growth conditions to recover a large fraction of the microbial population (Palleroni 1997). When information below species level is
needed, different typing methods are used (Maukonen et al. 2003, Ludwig 2007). Due to the
limitations of culture-based analysis (it can be both time-consuming and labor-intensive), the
focus has more and more shifted to molecular techniques. Culture-based studies are, therefore, nowadays used to a lesser extent. However, culture-based studies also enable phenotypic as well as genotypic identification, and especially in those cases where phenotypic
identification is crucial (e.g. antibiotic resistance (Saarela et al. 2007)), culture-based studies
can still offer more information than purely genotypic studies.
Examples of standard methods and other recommendations for surface colony count are
presented in Table 2.
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Table 2. Examples of standard methods and other recommendations for surface colony
count.
Reference
ISO 18593:2004
Microbiology of food and
animal feeding stuffs -- Horizontal methods for sampling
techniques from surfaces
using contact plates and
swabs

Application/field
surface sampling
methods for the
detection or enumeration of bacteria
in food processing
area and equipment
/ food & feed industry

Method
sampling using
contact plates or
swabs

NMKL 5, 5.ed. 2005
Aerobic microorganisms and
presumptive Enterobacteriaceae. Enumeration on surfaces and utensils

sampling of food
processing surfaces
and surfaces in
food production
areas, as well as in
catering / Food
industry

using swabbing or
contact plates to
enumerate aerobic
microorganisms
and presumptive
Enterobacteriaceae

Commission regulation (EC)
No 2073/2005 on microbiological criteria for foodstuffs

defining microbiological criteria for
foods

Guidelines on sampling the
food processing area and
equipment for the detection
of Listeria monocytogenes
Version 3 – 20/08/2012
Brigitte Carpentier and Léna
Barre, EURL for Listeria
monocytogenes, MaisonsAlfort Laboratory for Food
Safety, ANSES, France

Listeria monocytogenes / Food industry

SCAN-CM 61:02
SCAN-P 82:02
Accepted 2002

food contact material / paper industry

This Regulation
lays down the microbiological criteria
for certain microorganisms and the
implementing rules
to be complied with
by food business
operators when
implementing the
general and specific hygiene
measures referred
to in Article 4 of
Regulation (EC) No
852/2004.
Sampling with wipe
sampling devices
stick swab and
sponge, woven or
unwoven cloth or
gauze pads

Remarks
does not describe when sampling should be performed or
what areas should be sampled
does not give sufficient guidance or advice for detection
of specific microbes (for instance Listeria monocytogenes)
does not give the absolute
number of bacteria but an
estimate of the hygienic status after cleaning procedures
as well as the level of contamination at critical steps in
food production processes.
commercially available validated and quality controlled
dipslides and culture plates
can also be used.
Sampling processing areas
and equipment for L. monocytogenes on a routine basis
according to a sampling
scheme is thus necessary
and mandatory

Wipe sampling methods
(swab and sponge/ cloth
method) are the only appropriate methods to use for L.
monocytogenes
The total sampled area during
a sampling campaign should
be as large as possible to
increase the probability to
detect L. monocytogenes

Microbiological
examination – Surface colony number

no limits for the number of
microbes in materials for use
in contact with food are stipu-
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Mechanical and chemical
pulps, paper and paperboard

4.1.1

using the dry rehydratable film method

lated in any law
In SCAN-test Method, the dry
rehydratable film, Petrifilm
Count Plates, is used for determination of bacteria as well
as yeast and moulds.

Typing of bacterial isolates

Genetic fingerprinting techniques can be used to characterize bacterial communities or single
bacterial isolates. Genetic fingerprinting techniques of microbial communities provide a pattern or a profile of the community diversity based upon the physical separation of unique nucleic acid sequences (Stahl & Capman, 1994). Fingerprinting of bacterial isolates can be performed by a variety of techniques including e.g. ribotyping, amplified ribosomal DNA restriction analysis (ARDRA), pulsed-field gel electrophoresis (PFGE), randomly amplified polymorphic DNA (RAPD), repetitive element sequence-based-PCR (rep-PCR), and amplified
fragment length polymorphism (AFLP). All these techniques aim at differentiating bacterial
isolates at the subspecies level, preferably even at the strain-level.
Prior to molecular techniques phenotypic methods such as biotyping and serotyping were
used for the bacterial strain differentiation. These techniques are still used today, but with
molecular techniques more reliable and often less laborious fingerprinting can be achieved.
Regardless of whether phenotypic or genotypic techniques are applied, the fingerprinting is
preceded by culture and single-colony subculture steps. Thus, even though PCR and hybridization can be used both in bacterial detection and fingerprinting, the techniques applied differ in a profound way: While detection methods are able to find the target organisms in a
sample containing hundreds of other bacteria, fingerprinting methods are not genus or species specific and can therefore be applied to pure bacterial cultures only. When molecular
techniques were first applied for bacterial fingerprinting, restriction endonuclease analysis
(conventional REA) of the genomic DNA and plasmid profiling were used. Both techniques
have their limitations. With conventional REA complicated patterns with hundreds of restriction fragments are obtained, which makes the profile comparison difficult. With plasmid
profiling far simpler profiles are obtained, but this technique is suitable only for bacteria carrying (several) plasmids (for a review see Vaneechoutte 1996).

4.1.1.1
Ribotyping
When conventional REA is combined with a hybridization step far simpler and thus more
easily comparable fingerprints are obtained. This technique, where genomic restriction fragments are separated by gel electrophoresis, transferred to a nylon membrane and hybridized
to a probe, is called restriction fragment length polymorphism (RFLP). By far the most widely
applied RFLP technique is (classical) ribotyping, in which rRNA genes (usually both 16S and
23S rRNA genes or a whole rRNA operon containing 16S, 23S and 5S rRNA genes and their
spacer regions) are used as a probe. Since rRNA operon contains both conserved and hypervariable regions the same probe (originating e.g. from Escherichia coli) can be used in
ribotyping of different bacterial species (Grimont & Grimont, 1986). The strain differentiation
in ribotyping is thus based on the unique hybridization pattern (fingerprint) obtained and not
on the specificity of the probe. Differences in the hybridization patterns originate from restriction endonuclease recognition site variation within variable regions of rRNA genes and
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their spacer regions. The discriminatory ability of ribotyping is greatly influenced by both the
probe (whole rRNA operon vs. a single gene) and the restriction endonuclease applied. Obviously the best discrimination is obtained when the whole operon is used as a probe and an
optimal restriction endonuclease for each bacterial genus is selected from a panel of restriction endonucleases tested. However, when ribotyping is used as a taxonomical tool, riboprints of isolates representing different genera and species are compared, and thus the
same restriction endonuclease has to be applied for all bacteria. The invention of the automated ribotyping system (Riboprinter®) has greatly facilitated the bacterial fingerprinting, thus
allowing larger numbers of bacterial isolates to be characterized and compared than previously, when ribotyping had to be performed manually.
4.1.1.2
Amplified rDNA restriction analysis (ARDRA)
In addition to classical ribotyping, rDNA-based fingerprints can be obtained by a technique
called ARDRA (amplified rDNA restriction analysis). In ARDRA bacterial rRNA gene(s) are
first amplified by PCR using conserved sequences of rDNA as primers. The PCR amplification product is then digested with restriction endonuclease and restriction fragments are resolved electrophoretically to obtain a fingerprint (Vaneechoutte et al. 1992). Although ARDRA fingerprinting is faster to perform than classical ribotyping, its discriminatory power is
often inferior to that of ribotyping. This is due to the fact that in ARDRA smaller areas of the
rRNA operon (and none of the sequences surrounding the rRNA genes) are targeted than in
ribotyping.
4.1.1.3
Pulsed-field gel electrophoresis (PFGE)
Due to the problems encountered with conventional REA of bacterial genomes, a technique,
where profiles consisting of fewer numbers of larger sized genomic restriction fragments
were obtained, was developed for bacterial fingerprinting (Ely & Gerardot, 1988). In this
technique bacterial genomic DNA is restricted in situ (in a gel block) with a restriction endonuclease that cuts DNA rarely such as SmaI, SfiI, NotI, and BssHII and the restriction fragments are separated by pulsed-field gel electrophoresis (PFGE; a special technique capable
of resolution of large DNA fragments). With PFGE highly discriminative fingerprinting of bacterial isolates can be performed. Of the different molecular fingerprinting methods PFGE has
in most cases proved to be the most discriminative one. However, PFGE is a laborious technique and it is not usually applied in studies where large numbers of isolates are characterized.
4.1.1.4
Random amplified polymorphic DNA (RAPD)
In RAPD fingerprinting one or two primers (usually 10-12 bp long) are arbitrarily selected and
allowed to anneal to the bacterial genomic DNA template at a low stringency. In RAPD several amplification products of varying sizes are obtained. These products are resolved electrophoretically to yield a RAPD-fingerprint (Welsh & McClelland 1990, Power 1996). RAPD
typing is fast to perform, especially in the cases where fingerprinting can be performed directly on single-colonies growing on an agar plate. Due to the low stringency of the PCR amplification RAPD-fingerprints can show some variation (especially in band strengths) and therefore the fingerprint comparisons have to be done visually by an experienced person. However, when strictly identical conditions (same thermocycler, reagents etc.) are used, the method
usually works well (Meunier & Grimont, 1993). RAPD banding pattern reproducibility can be
improved by using a procedure where the same strains are exposed to three different annealing temperatures (with increasing stringency) and by identifying the stable amplicons
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(Cusick & O'Sullivan 2000). This triplicate procedure naturally makes the RAPD fingerprinting
technique more laborious.
RAPD is best suited for studies where a specific bacterial strain (e.g. a certain food-borne
pathogen) is looked for among large number of isolates. With RAPD, bacterial isolates with
clearly different fingerprints can be quickly identified and rejected and remaining (fewer)
strains then further characterized with another, more laborious technique (e.g. ribotyping,
PFGE, AFLP). RAPD is not well suited for inter-laboratory or for taxonomical studies or for
studies where the aim is to develop a fingerprint database.
4.1.1.5
Repetitive element sequence-based-PCR (rep-PCR)
Repetitive chromosomal elements, which are found randomly distributed in bacterial genomes, are the targets of repetitive element sequence-based-PCR (rep-PCR) amplification.
In the rep-PCR primers anneal to repetitive parts of the chromosome and amplification occurs when the distance between primer binding sites is short enough to enable it (Versalovic
et al. 1991). The repetitive DNAs can be classified either as "short sequence repeats" (SSRs)
or "variable number of tandem repeats" (VNTRs). Variations of rep-PCR include ERIC-PCR
(enterobacterial repetitive integenic consensus-PCR), BOX-PCR, REP-PCR (repetitive extragenic palindromic unit sequence-PCR, and VNTR-PCR (van Belkum et al. 1998).
4.1.1.6
Amplified fragment length polymorphism (AFLP)
AFLP involves restriction of total bacterial DNA with two restriction enzymes of differing cutting frequencies (e.g. HindIII and TaqI) followed by ligation of fragments to oligonucleotide
adapters complementary to the sequences of the restriction sites (restriction-half-site specific
adapters). Selective PCR amplification of subset of fragments is achieved using primers corresponding to the contiguous sequences in the adapter, restriction site plus few nucleotides
in the original target DNA. When only one of the primers is labeled only a subset of amplified
fragments are detected during visualization (Vos et al. 1995, Janssen et al. 1996). A variation
of this technique where only a single restriction enzyme is used has also been developed
(Gibson et al. 1998).

4.2

Independent molecular techniques

Molecular techniques can be used together with other traditional methods or independently
starting directly from the sample without need for cultivation. A molecular technique used for
the detection of pathogens must be capable of detecting low numbers of target bacteria in
samples which may contain considerable background of interfering microorganisms and several matrix-derived compounds that may hamper the detection. In microbial community analysis the method should allow detection of different groups or species present in the ecosystem with similar efficacy to avoid biases in evaluation of species distribution and complexity
of the microbiota. Biases may already be introduced by sample handling (Muyzer & Smalla
1998), as well as during the extraction of nucleic acids from microbes in the sample.
Molecular techniques can be utilized in the detection and identification of microbes in two
ways: a) identification is performed directly from sample material, or b) identification is based
on combined culture and molecular detection. The sample matrix studied plays an important
role when the decision between the two choices is made. If the matrix is known to contain
factors that can inhibit e.g. PCR reaction and which are difficult to remove, it is often best to
use the combination of a culture technique and a suitable molecular technique. There are
two major techniques applied in the molecular detection and identification of bacteria, PCR
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and hybridization. When molecular tools were first introduced for detection and identification
of microbes, hybridization methods were widely applied. The rapid evolution of PCR techniques has led to the present situation where hybridization is mainly used in combination with
PCR. Development of DNA microarrays allows, due to the automatization of the procedure,
simultaneous identification of huge number of specific sequences by hybridization (Hacia et
al. 1998).
Various molecular techniques enable faster detection and enumeration of specific bacteria
than conventional cultivation, but special emphasis should be put into the detection method
in question to ensure that a correct molecule (for the specific need in question) is targeted. In
addition, each molecular technique has its own advantages and limitations (e.g. Lauri & Mariani 2008). Furthermore, biases may already be introduced by sample handling (Muyzer &
Smalla 1998), as well as during the extraction of nucleic acids from microbes in the sample.
Different types of microbes require a different sample preparation method for optimal cell
lysis. In regard of bacterial cell lysis, Escherichia spp. and Salmonella spp. as Gram-negative
and Clostridium difficile as Gram-positive bacteria have different cell wall structures and
compositions, and therefore the optimal DNA-extraction method for these two groups is different. Gram-negative bacteria are more easily lyzed and if too rigorous DNA-extraction
method is used, it may result in detecting lower numbers and diversity of Gram-negative
species. With Gram-positive bacteria, instead, more rigorous DNA-extraction methods are
needed, especially with complex matrices (Maukonen et al. 2012).
Since DNA mainly remains intact in dead cells, the methods targeting DNA (of e.g. 16S rRNA
gene) enumerate both viable and dead cells (Josephson et al. 1993). Another commonly
used target for bacterial detection is structural RNA such as 16S rRNA (Ludwig 2007, Tringe
& Hugenholtz 2008). RNA is more labile than DNA and more susceptible to degradation
caused by treatments such as heating (Sheridan et al. 1998). Due to the fact that environmental conditions influence the cellular rRNA content, the amount of rRNA is considered to
correlate with the growth rate (Poulsen et al. 1993, Amann et al. 1995). However, the rRNA
molecule remains stable for some time after cell death - e.g. Sheridan et al. (1998) found E.
coli 16S rRNA 16 hours after thermal inactivation at 60oC, 80oC, and 100oC. Therefore, the
rRNA content of a bacterium may not correctly reflect its physiological status, if the rRNAbased enumeration technique is performed directly after the disinfection step (which should
be the case in detection of final disinfection efficiency). A more attractive indicator molecule
for bacterial viability is therefore messenger RNA (mRNA), due to its fast degradation after
cell death (Bej et al. 1996, Sheridan et al. 1998). However, the extent of degradation varies
according to the type and severity of the treatment used for killing of the bacteria. Furthermore, since detection of mRNA in viable cells may depend on the physiological status, cells
which are stressed, or viable but non-culturable, may contain too low mRNA quantities for
the detection (Barer & Harewood 1999). However, in a recent study (Gao et al. 2007) a
whole-community RNA amplification was developed to provide sufficient amounts of mRNAs
for the microarray analysis of environmental samples. Moreover, since bacteria have to be
killed before the nucleic acids may be extracted, there can be no absolute correlation between the presence of mRNA and culture-based viability (Sheridan et al. 1998). Since the
methods involving mRNA are usually relatively complicated to perform, especially with environmental samples, these methods have not yet been widely used (Min & Baeumner 2002,
Chen et al. 2004, Zhao et al. 2006, Thieme et al. 2008). Besides 16S rRNA, other housekeeping or functional genes – such as genes associated with virulence factors e.g. listeriolysin O (hly) toxin producing gene in Listeria monocytogenes (Soejima et al. 2008) or specific
metabolic pathways (Luton et al. 2002) – can be used as targets for PCR and/or hybridization. However, the sequence databases for other genes besides 16S rRNA genes contain
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only limited numbers of sequences (Ludwig 2007) limiting their use in microbial ecological
studies.

Figure 1. Techniques most commonly used for the characterization of microbial communities.
(rRNA: ribosomal RNA, mRNA messenger RNA, PCR: polymerase chain reaction, NASBA:
nucleic sequence-based amplification, qPCR: quantitative real-time PCR, qNASBA: quantitative NASBA, TGGE: temperature gradient gel electrophoresis, DGGE: denaturing gradient
gel electrophoresis, DHPLC: denaturing high-performance liquid chromatography, T-RFLP:
terminal restriction fragment length polymorphism, SSCP: single-stranded conformation polymorphism, ARDRA: amplified rDNA restriction analysis, FISH-MAR: fluorescent in situ hybridization combined to microautoradiography, RNA-SIP: RNA-based stable isotope probing,
NanoSIMS: nano-secondary ion mass spectrometry, Raman-FISH: FISH coupled with Raman microscopy). Adapted from Maukonen & Saarela, 2009.
Viral detection
Viruses are identified by their shape (rods, spheres), size, nucleic acid type (RNA, DNA),
size, single or double stranded, number of nucleic acid pieces, type of vector for spread and
serological characteristics of the coat or capsid protein. There are several different laboratory
applications that may be used for identification of viruses (Table 3). There are also several
valid methods for bacterial identification besides viruses. Identification methods can be separated as follows e.g. non-immunological methods (including histologic staining, electron microscopy, haemadsorption (HAD), haemagglutination (HA), challenge interference (CI), and
DNA probes) and immunological methods (including immunofluorescence (IF), immunoperoxidase (IP), quantitative polymerase chain reaction (qPCR), enzyme-linked immunosorbent assay (ELISA), neutralization (NEUT), haemagglutination inhibition (HAI), passive
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agglutination (PA), radioimmunoassay, and immune adherence haemagglutination.) or e.g.
to conventional methods: (amplification methods (PCR, SDA, 3SR, NASBA, LAMP), NA hybridization (FISH, Southern & Northern blot) and novel techniques: (Pan-viral microarrays
(available in different formats), metagenomic analysis (deep sequencing, MPS)). However,
in this section we focus only on identification methods, which are suitable for both viruses
and bacteria, and take only hours like DNA- and RNA-based methods such as PCRmethods. Traditional culture-based identification is slow and complicated and it is not considered here.
Table 3. Applications for viral identification (Pankaj 2013)
Technique
viral plaque assay
TCID50, LD50, EID50
immunofluorescence foci
assays
qPCR
immunoblotting
immunoprecipitation
ELISA
haemagglutination assay
viral flow cytometry
transmission electron microscopy

4.2.1

Detection Principle
infectivity assay
infectivity assay

Reproducibility Time

Labour

Cost

poor
poor

days
days

high
high

inexpensive
inexpensive

infectivity assay

poor

days

high

expensive

viral nucleic acid
viral protein
viral protein
viral protein
viral protein
viral particle

excellent
good
good
good
good
excellent

hours
days
days
hours
hours
hours

moderate
moderate
moderate
moderate
moderate
high

expensive
inexpensive
inexpensive
inexpensive
inexpensive
expensive

viral particle

excellent

weeks

high

expensive

Hybridization

Hybridization techniques can be used in bacterial identification either alone or combined with
a preceding PCR step. In hybridization, a labeled probe anneals to a denatured target DNA /
RNA with sequence homology (Southern 1975, Alwine et al. 1977). Target DNA / RNA can
be directly blotted onto a membrane, or if size information of the hybridization target is warranted, the target DNA / RNA is first run through an agarose gel with DNA markers of a specific size and then transferred to a membrane. Detection of hybrids is based on radioactive
signal, fluorescence, or color reaction, depending on the type of label. By determining the
intensity of the hybridization signal, the number of target organisms can be estimated (Stahl
et al. 1988). However, it should be noted that the relative amount of an rRNA sequence does
not reflect the true abundance of the microbe, since the amount of rRNA per cell varies according to the species and the metabolic activity of the bacterial cell (Klappenbach et al.
2000). Nevertheless, the relative quantity of rRNA provides a reasonable measure of the
relative physiological activity of a specific population (Vaughan et al. 2000).
Microarrays, which are miniaturized and automated forms of a dot-blot hybridization, facilitate
the study of large numbers of genes simultaneously by hybridization of DNA or mRNA to a
high-density array of immobilized probes (Fodor et al. 1993, Schena et al. 1995, Lockhart et
al. 1996). There are two major types of DNA microarrays; an oligonucleotide-based array
and a PCR product-based array. The detection of whole bacterial cells via labeling of specific
nucleic acids with fluorescently labeled oligonucleotide probes is called fluorescent in situ
hybridization (FISH). FISH requires no cultivation and cells can be fixed before analysis, thus
enabling the storage of samples prior to analysis (DeLong et al. 1989, Amann et al. 1990).
The whole-cell or in situ hybridization technique has become a much used molecular tool in
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microbial ecology, since organisms or groups of organisms can be identified with minimal
disturbance of their environment and spatial distribution.
4.2.1.1
Fluorescent in situ hybridization (FISH)
The detection of whole-bacterial cells via labeling of specific nucleic acids with fluorescently
labeled oligonucleotide probes is called fluorescent in situ hybridization (FISH). FISH requires no cultivation and cells can be fixed before analysis which enables the storing of samples prior analysis (DeLong et al.1989, Amann, et al. 1990a, Amann et al. 1990b, Amann, et
al. 1992, Amann 1995a&b, Stahl 1995, Manz et al. 1998). The whole-cell or in situ hybridization technique has become a very used molecular tool in environmental microbiology, since
organisms or groups of organisms can be identified with minimal disturbance of their environment and spatial distribution. Due to the fact that environmental conditions influence the
cellular rRNA content, the amount of rRNA is considered to correlate with the growth rate
(Poulsen et al. 1993), and in situ hybridization using rRNA targeted oligonucleotides can
therefore be a powerful tool for the assessment of bacterial activities.
FISH in combination with epifluorescence microscopy has become a widely applied method
to analyze microbial communities (Amann et al. 1995). The sensitivity and objectivity can be
greatly enhanced by digital image analysis (Ramsing et al. 1996). The application of FISH
combined with conventional fluorescence microscopy for the analysis of complex microbial
biofilms can be impaired by biofilm thickness, background fluorescence caused by humic
substances or detritus, and the inherent autofluorescence of phototrophs. These problems
can be circumvented by using FISH with confocal scanning laser microscopy (CSLM; Wagner et al. 1994; for a review see Wagner et al. 1998b). The advantage of CSLM for the study
of complex environments is that undisturbed samples can be analyzed without removal or
homogenization of biofilm or other material (Lawrence et al. 1991). Sample thickness is not
limiting since light from out-of-focus planes is excluded (Manz et al. 1999).
Since non-automated microscopic examination is rather time-consuming, flow cytometry
(FCM) has been used in numerous studies for the enumeration of FISH hybridized cells (e.g.
Lay et al. 2005). A flow cytometer is able to analyze 10 000 cells in a few seconds, and once
it is adjusted and ready to use, it takes only 1-2 min to complete whole procedure for a single
cell suspension sample. A flow cytometer, however, may recognize and analyze aggregated
cells as one particle unlike microscopic counting. Furthermore FCM requires only small sample sizes and differentiates between individual cells according to the number of particles (if
fluorescently labeled) each of them has accumulated (Avery et al. 1995). The ability to rapidly and precisely detect, characterize and identify cells in mixed population demonstrates its
potential as a tool for the analysis of microbial populations (Diaper et al. 1992). The flow cytometry devices using nanochannels have higher suitability and could therefore be considered. Another possibility to detect FISH hybridized cells rapidly with an automated system
would also be a fluoroscan (see e.g. Alakomi et al. 2005).
Hybridization with peptide nucleic acid (PNA) oligonucleotides to target DNA/RNA offers
many advantages as compared to “normal” oligonucleotides; they can hybridize rapidly, hybridization times can be reduced to 30 min allowing hybridization and detection to be completed within a few hours, hybridization is independent of the salt concentration, they are
resistant to nuclease and protease attack, they bind more specifically, and shorter probes
can be used for greater sensitivity (Prescott & Fricker 1999). FISH has also been used in
combination with direct viable count (DVC) for the quantification of coliforms. The DVC procedure involves exposing bacterial cells to a revival medium containing antibiotics preventing
cellular division and thereafter elongated cells are enumerated as viable cells (GarciaArmisen et al. 2005). In FISH-DVC, 16S rRNA based probes have also been the most comPage 20 of 48
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monly used probes (Garcia-Armisen & Servais 2004, Armisen & Servais 2004, GarciaArmisen et al. 2005). Besides the standard FISH protocols, an approach utilizing oligonucleotide probes labeled with a single near-infrared dye has been developed in combination with
FISH to target both rRNA and mRNA (rpsH gene; 30S ribosomal subunit Protein S8) of E.
coli in the same FISH experiment (Coleman et al. 2007).
4.2.1.2
Nucleic sequence-based amplification (NASBA)
NASBA is specifically designed to detect RNA. The genomic DNA from the target bacteria
does not become a template for amplification, since it remains double-stranded at the temperature NASBA is performed. Therefore, a DNase treatment is not needed. In principle, the
requirements for RNA purity are similar to those of quantitative PCR (Cook 2003), but in
practice much simpler cell disruption methods have proved to be valid (Min & Baeumner
2002). The reaction is performed at a constant temperature, usually at 41oC. This eliminates
the need for specialized equipment, such as PCR thermocyclers, since only a heating block
or a water bath is needed (Simpkins et al. 2000). However, the NASBA reaction itself is more
complex than PCR and the effect of potential inhibitors have not been studied in detail. Substances which can combat the presence of matrix-derived inhibitors have however been
identified (Cook 2003). The product obtained from NASBA reaction is mainly single-stranded
RNA, which may be detected by e.g. gel electrophoresis, or if confirmation of specificity is
wanted, with an additional hybridization step (for a review, see Cook 2003). One example
where an additional hybridization step has been performed, is the use of the electrochemiluminescence (ECL) detection technique (Min & Baeumner 2002). The ECL technique has
been shown to be a fast and sensitive hybridization technique.
4.2.1.3
Sandwich hybridization
Sandwich hybridization is a hybridization assay based on the hybridization of a target nucleotide (usually RNA) with differentially labeled capture and detector probes (Wicks et al. 1998).
The capture probe labeled with e.g. biotin is used to immobilize the target sequence on a
solid support and the detection probe is labeled with a detectable marker such as enzymes
(Wicks et al. 1998), digoxigenin (DIG) (Rowan et al. 2005, Leskelä et al. 2005, Huhtamella et
al. 2007, Thieme et al. 2008), quantum dot labeled probes (Satterfield et al. 2008), molecular
beacons (MB: Zuo et al. 2007, Satterfield et al. 2008) or tentacle probes (TB: Satterfield et al.
2008). The use of MBs or TBs as detection probes enables the elimination of wash steps
after the final hybridization step thus shortening the procedure time (Zuo et al. 2007, Satterfield et al. 2008). In addition, helper probes may be used to prevent “incorrect” secondary
structures (Rowan et al. 2005, Thieme et al. 2008). Sandwich hybridization can be performed
in a liquid format, where the capture probe is utilized for removal of hybridized cells with
magnetic beads (Rowan et al. 2005, Leskelä et al. 2005, Huhtamella et al. 2007, Thieme et
al. 2008), or in an immobilized format where the capture probe is used to immobilize the target cells into a detection platform (Zuo et al. 2007, Satterfield et al. 2008). The latter application has also been utilized in biosensors (e.g. Baeumner et al. 2004).
4.2.1.4
Molecular beacon assay
Molecular beacons (MB) are single-stranded nucleic acid sequences that possess a stem
loop structure, which is double labeled with a fluorescent dye and a universal quencher at the
5´ and 3´ends, respectively. In the presence of the target sequence, they unfold, bind and
fluoresce (Tyagi & Kramer 1996). In a study of Kuechenmeister et al. (2009) molecular beacons were utilized for the simultaneous enumeration of mRNA abundances and mRNA degradation properties of well-characterized Staphylococcus aureus virulence factors. In their
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assay, MB hybridization was performed in a quantitative PCR machine (without a PCR step),
which allowed a fast quantification of the hybridized targets.
4.2.1.5
Microarrays
DNA microarrays facilitate the study of large numbers of genes simultaneously by hybridization of DNA or mRNA to a high-density array of immobilized probes. DNA microarray is basically a miniaturized form of dot blot hybridization in a high-throughput format. There are two
major types of DNA microarrays; an oligonucleotide based array and a PCR product based
array. Microarrays allow the production of 'gene expression profile' or 'signature' for particular
organisms under certain environmental conditions. These can be used to study the variability
between the same or related species and between the ancestor and the descendants. As a
result, microarrays provide information on the molecular basis of microbial diversity, evolution, and epidemiology (for reviews see, Delpech 2000, Lucchini et al. 2001, Ye et al. 2001,
Ball & Trevors 2002, Gibson 2001).
The microarrays (or microchips) consist of thousands of diagnostic gene probes (oligonucleotides = library of 16S probes), which are spotted in high density in a predetermined pattern on a slide. In the PCR product based array, the 16S rRNA gene pool is amplified via
PCR, after DNA-extraction. The amplicons are afterwards labeled and hybridized to the surface of the microarray. Positive reaction (=hybridization) will give a fluorescence signal,
which will be recognized by a laser scanner. Since the spots can be attributed to certain microbial species, information can be gained with respect to the microbial community composition. Additionally, the brightness of a spot gives information about the abundance of certain
microbial taxa.
Samples from soil, blood, tissues, water, air etc. (Brodie et al. 2007) can quickly be analyzed
after the sample is brought into the liquid phase. Accuracy is ensured by using multiple
probes. Another advantage is the sensitivity, allowing underrepresented microorganisms in a
sample to be tracked by PhyloChip technology. PhyloChip microarray is a low-cost Affymetrix
GeneChip microarray and it is ideal for monitoring and screening since highly reliable and
reproducible. It is very fast technology, there are no sequencing errors and it can (to a certain
degree) be customized (selection of probes, see “superchip”). Microarray (PhyloChip) technology is highly reproducible and very low abundant taxa can be detected. However there
are some disadvantages also, for microarray quite extensive equipment is needed and it relies on DNA extraction and subsequent PCR reaction (may be biased).
4.2.2

PCR-based detection / identification

In PCR a thermostable DNA polymerase enzyme is used to exponentially amplify a target
DNA sequence defined by two oligonucleotide primers (Saiki et al. 1985, Mullis et al. 1986,
Mullis 1987a, Mullis, 1987b). The amplified DNA fragment can be visualized by agarose gel
electrophoresis, which also allows the size determination of the PCR product, or by hybridizing the PCR product with a labeled probe. Combining PCR with a hybridization step improves the sensitivity and specificity of the assay. PCR technique is very sensitive, and small
amounts of contaminating DNA from many sources can give false-positive results.
PCR techniques are very sensitive, and small amounts of contaminating DNA can give false
positive results. In addition, fecal samples contain factors which can either totally inhibit the
PCR reaction or cause partial inhibition leading to a non-exponential amplification of the target (Wintzingerode et al. 1997). Inhibition may be avoided or reduced by pre-PCR sample
manipulations such as dilution of the sample material, optimization of the used DNA/RNA
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extraction protocol, or by harvesting the bacterial cells from the sample e.g. by centrifugation,
filtration, or using immunomagnetic beads coated with specific monoclonal antibodies to the
target organism. However, even partial inhibition of the PCR reaction inevitably leads to reduced sensitivity and excludes the possibility of performing quantitative PCR. To minimize
the risk of obtaining false-negative amplification results suitable external standards, which
are co-amplified together with the target DNA in the PCR reaction, may be used (Reischl &
Kochanowski 1995).
Quantification of the initial amount of target gene is not possible in traditional end-point PCR
because the amount of PCR product is determined when the reaction has already reached
the plateau phase. In real-time PCR (quantitative PCR – qPCR), the amount of PCR product
is measured at each cycle, also during the exponential phase, which enables the quantification of the initial template amount. The real-time measurement is based on fluorescent dyes
that either bind to double stranded DNA or hybridize to a specific sequence. Since real-time
PCR is especially vulnerable to inhibitory compounds, internal standards should always be
used when complex sample matrices are studied (Reischl and Kochanowski, 1995).
4.2.2.1
DNA/RNA extraction
When PCR is applied to environmental samples several problems arise including inhibition of
PCR amplification by co-extracted contaminants, differential PCR amplification, formation of
PCR artefacts, e.g. chimeric molecules (leading to description of non-existing species), and
DNA contamination. It should also be noted that 16S rRNA gene sequence variations due to
rrn operon heterogeneity can interfere with the analysis (for a review, see Wintzingerode et
al. 1997). When PCR is used in direct bacterial detection from sample materials containing
other microbes, the validation of the protocol applied is of utmost importance. The chosen
method has to be tested on a large panel of strains representing the target species, closely
related species and other microbes commonly present in the sample material. This, and the
fact that different methods have to be applied to overcome the inhibitory effects of different
sample matrixes, necessitates the use of tailor-made approaches for each microbe-sample
matrix pair.
Reliable and reproducible lysis of microbial cells, as well as the extraction of intact nucleic
acids from any habitat is a demanding task (Wheeler & Stahl 1996, von Winzingerode et al.,
1997). In addition, removal of substances, which may interfere with hybridization or PCR
amplification, may be difficult (Wheeler & Stahl 1996). The cell lysis can be performed by
enzymatic (e.g. lysozyme, lyticase or proteinase), chemical (e.g. detergents or guanidium
isothiocyanate), or mechanical procedured (e.g. freeze-thaw/freeze-boil cycles, beadbeating, or microwave heating). In many cases, e.g. for the identification or fingerprinting of
isolates obtained by culture, the crude cell lysate can be used directly in a subsequent molecular analysis. However, since environmental samples can contain inhibitory compounds,
crude cell lysates are usually not sufficient when direct molecular detection methods are applied. Further processing steps include removal of proteins, which has commonly been performed by phenol-chloroform extraction, followed by precipitation of nucleic acids by ethanol,
isopropanol or polyethylenglycol precipitation, and purification of nucleic acids (Wallace
1987, Roose-Amsaleg et al. 2001).
There are also several commercial kits available for the DNA and RNA extractions (Li et al.
2003, Li et al. 2007, Nechvatal et al. 2008, Ariefdjohan et al. 2010, Maukonen 2012). The
common finding of all the before mentioned articles has been that the results/numbers of
Gram-positive bacteria have been better/higher if a rigorous mechanical disruption step has
been included in the DNA-extraction protocol. On the other hand, if only Gram-negative bacteria have been targeted, enzymatic DNA-extraction has been sufficient. When DNAPage 23 of 48
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extraction is performed from fecal material using solely chemical treatments combined with
heat treatments, it has been shown that the results for some bacterial groups may be as
much as 4 log-values lower as compared to a DNA extraction method in which rigorous mechanical disruption is applied (Maukonen et al. 2012). Therefore the used DNA/RNA extraction may have a great impact on the results obtained from any kind of samples.
A laser-induced cell lysis system has also been developed that enables instantaneous cell
lysis of E. coli. The protocol did not denature proteins under conditions that caused 80% cell
lysis, whereas the intracellular mRNA molecules were released and were detectable. Moreover, miniaturization of this system will make it available for the field use (Dhawan et al. 2002).
The utilization of ethidium monoazide (EMA) or propidium monoazide (PMA) for amplification of only viable cells
Viable bacteria (in this case bacteria with intact membranes) may also be targeted by using
DNA-intercalating
dyes
ethidium
monoazide
(3-amino-8-azido-5-ethyl-6-phenylphenanthridinium chloride; EMA) (Nogva et al. 2003, Rudi et al. 2005a, Rudi et al. 2005b,
Nocker & Camper 2006, Nocker et al. 2006) or propidium monoazide (PMA) (Nocker et al.
2006, Nocker et al. 2007a, Nocker et al. 2007b, Nocker & Camper, 2009; Nocker et al.,
2009) prior to DNA extraction. Although the mechanism of action of EMA and PMA has not
been fully elucidated yet, the overall result of treatment of membrane-compromised cells is a
reduction in PCR amplification (Nocker et al. 2009). EMA can enter only bacterial cells with
compromised cell walls and cell membranes (Rudi et al. 2005a). EMA and DNA become
cross-linked by covalent bond after visible light irradiation (maximum absorbance at 460 nm),
after which the normally reversible intercalation becomes irreversible. Monoazide substituent
is converted with photolysis to nitrile, which can form a covalent linkage to DNA and other
molecules. Simultaneously the free EMA in solution is inactivated through a reaction with
water molecules. Thereafter the free EMA is transformed to hydroxylamino ethidium which
has only little DNA binding ability (Nocker & Camper 2006, Soejima et al. 2007). It has been
proposed that the selective loss of genomic DNA from dead cells takes place during the
DNA-extraction procedure (Nocker & Camper 2006) or that cross-linking strongly inhibits
PCR (Nocker et al. 2007). However, in the study of Soejima et al. (2007) no chromosomal
DNA was found after treatment with 100 µg/ml of EMA (before DNA-extraction step). The
loss of the DNA on the gel was neither due to the change of DNA from double- to singlestrand as confirmed by SYBR Gold staining nor due to hydroxylamino ethidium remaining in
DNA preparation. In fact, electron microscopy studies confirmed that the decreased band
intensity in electrophoresis was mainly due to the direct random breaks of double-stranded
DNA by the EMA treatment (Soejima et al. 2007). EMA did not have a bactericidal effect on
E. coli, when treated with less than 10 µg/ml of EMA for 3 hours. However, high concentrations (100 µg/ml) showed strong bactericidal effect (Soejima et al. 2007). It has also been
found that with some bacterial species EMA is able to penetrate also the viable cells thus
inhibiting the DNA amplification from viable cells as well as from dead cells (Nocker &
Camper 2006, Nocker et al. 200, Cawthorn & Witthurn 2008).
It has been found that the concentration of EMA (Wang & Levin 2006, Chang et al. 2009),
the photoactivation time (Wang & Levin, 2006), and the matrix in which the bacteria are embedded (Pisz et al. 2007) are critical for the maximal discrimination of viable cells from dead
cells. In addition, in a study of Chang et al (2009), they found that the amplification of partial
16S rRNA gene (406 bp) was the most discriminative towards viable Legionella cells as
compared to the amplification of 5S rRNA (108 bp) and mip genes (649 bp). Therefore they
concluded that if EMA randomly binds and cleaves DNA sequences, a smaller DNA region
would not be affected by EMA treatment and would be amplified with PCR (Chang et al.
2009). Moreover, Soejima et al. (2008) demonstrated with L. monocytogenes that with longer
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PCR-products (894 bp) EMA was specific, whereas with short PCR-products (113 bp) the
used EMA-protocol could not reliably differentiate between viable and dead cells. Therefore
Soejima et al. (2008) developed an alternative protocol, in which DNA gyrase/topoisomerase
IV and mammalian topoisomerase poisons (T-poisons) were added to improve the specificity
of the EMA-protocol. T-poisons could penetrate heat-treated L. monocytogenes cells to
cleave chromosomal DNA by poisoning activity within 30 min. The EMA-protocol with added
T-poisons was able to detect 10 live L. monocytogenes cells from spiked milk samples
(Soejima et al. 2008).
PMA has been shown to be more specific to membrane-compromised cells than EMA in a
few studies (Nocker et al. 2006, Cawthorn & Witthurn 2008), whereas in a study of Lee &
Levin 2009) EMA was found to be more specific than PMA. PMA is identical to propidium
iodide (PI), which has been widely used for the detection of dead cells, except that PMA has
an additional azide group that allows cross-linking with DNA (Nocker et al. 2006) similarly to
EMA. Since the PMA molecule has a higher charge than the EMA molecule (two positive
charges compared to one, respectively) and PI has been successfully used in a wide variety
of studies, PMA was suggested to be a better alternative than EMA for selective amplification
of viable cells (Nocker et al. 2006).
4.2.2.2
Polymerase chain reaction (PCR) – practical considerations
Many types of sample matrixes contain factors which can either totally inhibit the PCR reaction or cause partial inhibition leading to a non-exponential amplification of the target DNA
(Rossen et al. 1992, Lantz et al. 1994, Scheu et al. 1998). Inhibition may be avoided or reduced by pre-PCR sample manipulations such as dilution of the sample material, short enrichment culture, extraction of the DNA from the sample, or by harvesting the bacterial cells
from the sample e.g. by centrifugation, filtration, or by using immunomagnetic beads coated
with specific monoclonal antibodies to the target organism. However, even partial inhibition of
the PCR reaction inevitably leads to reduced sensitivity and excludes the possibility of performing quantitative PCR. To minimize the risk of obtaining false-negative amplification results suitable external standards, which are co-amplified together with the target DNA in the
PCR reaction, should be used (Reischl & Kochanowski, 1995). Sensitivity of the PCR assay
can be improved by enrichment culture prior to PCR (Agersborg et al. 1997, Wang et al.
1997), but this also precludes attempts to quantify the number of target organisms in the
sample. Thus amplification of target DNA sequences from sample materials containing inhibitory factors for PCR can provide information on the presence, but not on the numbers and
usually not on the viability of target organisms (except in the case where enrichment step is
included). It should also be remembered that PCR will also detect nonviable cells, as long as
intact target nucleic acid sequences are available as templates (Josephson et al. 1993).
When PCR is applied to environmental samples several problems arise including inhibition of
PCR amplification by co-extracted contaminants, differential PCR amplification, formation of
PCR artefacts e.g. chimeric molecules (leading to description of non-existing species), and
DNA contamination. It should also be noted that 16S rDNA sequence variations due to rrn
operon heterogeneity can interfere with the analysis (for a review, see von Wintzingerode et
al. 1997). If only in silico testing is performed, the specificity of the applied PCR may not
necessarily be as expected. This, and the fact that different methods must be applied to
overcome the inhibitory effects of different sample matrices, necessitates the use of tailormade approaches for each microbe-sample matrix pair. A positive control for each analysis is
important in the confirmation that inhibitory substances do not interfere with the detection and
cause false-negative results (Hoffman & Wiedman 2001).
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Quantification of the initial amount of target is not possible in traditional end-point PCR because the amount of PCR product is determined when the reaction has already reached the
plateau phase. In real-time PCR, the amount of PCR product is measured at each cycle, also
during the exponential phase, which enables the quantification of the initial template amount.
The real-time measurement is based on fluorescent dyes that either bind to double strand
DNA or hybridize to a specific sequence. Since real-time PCR is especially vulnerable to inhibitory compounds, internal standards should always be used when complex sample matrixes are studied (Reischl & Kochanowski, 1995).
Quantitative reverse transcriptase–polymerase chain reaction (RT-qPCR) -based approaches represent fast, effective methods enabling the quantification of gene and/or transcript
numbers within environmental samples (including unculturable and culturable fraction),
providing unparalleled specificity and sensitivity to target sequences present within a mixed
community background (Smith and Osborn 2009). RT-qPCR based techniques are widely
used for RNA detection. While RT-PCR is used to qualitatively detect gene expression
through creation of complementary DNA transcripts from RNA, qPCR is used to quantitatively measure the amplification of DNA using fluorescent probes. RT-PCR is currently the most
sensitive technique available for the quantification of steady-state mRNA levels (Doak and
Zaïr 2012). It requires only a small amount of RNA for analysis. RT–qPCR affords a sensitive
and rapid approach for quantifying low levels of bacteria and viruses (Yang et al. 2011) when
sample is collected to e.g. filter.
PCR also requires less operator skill and training to carry out and can be automated to process large numbers of samples. It is very sensitive, although it can be vulnerable to contamination and cannot distinguish infective viruses. Most PCR methods also require some costly
equipment and are not suitable for use outside the laboratory. Some recent advances have
been made to reduce the complexity, the volume and the weight of qPCR instruments. However, it leads most of the time to a decrease in throughput and multiplexing capabilities. The
most interesting improvement in the family of qPCR instruments has been proposed by BIOFIRE Diagnostics. The FilmArray of BIOFIRE is a multiplex PCR that integrates sample
preparation, amplification, detection and analysis all into one system. It requires just a few
minutes of hands-on-time and its turnaround time is approximately one hour. The FilmArray
pouch stores all the necessary reagents for sample preparation, reverse transcription-PCR,
PCR, and detection in a freeze-dried format, and the user has just to add a hydration solution
and an unprocessed sample.
4.2.2.3
Next generation sequencing technologies
Next generation sequencing technologies (NGS) allow deeper analysis of the microbial
communities (Zwolinski 2007). The capability of large-scale sequencing techniques to generate billions of reads at low cost with high speed is useful in many applications such as wholegenome sequencing, metagenomics, metatranscriptomics, and proteomics. Metatranscriptomics allows monitoring of microbial gene expression profiles in natural environments by studying global transcription of genes by random sequencing of mRNA transcripts
pooled from microbial communities at a particular time and place (Moran 2009).
Recent developments in new sequencing chemistries, bioinformatics, and instruments have
revolutionized the field of microbial ecology and genomics.
Pyrosequencing
One of the next generations DNA sequencing technologies (NGS) is pyrosequencing, which
has increased the resolution and detectable spectrum of microbial communities and of the
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dynamics of microbial ecosystems in environmental samples. The principle of 454 pyrosequencing technique is that each incorporation of a nucleotide by DNA polymerase results in
the release of pyrophosphate, which initiates a series of downstream reactions that ultimately
produce light by the firefly enzyme luciferace (Mardis 2008). As a result of enzymatic reactions, light can be detected by a charge coupled device (CCD) camera and as a peak in a
pyrogram. The light intensity is proportional to the amount of ATP used, and the height of
each peak is proportional to the number of nucleotides incorporated (Rothberg & Leamon
2008, Mardis 2008, Siqueira et al. 2012). The advantage of pyrosequencing is that it provides a high amount (even hundreds of thousands) of sequence reads in single run, and thus
the analysis has broad sampling depth including both the dominant and rare members of
investigated microbial community (Siqueira et al. 2012). The sensitivity of NGS techniques
are in the range of PCR. La Duc et al. (2012) have shown by using 454 pyrosequencing
method that the detected microbial diversity is 100-1000-fold greater than that analyzed by
using cultivation methods in a spacecraft. Also single genomes and genes can be explored
efficiently.
However, according to Mardis (2008) commercial available instruments allow highly streamlined sample preparation steps prior to DNA sequencing, which provides significant time savings and minimal need for other equipment. After pre-treatment genomic DNA is isolated,
fragmented, ligated to special adapters and separated into single strands in liquid sample
(Siqueira et al. 2012, Rothberg & Leamon 2008). It is possible to sequence only viable cells if
propidium monoazide (PMA) treatment is used to differentiate living and dead cells.
Bridge sequencing
Illumina’s sequencing by synthesis (SBS) technology is the most successful and widely
adopted next-generation sequencing platform worldwide. SBS technology uses four fluorescently labelled nucleotides to sequence the tens of millions clusters on the flow cell surface in
parallel. During each sequencing cycle, a single labelled deoxynucleotide triphosphate
(dNTP) is added to the nucleic acid chain. The nucleotide label serves as a terminator for
polymerization, and therefore after each dNTP incorporation, the fluorescent dye is imaged
to identify the base and then enzymatically cleaved to allow incorporation of the next nucleotide. Base calls are made directly from signal intensity measurement during each cycle. Unlike pyrosequencing (Roche/454 pyrosequencing), the DNA chains are extended one nucleotide at a time and image acquisition can be performed at a delayed moment, allowing for very
large arrays of DNA colonies to be captured by sequential images taken from a single camera (Ansorge 2009, Metzker 2010).
Bridge sequencing is a semi-quantitative method. Illumina launched in 2011 the MiSeq, first
commercial application based on bridge sequencing. MiSeq promises to go from DNA to data in just over 8 hours (1.5 hours for sample preparation, 4 hours for sequencing, 3 hours for
analysis). Although it is presented as a compact, all-in-one platform that incorporates cluster
generation, paired-end fluidics, sequencing by synthesis chemistry, and complete data analysis, some steps have to be performed by a trained operator (15 minutes of manipulation for
the sample preparation, 20 min for sequencing). The main advantage of currently available
bridge sequencing applications is the user-friendly data-analysis of Illumina’s MiSeq which
allows the user to follow the performance of the reaction in real-time. MiSeq has therefore
been used as an example in the trade-off-table. Figure 2 shows an example of phylogenetic
pie chart from Illumina MiSeq.
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Figure 2. Example of presentation of phylum-level data from MiSeq, Illumina (MiSeq Reporter Metagenomics Workflow Reference Guide)
In addition, Illumina will complete its product range with the launch of two new sequencers,
HiSeqX and NextSeq 500. HiSeq X Ten is a factory scale sequencer for population sequencing and NextSeq 500 is a new desktop high-throughput sequencer. NextSeq will have the
power of HiSeq, but with the size of MiSeq.
Nanopore sequencing
Nanopore sequencing is a semi-quantitative method. Oxford Nanopore Technologies is the
only manufacturer that provides a commercial instrument based on Nanopore sequencing,
the Oxford nanopore GridION, with its miniaturized version the MiniION. Oxford Nanopore
passes an ionic current through nanopores and measures the changes in current as biological molecules pass through the nanopore or near it. The information about the change in
current can be used to identify that molecule. Nanopore sequencing has been a promising
alternative for NGS-platforms for over five years, ever since Oxford Nanopore Technologies
licensed the technology in 2008. Advantages of the Oxford MinION nanopore sequencing
include small size (more a sensor than a platform), and single-use concept, which eliminates
the need for equipment repairing. The MinION™ system is a disposable device that contains
the sensor chip, ASIC and nanopores that are needed to perform a complete single molecule
sensing experiment. Plugging directly into a laptop or desktop computer through a USB port,
it is a self-contained device to deliver real-time experimental data. Sequencing is mostly automated, but the data-analysis is not yet automatic. However, development of data-analysis
options is in-progress.
One interesting trend on nanopore sequencing is that Illumina has made a patent-licensing
deal between themselves and the University of Washington (UW). The licensing deal gives
Illumina, developer of integrated systems for genetic variation analysis, exclusive worldwide
rights to develop and market the nanopore DNA sequencing technology that is based on the
engineered pore of UW. Since Illumina is currently the market leader in NGS sequencing,
rapid development in nanopore sequencing may be expected in the next few years.
It is important to stress that sufficient computing power is vital to the performance of these
analyses and that these techniques also require specific training for interpretation of results.
However, in a longer term perspective and with the rapid advances in this field, the suitability
of this method should also be evaluated.
Other sequencing methods are SOLiDTM System (Applied Biosystems, USA), the HeliScope
Single Molecule Sequencer (Helicos BioSciences, USA), and the Single Molecule Real Time
technology (SMRT, Pacific Biosciences, USA). The technology of these platforms shares
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characteristic of performing massively parallel sequencing (clonally PCR-amplified products
(the first three platforms) or single DNA molecule (last two)), when amplification of DNA
fragments is not needed prior to sequencing (Mardis 2008, Siquera et al. 2012).
Metagenomics
Metagenomics may be defined as the application of NGS to a DNA-template obtained directly from a sample (Kunin et al. 2008). In most studies, the metagenomic approach is applied
to study the genes present in the microbiota. As with any NGS-technique, the amount of data
obtained is enormous. However, metagenomic studies are usually performed with the Illumina HiSeq-technique, and thus the obtained sequence length is usually <200 bp. This makes
the bioinformatics part even more demanding than when NGS is applied to a PCR-product.
4.2.3

Other options

4.2.3.1
Biosensors
In general, a biosensor consists of a biorecognition element that provides the assay with
specificity to an analyte of interest, and a transducer as well as other components, such as
amplification elements and solid supports. Ideally all these elements would be assembled
within one housing (Baeumner et al. 2004). Within the environment of interest in this project
the most relevant biosensors would detect bacteria and/or viruses of interest. There are three
different types of biosensors; a direct biosensor, a competitive indirect biosensor and a noncompetitive indirect biosensor. In the direct biosensor, the analyte is bound by its biorecognition element, which is detected directly. In indirect biosensor an additional reaction (either
competitive or non-competitive) has to occur in order to detect the binding of analyte and
biorecognition element. Direct and non-competitive indirect biosensors provide signals that
are proportional to the analyte concentration, whereas the competitive indirect biosensor
provides an indirect proportionality (Baeumner 2003).
In a study of Baeumner et al. (2003), a highly sensitive and specific RNA biosensor utilizing
the NASBA based quantification of clpB gene coding for a heat shock protein of E. coli was
developed. The newly developed biosensor, which was a membrane based DNA/RNA hybridization system using liposome amplification, allowed a rapid detection and quantification
of E. coli mRNA in only 15-20 min. In addition, the developed biosensor was portable, inexpensive and very easy to use. The detection limit using a synthetic target sequence was determined as 5 fmol per sample, which was similar to that of their previous study (Min and
Baeumner 2002).
In a later study of the same research group (Baeumner et al. 2004a), a dipstick-type biosensor with liposome amplification, based on a sandwich assay format with optical detection,
was combined with a simple coupling reaction that allows the transformation of the generic
biosensor components to target ones with just a simple 20-min incubation step. Thereafter
an 8-10 min membrane assay is performed. No special personnel training and no specific
equipment other than heating block or water bath were needed to perform the analysis. In
addition, the signals could be quantified using a computer scanner or a portable reflectometer. The lower and upper detection limits of E. coli were defined as 5 fmol and 1000 fmol,
respectively (Baeumner et al. 2004a). In an improved version (Baeumner et al. 2004b) of the
previous biosensor (Baeumner et al. 2004a), the detection limit was lowered to 1 fmol and
the dynamic range between 1-750 fmol (Baeumner et al. 2004b).

Page 29 of 48

PANDHUB
Grant Agreement No. 607433

Chen et al. (2008) have developed a circulating-flow piezoelectric biosensor, which is based
on an Au nanoparticle (Merkoçi 2007) amplification and verification method. The target gene
was first amplified and thereafter detected with the piezoelectric biosensor with a detection
limit of 102 cfu/ml of E. coli O157:H7 (Chen et al. 2008). In a study of Sun et al. (2006) a sensitive (23 E. coli cells) flow through piezoelectric quartz crystal (PQC)/DNA biosensor assay
was developed, in which sequencial flow PCR products were denaturated before the hybridization of single stranded DNA. The hybridized products were thereafter detected with PQC
(Sun et al. 2006). Furthermore, Sun et al. (2008) developed a nano-silver modified PQC/DNA
biosensor, which was able to detect a single E. coli cell from 100 ml of water.
There are also studies in which array format biosensors (Gabig-Ciminska 2006) have been
developed. In a study of Farabullini et al. (2007) a disposable electrochemical genosensor
was developed, whereas Johnson-White et al. (2007) developed an immunoassay format
array biosensor, in which E. coli was one of the target bacteria. After the immunoassay,
which confirmed the identity, a viability staining was performed to confirm the viability of the
targeted bacteria. Furthermore, cells captured by the immobilized antibodies can be cultured
for further confirmation of the viability or a PCR analysis may be performed from the targeted
cells. The detection limit of the immunoassay as such was 105 cfu/ml and after PCR 102
cfu/ml of E. coli (Johnson-White et al. 2007). Furthermore, Straub et al. (2005) have developed a BEADS (biodetection enabling analyte delivery system) platform to automatically
concentrate and purify target analytes utilizing immunomagnetic separation (IMS). Captured
cells are thereafter amplified in a flow-through PCR and PCR products are detected by hybridization to a DNA suspension array (Straub et al. 2005).
4.2.3.2
Lab-on-a-chip
Lab-on-a-chip (LOC) is a term for devices that integrate (multiple) laboratory functions on a
single chip of only millimeters to a few square centimeters in size. They are capable of handling extremely small fluid volumes down to less than pico liters. In general, they consist of a
microchip containing wells and channels where samples and reagents are stored and transported to reaction chambers to create a microfluidic network. The chip is connected to an
instrument for control and detection (biosensor) and to a computer performing data analysis
and relay information to required locations (Gilbride et al. 2006).
In a study of Zhao et al. (2006), a microsystem compatible approach was developed for the
detection of viable E. coli utilizing GroEL heat shock protein. On a microchip with controlled
heating modules, the bacterial cells are first subjected to high temperature treatment to stimulate the mRNA transcription of the heat shock proteins. On the next step, the target mRNA
is specifically hybridized to the complementary biotinylated capture probe. Thereafter, the
GroEL mRNA is separated from cell lysates with streptavidin-coated magnetic particles.
Then the target mRNA is converted and amplified into large amount of biotinylated cDNA.
Next, streptavidin-coated gold nanoparticles will bind to biotin end of the amplicons – after
the amplicons have hybridized to the immobilized probe on the working electrode surface.
Finally, the electrochemical (EC) signal of gold catalyzed silver reduction is detected with the
EC method to represent the existence of amplicons (Zhao et al. 2006).
There are also other studies in which different bacteria have been detected with lab-on-achip assay or an assay that may be integrated to a lab-on-a-chip (Zaytseva et al. 2005,
Yeung et al. 2006), e.g. continuous flow PCR (Hashimoto et al. 2004, deMello 2006), DNA
extraction with laser irradiation and magnetic beads (Lee et al. 2006) and nanodroplet realtime PCR system with laser assisted heating (Kim et al. 2009). Furthermore, in a study of
Dimov et al. (2008) an integrated microfluidic tmRNA purification and real-time NASBA device were developed. Moreover, in a study of Lee et al. (2008b) a polymer LOC for reverse
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transcriptase PCR (RT-PCR) of human immunodefiency virus was designed, fabricated and
validated. In addition, a portable analyzer consisting of a non-contact infra-red based temperature control system for RT-PCR process and an optical detection system for on-chip detection, enabling the analysis to be performed in less than 1 hour, were also developed (Lee
et al. 2008b).
4.2.4

The effect of the used method on the results

Most of the steps in the processing of samples from any given environment may affect the
microbiological results obtained. The sampling and storage conditions have been shown to
affect the results (Ott et al. 2004, Molbak et al. 2006, Roesch et al. 2009), although not as
extensively as the following steps, especially the DNA extraction (Salonen et al. 2010, Dridi
et al. 2009, Maukonen et al. 2012). The initial two week storage at -20oC has been shown to
decrease the detected numbers of Bacteroides spp. by over 1 log unit as compared to the
fresh samples, whereas the storage temperature has not been shown to have such a significant effect on the gram-positive bacteria (e.g. Firmicutes and Actinobacteria) (Maukonen et
al. 2012). Since the analysis of fresh samples, especially in the case of large samplings, is
impractical, the effect of the storage conditions on the results obtained should be taken into
account when the results are discussed. When DNA-extraction is performed using solely
chemical treatments combined with heat treatments, it has been shown that the results for
some bacterial groups may be as much as 4 log-values lower as compared to a DNA extraction method in which rigorous mechanical disruption is applied (Maukonen et al. 2012).
Actinobacteria, in particular, have been shown to be underestimated with many currently
used techniques, most probably due to their high G+C content (Krogius-Kurikka et al. 2009).
In a study of Nakamura et al. (2009), it was shown that when the same samples were examined with qPCR (enzymatic DNA-extraction) and FISH, the difference in results was enormous. The proportions of bifidobacteria with qPCR was detected to be 0.1 -1.7%, whereas
the proportion with FISH was 28 – 84% (Nakamura et al. 2009). Moreover, in studies in
which clone libraries have been constructed, the primer Bact-8F (synonyms: e.g. 008F) targets bifidobacteria only poorly (Magne et al. 2006), and therefore in studies in which this primer has been used the abundance of bifidobacteria has been underestimated (e.g. Palmer et
al. 2007, Eckburg et al. 2005, Suau et al. 1999). In addition, the normally used 95oC for denaturation in PCR-amplification may not be sufficient for high G + C content bacteria, such as
Actinobacteria and SRB (Maukonen et al. 2012).
Another methodological aspect that may cause confusion is that different probes/primers
target different bacterial populations, such as in the detection of Bacteroidetes and Firmicutes. In pyrosequencing/metagenomic studies the authors usually refer to Bacteroidetes,
whereas in studies conducted with FISH/PCR, the studied bacterial population is usually narrower (e.g. Bacteroides spp. or Bacteroides-Prevotella group) (Hoyles & McCartney 2009).
The same controversy applies to Firmicutes. In many pyrosequencing studies Firmicutes are
discussed as a single group, whereas in fact it contains several different bacterial classes –
e.g. Bacilli, Clostridia, Erysipelotrichia – which all have different metabolic properties. Furthermore, when PCR/FISH is used, each of these groups is usually studied separately.
When microbial communities are examined, especially using several different techniques
and/or next-generation sequencing, the quantity of data generated is enormous. Therefore,
the use of suitable algorithms for e.g. measurement of microbial diversity and correct interpretation of the results are of utmost importance (Corry et al. 2007, Ramette 2007, Rudi et al.
2007, Bent & Forney 2008, Lozupone et al. 2007, Werner et al. 2012, Kuczynski et al. 2011,
Achtman et al. 2008). Moreover, we should also bear in mind that even if statistical significance is achieved, the observed changes may not be of biological significance.
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5. Conclusions
Transportation plays an important role in the spread of infectious diseases. In addition to
naturally occurring infectious diseases, threats also exist from the intentional use of biological
agents. Transport sector is critical to our society and any disturbances in the major hubs can
have wide-spread consequences. Primary challenge in the transportation hubs is to control
rather than eradicate the microbes (Camper & McFeters, 2000). Furthermore, rapid detection
methods are needed in order to be able to react quickly in possible pandemic cases.
Knowledge about the microbiota present will help in the controlling, since specific characteristics of each microbiota can be considered as preventative / control measures are applied. It
should be remembered that sampling is a crucial step in the characterization / identification
procedure. If it is performed inadequately, the characterization of microbiota will inevitably be
biased.
One of the challenges for microbial ecology is to gain more information below the bacterial
community, genera, and even species level. Subspecies level identification is especially important when a source of contamination is traced in epidemic cases. DNA fingerprinting
techniques provide effective molecular tools to identify and type microorganisms to subspecies level (Giraffa & Neviani 2001). While typing of the microbial isolates is performed, e.g. to
trace a contamination source, the importance of including sufficient numbers of isolates from
each sample site should be remembered. Once efficiently integrated, the typing techniques
provide precise information on the heterogeneity of target bacterial population at a given
time/space combination. However, fingerprinting methods are laborious and time consuming
since isolation and cultivation of a large number of bacterial isolates cannot be avoided. Another limitation is that the unculturable strains present in natural ecosystems cannot be
reached with typing methods.
The following list summarizes the methods, which have been excluded from the potential list
of usable methods in PANDHUB. However, some of these methods could be useful as an
additional or backup method. For instance autofluorescence does not provide the required
information about microbiota but if combined with another technique, it could contribute to an
optimal concept. The main advantages of autofluorescence method are on-line monitoring
and functioning without reagents. It could thus be of interest for continuous prescreening and
for selection of sampling points. The disadvantage is that separate instrumentation is needed
for air and water samples, and surface samples need sample preparation.
The eliminated methods are:
-

Autofluorescence: the method is based on counting fluorescent particles and thus
cannot provide any information about microbiota. Separate instrumentation is needed
for air and water quantification.

-

FISH: FISH method is not suitable if analysis is conducted with microscopy. However,
this method could be suitable if FISH is combined with flow cytometry.

-

Biosensors & Lab-on-a-chip: Biosensors and Lab-on-a-chip do not providing all information required. They need to be further developed.

-

Pyrosequencing: Pyrosequencing cannot be considered anymore, since the proprietary manufacturing company Roche has announced that research on the method has
been stopped. Therefore it is removed from the list of potential methods. When the
method existence in the future is questionable, the method has been eliminated from
the table comparing other trade-off properties.
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-

Metagenomics: Metagenomics is not suitable, since computer capacity needed for
metagenomics analysis is huge.

-

Metatranscriptomics: This is even more complex than the previous method and
therefore not suitable.

-

Proteogenomics: not suitable.

In addition to these techniques, most hybridization based methods were eliminated, since
PCR- and/or NGS-based methods seem to hold the most promising features for rapid detection of wanted pathogens. In addition, in case of new high treat microbial incidences, those
methods may quickly be adapted for detection of new microbes.
After the rough elimination, the methods potentially suitable for rapid microbial contamination
detection for the PANDHUB purposes are:
-

qPCR: method fully quantitative, suitable for quantitative and qualitative approach.

-

NGS after a specific PCR (i.e. not the metagenomics approach):
o Bridge sequencing (Illumina HiSeq/MiSeq) / Nanopore sequencing / Semiconductor-based sequencing (IonTorrent): method not fully quantitative but
suitable for semi-quantitative and qualitative approach.

It is important to stress that the successful use of each of these methods requires good sampling strategy, in addition to optimized DNA/RNA extraction. The detection of viability would
also be important, besides the detection of microbial incidence / prevalence. Due to the fact
that environmental conditions influence the cellular rRNA content, the amount of the growth
rate is considered to correlate with the amount of rRNA; therefore it also can be used for preliminary screening of bacterial activity. In addition, PMA/EMA treated samples could also be
used for screening of viability.
In conclusion, bacterial detection, identification and typing from environmental samples remains a laborious task, mainly due to the fact that frequently large numbers of samples need
to be analyzed. Development of automated techniques that allow high throughput analysis of
large numbers of samples will greatly facilitate the studies on microbial ecology.
EMA/PMA in combination with qPCR would be an interesting alternative for detection of specific high threat pathogens. qPCR would allow rapid, specific, and sensitive quantification
and EMA/PMA treatment would enable the specific amplification of viable (membrane-intact)
bacteria. Moreover, there are portable qPCR machines, which would allow the performance
of the analysis outside the laboratory (e.g. the handheld advanced nucleic acid analyzer
(HANAA), which weighs less than 1 kg and has been evaluated with E. coli enumeration;
Higgins et al. 2003). In an article of Gedalanga & Olson (2009) EMA-qPCR, using uidA and
fliC genes, was used for the enumeration of viable E. coli cells from wastewaters. Gedalanga
and Olson (2009) got similar results with culture and EMA-qPCR from certain wastewaters,
indicating that EMA-qPCR could be used for the monitoring of viable bacteria. However, they
also found that in certain samples EMA-qPCR and culture results did not correlate well. As
mentioned above, the concentration of EMA (Wang & Levin 2006, Chang et al. 2009), the
photoactivation time (Wang & Levin 2006), and the matrix in which the bacteria are embedded (Pisz et al. 2007) are critical for the maximum discrimination of viable cells from dead
cells, which necessitates the optimization of the EMA/PMA-qPCR protocol separately for
each different environment.
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There is no suitable method for online air and/or surface sampling which can be used for
detection and identification at the same time. However, there are rapid methods, which take
several hours for detection and identification. Because there are no valid commercial methods, the best way is to invest in prevention as well as to develop new rapid detection and
identification techniques.
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