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INTRODUCTION
There is a growing need for quick and reliable approaches for microorganism
detection and identification worldwide. Although traditional culture-based technologies provide very trustworthy and accurate approach for bacterial detection
and identification, they are also time- and labor-consuming and can be applied
only to analyze a small fraction of bacteria that can be cultured. Those weaknesses have caused a necessity for alternative technologies that are capable for
faster and more precise analysis of bacterial composition in medical, food or
environmental samples. Most common tactics nowadays is to analyze the
nucleic acid component of analyte solution and determine the bacterial composition according to specific nucleic acid profiles that are detected and identified. Theoretically every bacterial species and strain contain unique characteristic target regions that can be used for their specific identification.
In the first part of current thesis a literature overview is given about the
different technologies that are used for nucleic acid-based bacterial detection.
Main focus is on nucleic acid amplification and hybridization-based detection
methods with emphasis on microarray and biosensor technologies, and their
practical application in bacterial diagnostics. In second part of the literature
overview, a description of different DNA and RNA molecules that have been
targeted for bacterial detection and identification is reviewed. Longer explanation is given about the trans-translation mediating RNA molecule called
tmRNA that is used as a target marker molecule in the current thesis.
The research section describes two different methods that apply tmRNA for
bacterial detection and identification. Firstly, a microarray-based technology is
described where target tmRNA molecules are amplified using Nucleic Acid
Sequence Based Amplification (NASBA) and labeled fluorescently prior the
hybridization experiment. The developed method was applied for tmRNA
detection from bacterial total RNA samples. In second part of the research
tmRNA molecules are specifically targeted using real-time label-free biosensing
platform that is based on the optical microring resonator technology. Potential
quantitative nature and sensitivity of the biosensor is demonstrated using in
vitro synthesized tmRNA molecules.
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1. REVIEW OF THE LITERATURE
1.1. Bacterial diagnostics
There are many bacteria causing poisoning or severe infections on human
beings that can lead to serious health issues and even death. Precise understanding of processes in microflora and identification of pathogenic agent is
needed both in clinical diagnostics and in food safety monitoring in order to
treat and/or minimize the effect caused by potentially harmful bacteria. The
current “gold standard” approach for detection and identification of such pathogenic bacteria is usually based on traditional culture-based methods. The roots
of those methods can be traced back to the early works of the founders of
modern clinical microbiology Pasteur and Koch more than a century ago. In
brief, these methods typically involve isolation of bacteria by their cultivation
on specialized microbiological media, followed by morphological or biochemical analysis. While being very reliable and accurate, the traditional
methods may require several days and even weeks to get final results. In
addition there are also several important pathogens that are difficult or even
impossible to cultivate and can therefore remain undetected by conventional
culture-based methods. Such time- and labor-consuming nature combined with
lack of cultivation methods for certain bacterial groups are serious weaknesses
that set a limit to traditional methods in microbial diagnostics, where fast and
precise analysis of potentially dangerous situations is often desirable. The
development of technologies in molecular biology over the last couple of
decades enables direct and specific molecular analysis of different bacterial
components, offering potentially faster and more conclusive identification of
bacterial species, while addressing the shortfalls of traditional techniques
(Amann et al., 1995; Barken et al., 2007; Lazcka et al., 2007; Kostic et al.,
2008; Jasson et al., 2010; Velusamy et al., 2010).
One option is to use any of several immunoassay formats that have been
developed to investigate unique antigens or antigen-related antibody component
of samples in order to look for the possible pathogenic bacteria (Andreotti et al.,
2003; Banada and Bhunia, 2008). Another common possibility is to examine the
nucleic acid sequences of different bacteria and look for the characteristic target
regions of each species that can be exploited for their detection and identification in clinical, environmental or food samples. The advantages of nucleic
acid-based detection over culture-based and immunological methods include:
rapidness, less demanding handling procedures, and often also higher specificity
and sensitivity. Both DNA and RNA can be used as a target molecule for
bacterial diagnostics, depending on the experiment setup and technological
requirements of used approach (Barken et al., 2007; Ludwig, 2007; O’Connor
and Glynn, 2010). While DNA is very stable molecule that can be easily
isolated from different biological samples, RNA on the other hand is more
labile and is easily degraded, especially when the microorganism is killed.
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Although more demanding from handling perspective, the presence of RNA
may sometimes give better insight then DNA into viability of the bacteria under
investigation (Birch et al., 2001; Keer and Birch, 2003; O’Connor and Glynn,
2010).

1.1.1. Nucleic acid-based bacterial diagnostics
The use of nucleic acid sequences for diagnostic purposes has followed closely
the key technological advances in molecular biology over the last three-four
decades. The detection and characterization methods of DNA and RNA
molecules were pushed forward by several major inventions that included
isolation of nucleic acid restriction and amplification enzymes and development
of different hybridization techniques. Each improvement and their combinations
were soon applied correspondingly to improve bacterial diagnostics.
A common principle for direct detection of nucleic acid sequences from
environmental or clinical samples is use of short specific oligonucleotide probes
that hybridize to complementary target sequences. One widely used technology
for such direct analysis is Fluorescence In Situ Hybridization (FISH) that was
developed in the end of 1980s. In FISH, fixed and intact bacteria are permeable
for short fluorescently labeled oligonucleotides that enter the cell and hybridize
to complementary target rRNA regions. Specific identification and quantification of single microbial cells is then achieved by visualizing labeled duplex
regions using either fluorescence microscopy (DeLong et al., 1989; Amann et
al., 1990) or flow cytometry (Wallner et al., 1997). Over time, FISH has been
applied for identification, visualization and localization of various bacteria in
many fields of analytical microbiology; most commonly in environmental
research (Amann et al., 2001; Daims et al., 2001; Pernthaler and Amann, 2004),
but also in diagnostics in clinical microbiology (Kempf et al., 2000; Peters et
al., 2006) and food safety analysis (Schmid et al., 2005). FISH and other FISHbased technologies that have been established can in addition to rRNA
recognition be similarly used to detect and identify other nucleic acid target
molecules like mRNA (Pernthaler and Amann, 2004), tmRNA (see section
1.2.5.) (Schönhuber et al., 2001) and DNA sequences (Pratscher et al., 2009).
Another important field where rapid progress has occurred over the past few
decades is nucleic acid amplification technologies. Most recognized and used of
those technologies is “polymerase chain reaction” (PCR) that was developed in
the middle of 1980s. In PCR, DNA region of interest is enzymatically amplified
by DNA polymerase in exponential manner using a pair of specific DNA
primers and controlled thermal cycling (Saiki et al., 1985). PCR was soon
implemented in microbial diagnostics in combination with already existing
nucleic acid analysis mechanisms such as dot-blot ( Steffan and Atlas, 1988;
Persing et al., 1990), Southern blot (Greisen et al., 1994; Wilson et al., 1990),
restriction fragment length polymorphism typing (Deng et al., 1992; Persing et
al., 1990) and sequencing (Yamamoto and Harayama, 1995). Many different
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PCR-based methods have emerged since then and have found use in bacterial
diagnostics. For example, multiplex-PCR is application in which many different
targets are amplified in the same reaction and subsequently analyzed by gel
electrophoresis (Chattopadhyay et al., 2004; Keto et al., 2001; Strålin et al.,
2005). Another key development of traditional PCR was a technology that
enabled not only the detection but also the quantification of the DNA product
during the amplification reaction (Higuchi et al., 1993). Real-time PCR, as the
method is called, has since become a widely used tool in microbial diagnostics
(Espy et al., 2006; Postollec et al., 2011) with applications ranging from simple
and quick detection of a single certain bacterium (Uhl et al., 2003) to more
complex multiplex real-time PCR analysis targeted for several pathogens
(Thurman et al., 2011). In order to implement PCR to amplify RNA target
molecules, a reverse transcriptase-mediated synthesis of complementary DNA
strand has to precede conventional polymerase chain reaction (Kawasaki et al.,
1988). Such reverse-transcriptase PCR (RT-PCR) can be used in bacterial
diagnostics combined with endpoint detection of amplified nucleic acid (Klein
and Juneja, 1997), or in real-time format (Fey et al., 2004). Single-cell or one
colony forming unit (CFU) detection sensitivity can be achieved using many
different PCR-based methods: for example in combination with dot-blot
(Steffan and Atlas, 1988), as well as in more modern real-time format (Lucas et
al., 2008). While PCR has been by far the most common nucleic acid amplification technology, there are also many alternatives that have successfully been
applied in microbial diagnostics. Most well-known of those alternative amplification technologies are isothermal enzymatic methods that do not require
active thermo-cycling as PCR does. The isothermal nature of those methods
offers distinct advantages over PCR method with regard to the cost and
simplicity of instrumentation needed for the nucleic acid amplification process.
Methods like “strand displacement amplification” (SDA) where 5’–3’ exonuclease-deficient DNA polymerase amplifies primer-bound DNA strands
(Walker et al., 1992) and “nucleic acid sequence-based amplification”
(NASBA) (Compton, 1991) have all been later applied in bacterial diagnostics
(Ge et al., 2002).

1.1.2. NASBA
In NASBA (figure 1), target RNA molecules are amplified at constant temperature around 40 °C by using a specific set of oligonucleotide primers and sequential activity of three different enzymes: reverse transcriptase (RT), RNaseH and
T7 RNA polymerase.
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Figure 1. A NASBA amplification schematic. The linear phase of NASBA is described
briefly in text box and thoroughly in text according to the amplification steps presented
in roman numerals. The asterisk* denotes that cRNA amplification products will be
synthesized using currently pictured primer setup with T7 promoter attached to the
Primer 1. Alternatively, promoter sequence can be added to primer 2 that would yield in
inverse-NASBA amplification and production of positive strands of initial target RNA.

First, a target RNA molecule is quickly denatured for 5 minutes at 65 °C (figure
1–I.), followed by forward primer binding (figure 1–II.) to the complementary
region of RNA target molecule (primer also includes 5’ sequence corresponding
to T7 RNA polymerase promoter). Complementary DNA strand is then
synthesized by RT (figure 1-III.), making the initial RNA substrate instantly
available for degradation by DNA/RNA duplex specific RNaseH (figure 1-IV.).
This enables binding of the second primer oligonucleotide to new cDNA strand
(figure 1-V.) trailed by second strand DNA synthesis by RT that also possesses
DNA-directed DNA polymerase activity (VI.). New dsDNA with its T7
promoter sequence is hence ready for T7 RNA polymerase to start producing
new complementary RNA (cRNA) molecules (figure 1-VII.). After these initial
linear steps, a cyclic phase of NASBA proceeds where all newly synthesized
RNA molecules act as substrates for primer binding, DNA synthesis,
DNA/RNA duplex-specific RNA degradation, and again RNA synthesis by T7
RNA polymerase (Compton, 1991). The T7 promoter sequence can alternatively
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be included in the 5’ end of the second primer to achieve production of positive
strand of initial target RNA in a process called inverse-NASBA (Tauriainen et
al., 2006). NASBA is highly specific for RNA amplification and unintentional
DNA amplification can only occasionally be triggered by the absence of target
RNA or at extreme excess of proper target DNA (Deiman et al., 2002). High
RNA specificity makes NASBA also less sensitive to genomic DNA contamination and therefore more suitable for applications where microbial viability
can be assessed by target RNA detection, giving it another important advantage
over PCR-based methods (Keer and Birch, 2003; Mader et al., 2010). For
diagnostic purposes, NASBA has been successfully combined with different
detection platforms like Northern blot, enzyme-linked gel assay (ELGA) (van
der Vliet et al., 1993), enzyme-linked immunosorbent assay (ELISA) (Gill et
al., 2006) and also in real-time detection format with molecular beacons (van
Beckhoven et al., 2002; O’Grady et al., 2009; Rodríguez-Lázaro et al., 2004).
Detection sensitivity of 1 CFU by using NASBA amplification has been
described (Loens et al., 2006; O’Grady et al., 2009) previously. In principle,
NASBA is similar to two other closely related RNA amplification methods
called “transcription-based amplification system” (TAS) where only two
enzymes (RT and T7 polymerase) are used (Kwoh et al., 1989) and “self-sustained sequence replication” (3SR) where T7 promoter sequence is present in both
primers resulting in production of both RNA strands (Guatelli, 1990). TAS is
actively being used in microbial diagnostics by licensed technology holder GenProbe Inc. under the name Transcription Mediated Amplification (TMA)
(http://www.gen-probe.com/science/).

1.1.3. Nucleic Acid Microarrays
Microarray technology offers the capability to carry out quick and highly
parallel hybridization analysis of complex nucleic acid mixtures in a single
assay. A typical microarray consists of a high number of different capture
probes attached to the solid surface in precisely ordered arrangement, where
each position corresponds to specific target nucleic acid molecule. DNA microarray probes (either oligonucleotides or longer DNA fragments) capture and
identify the presence of labeled complementary target molecules from analyzed
solution. The event of probe-target hybridization is usually detected and
quantified by fluorescence-based methods. The number of different targets that
can simultaneously be analyzed have steadily grown from 48 in the first
published microarray paper (Schena et al., 1995) up to several million on a
single microarray chip with current state-of-the-art platforms developed by
Illumina (www.illumina.com) or Affymetrix (www.affymetrix.com). Such high
capability for miniaturized multiplexing, the ability to detect and identify more
than one target molecule simultaneously from the same small specimen in
molecular diagnostics, is the key advantage that microarrays have over otherwise highly specific and sensitive technologies like culture- and PCR-based
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technologies (Kostic et al., 2008; Severgnini et al., 2010). While microarray
technology was originally developed for gene expression analysis (Schena et al.,
1995) and has since maintained its importance in genetics- and genomicsrelated research, it has also found many applications in microbiology and
infectious disease diagnostics that contribute steadily around 8–9% of all
microarray-related publications (Miller and Tang, 2009). In first publication that
described potential use of microarrays for determinative and environmental
studies in microbiology, Mirzabekov and colleagues used an array of probes
complementary to 16s rRNA of different bacteria. Five different preparation
types of target nucleic acid were used in experiments: total RNA, enriched
ribosome solution, in vitro transcribed rRNA and PCR synthesized doublestranded and single-stranded ribosomal DNA (rDNA). All of them provided
detectable hybridization signals that enabled discrimination between compared
microorganisms (Guschin et al., 1997).
Nucleic acids can be analyzed in microarray experiments without any prior
amplification by simple, direct hybridization approach by targeting marker
molecules with high concentration in order to get sensitive signal. Many
different methods have been developed for direct detection of 16S rRNA that
already is naturally amplified at the average level of about 10000–20000 copies
per cell. Such direct detection method is useful in circumstances where possible
amplification-based bias during the detection experiments has to be avoided
(Leski et al., 2010). Chandler and colleagues applied microarrays for direct
detection of 16S rRNA from soil bacteria using helper DNA oligonucleotides
(chaperones) to increase target binding efficiency and obtained the detection
sensitivity equivalent to 7.5x106 cells (Chandler et al., 2003; Small et al., 2001).
Another possible option for direct nucleic acid analysis is to use samples that
already contain high titers of examined bacteria and have therefore plenty of
target material for hybridization experiments. A microarray containing 120
probes for different protein encoding genes in three different bacteria was used
to identify and characterize bacterial pathogens that cause bloodstream
infections (Cleven et al., 2006).
Although direct detection methods are easy to implement and do not require
additional time-consuming steps that add complexity, target nucleic acids are
generally amplified prior the hybridization step in microarray technology in
order to gain more sensitivity and sometimes also specificity (Leski et al.,
2010). PCR-based methods that are massively used in many fields of molecular
biology (also in bacterial diagnostics as described previously), have also been
favorite choices for target nucleic acid amplification related to microarray
hybridization experiments. Universal PCR primers were used to amplify a
variable region of bacterial 23S rDNA from range of different bacterial cultures.
Amplification products were subsequently identified on custom-made nylon
chip microarray consisting of 30 probes corresponding to 24 different bacterial
species. Described system was capable of specific detection and identification
of both pure and mixed cultures of different bacteremia causing pathogens
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(Anthony et al., 2000). In another work, six bacterial virulence factor genes
were amplified in one-tube multiplex PCR, followed by linear amplification
step with the presence of only one primer in order to produce single-stranded
labeled DNA product. Microarray-based hybridization detection of those gene
markers was used to identify and distinguish six different foodborne illness
causing bacteria from the Listeria genus (Volokhov et al., 2002). From food
safety monitoring perspective, combining multiplex PCR and culture preenrichment with following microarray-based detection, Bej and colleagues
could detect as low as 1 CFU of pathogenic bacteria from shellfish (Panicker et
al., 2004). RT-PCR with universal primers was used to amplify intergenic
spacer regions (ISR) in precursor-rRNA in the work published by Antranikian
and colleagues. Using RT-PCR in combination with microarray-based detection
enabled them to detect and identify seven different bacterial taxa associated
with beer spoiling. More information about the growth status of these species
was also obtained by investigating ISR regions that usually degraded quickly in
growing cells (Weber et al., 2008).
All previously described methods in this section are based on low- to
medium-density microarrays. Such arrays are usually custom-made and have at
maximum few hundred or thousand pre-synthesized probes spotted and
immobilized onto the chip surface. Low- to medium-density microarrays are
suitable for routine clinical diagnostics of infectious diseases because the slides
are easily prepared, inexpensive and require only the most basic equipment for
printing, hybridization and scanning. Modifications like adding new probes or
redesigning the whole chip layout can be introduced relatively easily and
quickly (Mikhailovich et al., 2008).
In alternative approach, high-density microarrays can be manufactured by insitu synthesizing oligonucleotide probes directly onto the surface of the
microarray chip. Although being rather expensive platform that requires sophisticated data investigation software, the major advantages of these types of
microarrays are the reproducibility of the manufacturing process, and standardization of reagents, instrumentation and data analysis (Dalma-Weiszhausz et al.,
2006). A Multi-Pathogen Identification (MPID) high-density microarray with
53 660 probes was developed for identification of 18 pathogenic prokaryotes,
eukaryotes and viruses. Multiplex-PCR was used to amplify specific DNA
sequences of pathogenic bacteria that contained pathogenicity and virulence
genes, and previously uncharacterized regions. Each organism was represented
by three to ten different diagnostic regions on MPID with several overlapping
probes. The simultaneous identification of multiple diagnostic regions allowed
an accurate identification of each pathogen with a resolution limit at species
level using spiked environmental samples (Wilson et al., 2002). In a more
recent and ambitious attempt, a high-density microarray for pathogen detection
was developed that contained target probes for all bacteria and viruses for which
full genome sequences were available at that time. In that work, microarray
probes were designed to cover both already known organisms and also be
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suitable for not yet sequenced species with homology to sequenced organisms.
While precise strain or subtype identification was not initial goal of probe
design, the combined information of multiple probes during the data analysis
made it possible nevertheless. Described array enabled detection and
characterization of multiple viruses, phages, and bacteria in a sample up to the
family and species level in clinical fecal, serum and respiratory samples
(Gardner et al., 2010). Using high-density microarrays in combination with
whole-genome amplification technology, Kennedy and colleagues could detect
as little as one genome copy of pathogenic bacteria (Berthet et al., 2008).

1.1.4. Biosensors
According to the Biosensors World Congress (www.biosensors-congress.
elsevier.com): ”Biosensors (figure2) are defined as analytical devices
incorporating a biological material (e.g. tissue, microorganisms, organelles, cell
receptors, enzymes, antibodies, nucleic acids, natural products etc.), a biologically derived material (e.g. recombinant antibodies, engineered proteins, aptamers etc) or a biomimic (e.g. synthetic receptors, biomimetic catalysts, combinatorial ligands, imprinted polymers etc) (figure 2-II.) intimately associated
with or integrated within a physicochemical transducer or transducing microsystem (figure 2-III.), which may be optical, electrochemical, thermometric,
piezoelectric, magnetic or micromechanical. Biosensors usually yield a digital
electronic signal (figure 2-IV.) which is proportional to the concentration of a
specific analyte or group of analytes (figure 2-I.). While the signal may in
principle be continuous, devices can be configured to yield single measurements
to meet specific market requirements.”
The potential advantages of biosensors over other previously described
analytical technologies are considered being shorter experiment time, lower cost
and also easier handling. In microbial diagnostics, three main transduction
principles that have been most used for nucleic acid-based biosensing technology are: mass-sensing, electrochemical sensing and optical sensing (Lazcka
et al., 2007).
In mass-sensitive DNA/RNA biosensors, the event of probe-target
hybridization is monitored and transduced into a readable signal by detecting
small changes of mass on the sensor surface. One such type of mass-sensitive
biosensors is quartz crystal microbalance (QCM) which allows monitoring of
hybridization events, using an oscillating piezoelectric crystal with the specific
nucleic acid probe molecules immobilized on its surface. The increased mass
that is associated with the hybridization reaction, results in a proportional
decrease of the oscillating frequency that can be monitored in real-time
(O’Sullivan, 1999). Several methods have been published over time that
describe QCM-based detection of PCR amplified gene targets from bacteria for
diagnostic purposes (Mo et al., 2002; Wu et al., 2007). In another approach,
small cantilever beams can be used for mass-sensitive detection of biological
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binding events. Cantilevers can be used similarly to QCM as piezoelectric
sensor where added mass causes detectable shift in resonance frequency
(Hwang et al., 2007) or, alternatively, the mass-induced bending of the cantilever can be monitored by optical means (McKendry et al., 2002).

Figure 2. Working principle of a biosensor. A specific event of analyte binding (I.) to
the bio-component (II.) of the biosensor is converted via transducer (III.) into a
detectable signal that can be monitored in real time (IV.). A more thorough explanation
is given in the main text according to roman numerals on the figure, respectively.

Electrochemical biosensors are usually based on the detection of changes in
current or potential, caused by interactions occurring at the sensor-sample
matrix interface. The techniques are generally classified according to the
observed parameter: current (amperometric), potential (potentiometric) or
impedance/conductance (impedimetric/conductometric) (Lazcka et al., 2007). In
nucleic acids-based bacterial diagnostics: amperometric biosensors have been
described for detection of PCR amplified bacterial toxin genes (Palchetti and
Mascini, 2008), potentiometric sensors for direct detection of pathogenic
bacteria by targeting the 16S rRNA molecules (Wu et al., 2009), and
impedance-based biosensing has been applied for the antibiotic resistance
detection by targeting short DNA oligonucleotides (Kaatz et al., 2012) and
longer PCR-amplified DNA fragments (Corrigan et al., 2012).
Third widely used and described transducing principle for biosensors in
microbial diagnostics is optics. There are many different sub-classes for optical
biosensors that are based on different optical transducing technologies (Lazcka
et al., 2007; Velusamy et al., 2010). Probably the most popular principle of
optical biosensing that can be used for label-free detection and identification of
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nucleic acid targets is surface plasmon resonance (SPR). It is a phenomenon
that describes a condition when a certain amount of light energy is transferred to
the groups of electrons on the metal surface, and as a result, the intensity of the
reflected light from the surface is reduced. That, in turn, is dependent on the
refractive indices of the media at both sides of the metal surface (sensor chip).
Minor changes that occur in the refractive index of the thin metal film sensor
chip when nucleic acid targets bind to the surface bound probe molecules can be
measured by monitoring shifts in either the reflection angle or the wavelength of
the light that is being beamed onto the metal senor chip (Cooper, 2003; Tudos
and Schasfoort, 2008). In bacterial diagnostics the use of SPR for detecting
nucleic acid targets has been described for example recently in the work by Liao
and colleagues. They amplified the regions of 16S rDNA of four different
pathogenic bacteria using linear- after-the-exponential (LATE)-PCR protocol
that yielded in ssDNA target molecules. Four-channel SPR setup enabled realtime detection and quantification of amplified target DNA molecules at
concentration levels down to 0.01 nM (Wang et al., 2011). Variation of the SPR
technique called SPR imaging (SPRi) is a technology in which multiple
adsorption interactions can under identical conditions be monitored in a single
microarray format. Direct and specific detection of full-length 16S rRNA at
2nM concentration has been described by using SPRi (Nelson et al., 2001).

1.1.5. Microring resonators
One new emerging class of sensitive label-free optical sensors is called
microring resonators. Their working principle is based on the refractive index
sensitivity of optical microcavity structures that are supported by adjacent
waveguide arrangements. Light coupled to the adjacent linear waveguide is
localized around the circumference of the microring under precise conditions of
optical resonance (figure 3.-I.), defined by the geometry of the cavity (microring) and the refractive-index of the surrounding environment. The resonance
condition is described by:
m λ=2πrneff
where m is an integer, λ is wavelength, r is the radius of the resonator, and neff is
the effective refractive index of the environment near the microring. The
wavelength at which the resonance occurs is extremely narrow and is observed
as a sharp dip in transmission spectrum (figure3.-II.). Target nucleic acid
hybridization onto probe-modified microring surface induces change in local
refractive index that, in turn, is detected as a shift in resonant wavelength
(figure 3-III.).
Several possible diagnostic applications have been described that use
microring resonator arrays for bioanalysis. For example, an array of microrings
that was modified with either nucleic acid or antibody probes was capable of
successful detection of viral nucleic acids, whole bacteria and quantification of
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Figure 3. The working principle of a biosensor based on microring resonator. Light
from the linear waveguide is coupled into the microring (I.) under precise optical
resonance conditions described by formula mλ=2πrneff (further explained in text). Resonance wavelength is observed as a sharp dip in transmission spectrum (II.). Changes in
local refractive index caused by specific probe-target interaction induce shift in resonance wavelength (III.) that can be monitored in real time on a corresponding
sensorgram (IV.)

target proteins (Ramachandran et al., 2008). Microring resonators can also
easily be implemented for more complex analysis of nucleic acid component of
the analyte solution. For example, Qavi and Bailey described a simultaneous
multiplexed detection and quantification of four different clinically relevant
human miRNA targets with additional microarray sensor chip regeneration and
reuse possibilities (Qavi and Bailey, 2010). Since then they have upgraded the
sensitivity of described system (Qavi et al., 2011a) and also demonstrated the
possible use of their platform for discriminating between single mismatched
target molecules (Qavi et al., 2011b). Microring resonators are considered being
highly reproducible, scalable and cost effective alternatives to other traditional
optical sensing technologies due to their relatively cheap and easy fabrication
process via commercially widely available semiconductor processing method.
Furthermore, microring sensors require, for functioning and operating, optical
technology that is already commonly available in telecommunications, reducing
the need for expensive additional hardware development (Bailey et al., 2009).
Current state-of-the-art technology enables simultaneous monitoring and
analysis of 128 different positions in a single microring resonator chip assay
(www.genalyte.com)
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1.2. Marker molecules in bacterial diagnostics
In theory, within every bacterial species and strains there are unique DNA or
RNA sequences that can be used to detect and identify those bacteria. Nucleic
acid-based detection technologies in bacterial diagnostics rely on the analysis of
those specific marker regions that indicate the presence and abundance of
certain bacteria in samples under investigation. Such biomarker should ideally
be present in bacteria at a relatively high copy number for easier extraction and
detection, while also being sufficiently heterogeneous at the sequence level to
allow differentiation of the pathogen at strain or species levels (Glynn et al.,
2006; O’Connor and Glynn, 2010). Unfortunately such “ideal” marker molecule
does not exist or at least has not been identified yet; therefore several different
molecules are being used for bacterial detection and identification. The
selection of a suitable marker molecule (or combination of several different) is
usually determined by the experiment setup and depending on particular
bacterial species or taxa that are investigated. Popular marker molecules in
microbial diagnostics include (but are not limited to) ribosomal RNA (and
DNA), genes involved in cellular metabolism processes, and also more specific
virulence factors and pathogenicity related genes.

1.2.1. Ribosomal RNA and DNA
Based on the previously described criteria for a feasible biomarker in bacterial
diagnostics, rRNA molecules are considered highly suitable. They are
universally present in all bacteria with a very high copy number, reaching from
few hundred to even hundred thousand copies per cell (averaging around
10000). Evolutionary conservation of different regions of the rRNA sequence is
highly variable, enabling targeting of both large taxonomic groups (such as
phyla) and also allowing more specific detection of bacteria at lower level using
the same RNA molecule (Amann and Fuchs, 2008). The origins of using rRNA
for the analysis of bacteria can be traced back to the pioneering works of Woese
and colleagues who applied 16S rRNA sequence data to divide the living world
into three domains: eukaryotes, bacteria and archaea (Woese and Fox, 1977).
Since then, the 16S rRNA has been used extensively for bacterial diagnostics
and has achieved a “gold standard” status among other bacterial marker
molecules (O’Connor and Glynn, 2010). In previous sections of this thesis,
direct targeting of 16S rRNA in analytical microbiology has already been
described by using several different technological approaches like FISH
(1.1.1.), microarrays (Guschin et al., 1997; Small et al., 2001; Chandler et al.,
2003) (1.1.2.), and also biosensors (Nelson et al., 2001; Wu et al., 2009)
(1.1.3.). In combination with different amplification strategies, both rRNA (Fey
et al., 2004) and also its corresponding genomic rDNA sequence can be applied
for diagnostics either in simple Southern blot assay (Greisen et al., 1994)
(1.1.1.) or in more complex microarray format (Guschin et al., 1997) (1.1.2.).
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Additional advantage of 16S rRNA, as a target for bacterial identification, is
that respective sequences have already been described for almost all of the
known bacteria allowing for quick and relatively easy probe design for various
detection platforms (Amann and Fuchs, 2008). That has enabled the
development of high-density microarrays that contain probes covering most of
the described bacterial taxa. Andersen and colleagues designed a “PhyloChip”
microarray that contained roughly 300000 probes complementary to different
regions of 16S rRNA from nearly 9000 different operational taxonomic units
(OTUs). OTU is defined as a cluster of 16S rRNA sequences that are all
complementary to a set of specific probes (on average 24 per cluster). The
taxonomic belonging of each OTU was assigned according to the affiliation of
its member organisms in Bergey’s manual of systematic bacteriology 2001
issue. The requirement of a sequence-specific interaction of multiple unique
probes in a single set was implemented to increase the confidence of specific
detection of each OTU. Described microarray was used for monitoring bacterial
populations in different environments in combination with universal PCR
amplification of rDNA sequences (Brodie et al., 2006; DeSantis et al., 2007), or
alternatively by direct hybridization of rRNA or double-stranded cDNA
(dscDNA) (Deangelis et al., 2011).
Still, several studies have shown that 16S rRNA (or its gene sequence) is not
the ultimate marker molecule in bacterial diagnostics that fits every possible
circumstance as in many this biomarker does not allow to differentiate between
closely related species. For example, it has been reported, that in case of the
Streptococcus genus, the 16S rRNA gene sequence is not variable enough to
allow identification of closely related species or subspecies. Instead, sequence
comparison of several other protein-encoding genes turned out as more
informative allowing better discrimination between the members of Streptococcus genus (Glazunova et al., 2009). Similar situations have been described
for other bacterial taxa (Yamamoto and Harayama, 1995; Mollet et al., 1997;
Schönhuber et al., 2001; Martens et al., 2007; Weng et al., 2009). Alternative
marker molecules in these studies will be discussed later in following sections.
Another drawback, that has emerged regarding the use of 16S rRNA genes, is
the presence of multiple copies of non-identical sequences of that gene are often
present in some bacterial genome. Such intragenomic heterogeneity may further
invalidate the use of this target for precise diagnostic applications in some cases
(Case et al., 2007; Martens et al., 2007; Kilian et al., 2008). Low differentiation
power of this marker molecule at species level combined with copy number
heterogeneity has driven analytical scientists to look for alternative marker
molecules that can be used for more accurate bacterial diagnostics.
One possible option, to overcome low discriminating power of highly
conserved 16S rRNA or rDNA, is to use 23S rRNA or its gene sequence. While
possessing all characteristics of a good marker molecule described also for 16S
rRNA, the 23S rRNA molecule is considered having more variation between
the species, including those of medical and food safety importance. This
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property enabled detection and identification of specific PCR-amplified 23S
rRNA genes on a low-density microarray platform for identification of a
foodborne infection (Hong et al., 2004) or in previously described bacteremia
analysis in section 1.1.2. (Anthony et al., 2000). Another possible choice for a
diagnostics marker in bacteria are the intergenic spacer regions (ISR, also
known as internal transcribed spacer- ITS) between the ribosome genes in the
ribosomal operon (rrn) (Gürtler, 1999; Milyutina et al., 2004). From a diagnostics perspective, the intergenic region between 16S and 23S rRNA (ITS1)
has found most consideration for bacterial analysis as it contains hyper-variable
regions that should theoretically allow differentiation even at strain level
(García-Martínez et al., 2001). As an example of ISR based diagnostics, the
detection of beer spoilage bacteria was described (1.1.2.) using ISR amplification by RT-PCR in combination with microarray-based detection and
identification. More information on viability of the bacteria under investigation
was also achieved by targeting ISR that is usually degraded quickly in growing
cells (Weber et al., 2008). On the other hand, the ribosomal operon is usually
found in multiple copies within most bacterial genomes, and as previously
described also with 16S rDNA, the variation of ISR sequences between these
copies has also been described (Gürtler, 1999; Milyutina et al., 2004). Unless
such intragenomic heterogeneity of ribosomal genes is carefully considered and
analyzed while developing the diagnostics assay, correct typing of many
bacterial species or strains remains somewhat questionable (Lenz et al., 2010).

1.2.2. Universal protein-coding marker molecules
There are many protein-coding genes that participate in universal metabolic
processes that are present basically in all bacteria (also referred to as
housekeeping genes). Their ubiquitous presence combined with sequence
heterogeneity between different species and higher taxa has been found suitable
for identification and classification of bacteria in environmental and diagnostics
studies (Santos and Ochman, 2004).
One such candidate for a good marker molecule in bacterial diagnostics is a
RNA polymerase β subunit coding gene rpoB. Many studies demonstrate the
superiority of rpoB over 16S rRNA in sequence divergence and thus species
differentiation capability, for example among species of Enterobacteriaceae
family (Mollet et al., 1997), Bacillus (Ki et al., 2009), Geobacillus (Weng et al.,
2009), Streptococcus (Glazunova et al., 2009), and Bartonella (Renesto et al.,
2001) genera. As a practical proof-of-principle for diagnostic purposes,
DelVecchio and colleagues utilized rpoB gene as a specific chromosomal
marker for real-time PCR detection and identification of Bacillus anthracis that
is a causal agent of anthrax, a serious infection among both livestock and
humans, making it a potent biological warfare agent (Qi et al., 2001).
The “DNA gyrase subunit B”-coding gyrB gene is another popular
housekeeping gene that has been recommended for bacterial detection and
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identification due to its good species differentiation capability ( Yamamoto and
Harayama, 1995; Glazunova et al., 2009). A common pair of specific primers
was used to PCR-amplify gyrB gene sequences from 14 different Mycobacterium species. Single-stranded RNA products were derived from amplified
dsDNA templates for following hybridization-based detection on microarray.
Precise species identification was obtained according to unique hybridization
patterns for each species of mycobacteria, and the described method could
differentiate even between closely related Mycobacterium species (Fukushima
et al., 2003). In a more ambitious attempt a gyrB-based diagnostic microarray
was described for detection of the 24 most relevant food- and water-borne
pathogens and indicator organisms at species and/or genus level. Applicability
of this microarray system for the detection and identification of food-borne
pathogens was validated by using artificially and naturally contaminated food
samples (Kostic et al., 2010). In order to achieve a wider range of specificity
encom passing many different bacteria taxa, several marker molecules can be
used simultaneously in a single microarray platform. Cao and colleagues
designed a microarray that contained specific probes for ITS1 and gyrB of most
prevalent and devastating waterborne pathogenic agents (Zhou et al., 2011).
The gene for heat shock protein 60 (hsp60, also known as groEL) has also
actively been investigated as a potential alternative marker molecule for
bacterial identification (Goh et al., 1996). Within the Streptococcus genus, the
hsp60gene sequence is even considered as the most suitable marker molecule
for species- and subspecies-level identification, as well as for phylogenetic
analysis in comparison with other previously mentioned marker genes like 16S
rRNA, rpoB, and gyrB (Glazunova et al., 2009). In another work, RT-PCR
amplified hsp60 mRNA molecules were used as targets to detect and
differentiate between viable pathogenic food-borne illness-causing Campylobacter species on an electronic reverse-microarray platform. Heat-denatured
biotinylated RT-PCR amplified target DNA molecules were electronically
delivered onto a microarray chip where they were bound onto the testing sites
through the biotin-streptavidin interaction. Detection and identification of
bacteria was achieved by reverse hybridization of fluorescently labeled speciesspecific reporter probes onto surface-bound target molecules (Zhang et al.,
2006).
The list of universal protein-coding marker molecules does not end here.
Other possible alternative target biomarkers that have been investigated in
microbial diagnostics include (but the following list is certainly not limited to):
glutamate-6-phosphate dehydrogenase gene gdh (Hoshino et al., 2005; Nielsen
et al., 2009), heat shock protein 70 gene hsp70 (Straub et al., 2002), bacterial
recombinase gene recA (Mahenthiralingam et al., 2000; Thompson et al., 2004;
Weng et al., 2009; Zbinden et al., 2011) housekeeping gene rpsA (Martens et
al., 2007) and many more.
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1.2.3. Functional gene markers
In addition to exact bacterial composition of investigated environment or
biological sample, it is often also important to know what kind of processes
those bacteria can perform and/or how dangerous they are. Analysis of
functional gene markers that either participate in specific metabolic processes in
certain bacteria or determine their virulence, should give better understanding of
microbial communities and their responses/ adaptations to surrounding
environment.
A high-density GeoChip microarray has been developed for analyzing
microbial community composition, structure and functional activity. The microarray consists of ~28 000 probes covering approximately 57 000 gene variants
from 292 functional gene families involved in carbon, nitrogen, phosphorus and
sulfur cycles, energy metabolism, antibiotic resistance, metal resistance and
organic contaminants degradation. For the analysis of bacterial taxonomic
composition, a probe set for targeting universal marker molecule gyrB in
different taxa was also included. GeoChip 3.0 analysis of soil microbial
communities in a multifactor grassland ecosystem showed that the structure,
composition and potential activity of soil microbial communities significantly
correlated with the plant species diversity (He et al., 2010). In more specific
environmental studies; nirK, nirS and amoA genes have been applied for
nitrogen cycle analysis, and methane mono-oxygenase gene pmoA for methane
cycle monitoring using either FISH (Pratscher et al., 2009) or microarray format
( Wu et al., 2001; Stralis-Pavese et al., 2011).
From an analytical perspective, functional genes can be targeted in order to
get information about the possible pathogenicity of investigated bacterial
population and its susceptibility for treatment. Narayanan and colleagues
developed a diagnostic microarray for human and animal bacterial diseases, and
also for their virulence and antimicrobial resistance genes. Designed microarray
was able to detect 40 different bacterial pathogens of medical, veterinary and
zoonotic importance (Peterson et al., 2010). Combining multiplex-PCR with
microarray-based hybridization detection, Witte and colleagues analyzed different clinical isolates of Staphylococcus aureus for the presence of 10 clinically
and therapeutically relevant antibiotic resistance genes (Strommenger et al.,
2007). In another work, a similar antibiotic resistance analysis of a single target
gene was described by applying impedimetric biosensor platform for the
detection of respective PCR-amplified gene sequence (Corrigan et al., 2012).
Interestingly, there are some nucleic acid sequences that can be used both as
universal markers for bacterial taxa analysis as well but also allow more precise
functional analysis of certain populations. For example, rpoB gene that was
described in previous section has also been linked in several studies with
rifampicin (antibiotic) resistance. Drug-resistant strains of Mycobacterium
tuberculosis strains have been detected and identified by analyzing the
mutations in the rpoB gene that cause the resistance. Described methods include
both microarray-based analysis of rpoB (Gingeras et al., 1998; Troesch et al.,
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1999; Mikhailovich et al., 2001) as well as SPR biosensor-based detection
(Rachkov et al., 2011).

1.2.4. Non-annotated marker regions
One possible option in bacterial diagnostics is to use probe sequences that do
not target certain gene or RNA molecules, but some unique nucleotide patterns
that are present in bacterial genome. While designing such probes, the
annotation and the biological background of a target region is usually irrelevant.
Such approach typically uses whole genome sequence data for specific probe
design. In previous section 1.1.2., one such microarray was described that was
designed for the detection of all known viruses and bacteria with complete
genome sequence available by that time. Described high-density microarray was
able to detect and characterize multiple viruses, phages, and bacteria up to the
family and species level in clinical fecal, serum, and respiratory samples
(Gardner et al., 2010). In another work, a comparative genomic approach was
used for probe design in developing a microarray with specific probes for 11
major food-borne pathogens (Kim et al., 2008).
Ultimately, the whole genome of the bacterium can act as a marker
sequence, providing highest possible level of information about its metabolism
as well as clinical relevance regarding tolerance for antibiotics, virulence and
toxicity. Next-generation sequencing technologies already enable increasingly
cheaper and quicker production of bacterial genome sequences, accompanied by
vast enlargement of corresponding databases for storage and analysis of the
corresponding data. It has been predicted that in near future a routine diagnostics scenario will include direct sequencing of whole genomes of a bacterial
population and comparison of obtained results against databases containing
well-annotated data giving necessary information for future treatment of
patients and other actions (Joseph and Read, 2010). While such scenario is not
yet common in everyday medicine or environmental analysis, first steps towards
such future have been made. For example, in environmental studies, the direct
metagenomic analysis has been conducted to study bacterial community
structure and phosphorus-removing potential in wastewater (Albertsen et al.,
2011). As an example in medical studies, a whole genome analysis has been
demonstrated for high-resolution analysis of pathogenic species and their antibiotic resistance (Berthet et al., 2008).
In addition, there is also an interesting option to design microarrays that
contain probes without any prior knowledge about the target bacterium or its
genome sequence. A high-density “Universal Bio-Signature Detection Array”
(UBDA) was developed that contained probes complementary to every possible
9-mer oligonucleotide sequence (49 = 262144 probes). Each genome hybridized
onto the probes on this array has a unique pattern of signal intensities. That data
can theoretically be used to affiliate investigated samples into known phylogenomic relationships even with mixed analytical samples. The utility of a
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UBDA microarray as a possible tool in diagnostics was demonstrated by
comparing and distinguishing between genetic signatures from closely related
Brucella species. The data gathered from the UBDA microarray experiments
could also be used for analyzing phylogenetic relationships between different
organisms (Shallom et al., 2011).

1.2.5. tmRNA
Transfer-messenger RNA (tmRNA) molecule was first described as a component belonging to a previously unknown 10S RNA fraction of small and stable
RNA molecules (Lee et al., 1978; Jain et al., 1982). The name tmRNA derives
from the fact that it resembles both transfer and messenger RNA (figure 4).
tmRNA is encoded by ssrA gene in bacterial genomes (Chauhan and Apirion,
1989) and it participates in a process called trans-translation where stalled ribosomes get recycled and faulty truncated peptides are addressed for degradation.
Using its tRNA-like domain tmRNA enters the ribosome that has stucked
during the protein synthesis, followed by addition of proteolytic tag to the
nascent faulty protein according to the small reading frame that is present in its
mRNA-like domain. After that the ribosomal components are released and the
tagged protein will be degraded (Felden et al., 1997; Keiler et al., 2000; Keiler
et al., 1996; Withey and Friedman, 2002).

Figure 4. A) Secondary structure of Escherichia coli tmRNA molecule. Helices are
highlighted in gray and numbered from 1 to 12. Three domains are distinguished: the
tRNA-like domain (TLD), the mRNA-like domain (MLD) with proteolysis tag codingsequence, and the structural pseudoknot domain (PKD). B) 3-D model of corresponding
Escherichia coli tmRNA molecule. Both figures adapted from (Burks et al., 2005).
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In 2001 it was first proposed that tmRNA molecules can be used as alternative
biomarkers for bacterial identification. The sequence analysis of tmRNA
molecules from several different bacterial taxa showed that this molecule can
also be used for phylogenetic assignment and also for diagnostic analysis using
FISH as an example. tmRNA also allowed for more precise differentiation
among certain species when compared to 16S rRNA (Schönhuber et al., 2001).
Another important characteristics that make tmRNA molecules attractive as
diagnostic markers are their relatively high number in the cell averaging around
1000 copies (Glynn, 2007), and likely presence of their respective gene (ssrA)
in all bacteria (Keiler et al., 1996; Keiler et al., 2000).
Real-time PCR assays for specific ssrA gene detection have been described
for monitoring presence of pathogenic Listeria and Salmonella species in
culture-enriched food samples (O’Grady et al., 2008; McGuinness et al., 2009)
and also for clinical analysis of pathogenic Group B streptococci (Wernecke et
al., 2009). Approximately 1000-order gain in sensitivity was obtained for
detection of Salmonella when tmRNA transcript was targeted instead of its gene
sequence in a real-time RT-PCR assay, proving again the advantages of
naturally amplified target marker molecule (McGuinness et al., 2010). Another
RNA amplification technology NASBA (section 1.1.1.1.) has also been used for
tmRNA-based detection and identification of bacteria. Respective applications
include endpoint detection of amplification products on SPR biosensor platform
(Glynn et al., 2008), real-time detection and quantification analysis of bacteria
for food safety analysis (O’Grady et al., 2009) and also a proof-of-principle
concept of Integrated microfluidic tmRNA purification and real-time NASBA
lab-on-a-chip device for molecular diagnostics (Dimov et al., 2008).
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2. AIMS OF STUDY
The overall goal of current thesis was to develop new analytical methods for
bacterial detection and identification using tmRNA as a target marker molecule.
The experimental part consists of two sections with following objectives:
I. Selection of suitable tmRNA-specific oligonucleotide capture probes for
differentiation between selected bacterial species. Development of a labeling
protocol for NASBA amplification products that is suitable for further
microarray-based detection. Combining of selected microarray probes with
NASBA amplification technology and testing the sensitivity of the system
for bacterial detection (Ref. I and II).
II. Use of tmRNA-specific probes from previous section in combination with
optical microring resonator technology to develop a concept of a biosensor
capable of quick real-time detection, identification and quantification of
tmRNA targets in a direct hybridization assay (Ref. III).
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3. RESULTS AND DISCUSSION
3.1. Bacterial strains and
tmRNA genes used in current study
In current study six different bacterial test strains were addressed to develop
concepts of new diagnostics methods for bacterial detection and identification:
Streptococcus pneumoniae ATCC 33400 (S.pneumoniae), Streptococcus
pyogenes ATCC 12344 (S.pyogenes), Klebsiella pneumoniae ATCC 13883
(K.pneumoniae), Moraxella catarrhalis ATCC 25238 (M.catarrhalis), Streptococcus agalactiae (S.agalactiae) and Group C/G streptococcus (GrC/G). SsrA
genes from those bacteria were also inserted into the pCR® II-TOPO vector
(under the transcriptional control of either T7 or SP6 promoter sequence for in
vitro transcription of tmRNA molecules (group C and G ssrA sequences used in
this work were identical and were thus represented by a shared gene vector).
The choice of bacterial strains and their tmRNA molecules originates from
tmRNA panel used in EU FP6 SLIC project #–513771 that this PhD thesis is
partially based on (Ref. I and II). Main goal of that project was to develop new
technologies that enable fast and precise detection of bacteria that can cause
severe infections in human respiratory system. The aforementioned list of
bacteria contains some of the major agents that cause those infections. Main test
bacteria in current work as well as in SLIC project was Streptococcus pneumoniae, an important human pathogen related to several diseases, mostly
associated with pneumonia.

3.2. NASBA-microarray technology (Ref. I and II)
3.2.1. Specificity of tmRNA-specific probes
Series of hybridization experiments were conducted to test the specificity of
designed oligonucleotide probes and their suitability for the use in development
of diagnostic technology. Probes were designed using SLICSel 1.0 software
(http://bioinfo.ut.ee/slicsel) that is based on nearest-neighbor thermodynamic
modeling. In total 97 oligonucleotide probes were designed complementary to
the different regions of S. pneumoniae’s tmRNA (the main target molecule).
Negative control tmRNA molecules were prepared from five other bacteria: S.
pyogenes, S.agalactiae, GrC/G streptococcus, K.pneumoniae and M.catarrhalis.
All tmRNA sequences were synthesized in vitro and then hybridized individually to the panel of S.pneumoniae tmRNA specific probes on microarray.
Ref. II Figure 1 shows a scatter plot of relative signal intensities of control
tmRNA hybridizations onto microarray probes according to their binding
energy difference ∆∆G between target and control RNA. From a total of 463
hybridization events only 20 (~4.3%) gave relative signal intensities higher than
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preset 10% false positive signal threshold condition. For the remaining 443
hybridizations (95.7%) the control signals remained under the threshold level.
Designing probes with higher binding energy difference (∆∆G) decreased the
possibility of a false positive signal. For example, choosing the probes with the
minimum ∆G difference of 4 kcal/mol was sufficient to avoid all the falsepositive bindings over the threshold while in the case of ∆G difference 2
kcal/mol 6 signals remained over the 10% signal threshold (~1.5% of hybridizations). The average hybridization signal intensities of target and control
tmRNAs (all five together and individually) are shown on a bar chart and
complementary table in Ref II, Figure 2. Nearly fivefold increase of the probe
specificity was achieved with ∆∆G condition 4 kcal/mol as the average falsepositive control tmRNA signal intensity dropped from 2.46% to 0.55%. All of
the average false-positive hybridization signals of individual tmRNAs were
lower at higher minimum ∆∆G criteria. In general, reference tmRNAs from
bacteria belonging to the Streptococcus genus showed stronger than/or near
average false-positive hybridization signals while signals of more distant
K.pneumoniae and M.catarrhalis remained under the overall average.
K.pneumoniae tmRNA produced lowest average false-positive signals in all
three different minimum ∆∆G conditions and had no signals over the 10%
threshold. All of the false-positive signals higher than 10% were contributed by
10 individual microarray probes.
When results were analyzed without these cross-hybridizing probes the
average hybridization signal intensities were under 1% for all of the used
control tmRNAs. In general, the hybridization experiments with in vitro
synthesized target and control tmRNA molecules proved that SLICSel-designed
tmRNA-specific probes can be used for bacterial identification, and differentiation between species. By implementing stringent binding energy difference
criteria during the probe design, SLICSel can minimize the possibility of
designing probes resulting in false-positive signals. In our validation experiment, the hybridization binding energy difference ∆∆G 4 kcal/mol between the
control and target tmRNA was sufficient to eliminate all the false-positive
control signals over the needed threshold level (Ref II, Figure 1). We achieved
an almost fivefold increase in average probe specificity by using stringent ∆∆G
criteria 4 kcal/mol (Ref II, Figure 2). Although, the specificity of average
SLICSel-designed probe is high, there is no 100% guaranteed approach for the
in silico oligonucleotide probe design for hybridization-based experiments with
surface-immobilized probes. Additional probe specificity evaluation in vitro and
low quality probe removal still remain as necessary steps in any microarray
experiment (Pozhitkov et al., 2006). In our case, the removal of 10 probes was
needed to assure that hybridization signals with control tmRNAs remain safely
under the established 10% threshold level.
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3.2.2. NASBA product labeling for microarray experiments
The NASBA protocol was modified to include aminoallyl-UTP (aaUTP) molecules that were incorporated into nascent RNA during the NASBA reaction.
Post-amplification labeling with fluorescent dye was carried out and tmRNA
hybridization signal intensities were measured using microarray technology.
Two different aaUTP salts (aaUTP sodium salt and aaUTP lithium salt) were
evaluated and optimum final concentrations were identified for both.
Addition of aaUTP to NASBA mix resulted in a concentration-dependent
effect on the reaction performance. Concentrations of up to 0,5 mM for sodium
salt and 1 mM for lithium salt did not influence NASBA efficiency as seen from
the amount of RNA produced (Ref I, Figure 1A), whereas higher concentrations
did inhibit the amplification efficiency. The exact ratio of aaUTP to rUTP (and
to all other nucleotides correspondingly) and its influence on NASBA reactions
cannot be determined precisely as the manufacturer’s protocol does not provide
information about the composition of Reagent sphere (component of
bioMerieux NASBA kit containing NTP and dNTP molecules). Ref I, Figure
1A shows the average amount of RNA product generated with amplification
reactions comparing the effect of two different aaUTP salts that were used.
Specific amplification of S.pneumoniae tmRNA molecules was verified by
observing only one peak of predicted size (307 nucleotides) nucleic acid on
RNA 6000 chip electropherogram (Agilent Bioanalyzer). Corresponding microarray signal intensities of labeled NASBA products are shown on Ref I, Figure
1B. Data for hybridization signals with aaUTP lithium salt concentrations from
0,125 mM to 8 mM and for aaUTP sodium salt concentrations from 0,125 mM
to 2 mM are given, respectively. Increased microarray signal intensity was
observed in parallel with increasing aminoallyl-UTP concentration in NASBA
reaction up to 1 mM for sodium and 2 mM for lithium salt. For aaUTP lithium
salt, the final concentrations within the range of 1 mM and 2 mM resulted in the
highest average microarray signals; while highest average signals with using
aaUTP sodium salt were obtained between it 0,5 mM and 1 mM concentration,
respectively. The final 2 mM concentration of aaUTP Li-salt in NASBA
reaction resulted in highest microarray signals overall, being twice as high as
the strongest signals observed with using 1 mM aaUTP Na-salt.
To our knowledge, this is the first time that the widely used NASBA
technology has been combined with microarray-based RNA detection using a
one-step NASBA product labeling method. Previous methods described for
NASBA amplicon detection have used additional enzymatic steps after the
amplification and extra labeled probes (Gill et al., 2006; Morisset et al., 2008).
In our case, the NASBA protocol was modified by addition of aminoallyl-UTP
molecules allowing labeling of the reaction product with aminoreactive
fluorescent dye. Indirect labeling of RNA for microarray purposes via incorporation of aaUTPs was preferred over direct incorporation of fluorescently
labeled nucleotides, as it has been proved to be more efficient with T7 RNA
polymerase-based amplification technologies (’t Hoen et al., 2003). Two
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different aaUTP salts and their effect to hybridization were compared, and both
enabled sufficient fluorophore incorporation providing easily detectable microarray signals. Considering that aminoallyl-UTPs tested in the current report are
produced as different salts, this may contribute to the difference in RNA
quantity in NASBA reaction (Ref I, Figure 1A) causing decrease in microarray
signal intensities (Ref I, Figure 1B). The aaUTP Na-salt may have more impact
than the Li-salt aaUTP on the co-operation of the NASBA enzymes. Different
monovalent cations have previously been shown to have unequal impact on
similar enzymatic reactions (Taube et al., 1998). However, as the manufacturers
do not provide exact composition of aaUTP storage solution, other unknown
components may also contribute to the observed difference in behavior of used
aminoallyl-UTPs.

3.2.3. Sensitivity of NASBA-microarray
To test specific tmRNA probes for their potential use in microbial diagnostics; a
new microarray was designed that consisted of the 25 best-performing probes
out of 97 according to their specificity and sensitivity in the validation experiments. For control purposes, oligonucleotide probes specific to S.pyogenes,
S.agalactiae, K.pneumoniae and M.catarrhalis were also added to the microarray. tmRNA molecules of S. pneumoniae were amplified from three different
total RNA dilutions (equivalent to teh RNA content of 0.1, 1 and 10 CFU,
respectively) and labeled for microarray hybridization. Microarray signals were
obtained with all three total RNA dilutions in each three parallel experiments
including 10 fg of total RNA (equivalent to 0.1 CFU). Microarray signal
intensity increased with higher input RNA concentration, 0.1 CFU being the
lowest and 10 CFU the highest in three replicate experiments (Ref II, Figure 3).
Hybridization experiments with NASBA-amplified negative control solution
provided no significant signals over the background level on microarray.
NASBA control experiments with excess amounts of total RNA mix from four
control species (S.pyogenes, S.agalactiae, K.pneumoniae and M.catarrhalis)
were performed to verify the specificity of the NASBA-microarray-based
detection method. 10 pg of total RNA from each control species were added,
making the background RNA ratio to target RNA 4 × 10:1, 4 × 100:1 and 4 ×
1000:1, respectively. Addition of control total RNA-s to NASBA reaction did
not cause any changes in microarray signal intensities; all S.pneumoniae target
dilutions were amplified and detected on the microarray while the negative
control remained blank. The capability of the described NASBA-microarray
method to detect tmRNA from low amounts of bacteria was also confirmed
experimentally when the total RNA was prepared from dilutions of S.pneumoniae cultures (0.1 to 10 CFU) instead of using total RNA dilutions, making
the experiment setup closer to real-world diagnostic situations where only small
amounts of target bacteria may be present.
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A key advantage of the NASBA-microarray technology relevant to microbial
diagnostics is that the detection and the identification of the correct target can
be optimized at two different steps in the experimental protocol. The selection
of oligonucleotide primers determines the specificity of the NASBA amplification phase while a second specificity checkpoint is provided by used microarray probes. Specific amplification of a single RNA molecule or wider selection of various RNAs in case of multiplex-NASBA is possible. Certain rules
have been described for the NASBA primer pair design (Deiman et al., 2002),
but as no convenient software has yet been developed it still remains a trial-anderror approach. In our case the primer set was designed according to the
aforementioned rules to amplify a near full length tmRNA molecule from
S.pneumoniae. We included additional control probes specific to S.pyogenes,
S.agalactiae, K.pneumoniae and M.catarrhalis in the microarray to evaluate the
specificity of NASBA amplification step conducted in the presence of a nonS.pneumoniae total RNA background. The composition of capture probes on the
microarray depends on overall goal of the experiment. In our case the objective
was to specifically detect tmRNA molecules from S.pneumoniae total RNA and
test the sensitivity of the method. Our intention was to investigate whether the
method is capable of detecting 1 CFU by using tmRNA as a target molecule.
Previous works have shown that detection of 1 CFU by using NASBA
amplification of rRNA (Loens et al., 2006) or tmRNA (O’Grady et al., 2009) is
possible. The addition of highly parallel microarray-based hybridization
detection to this amplification technology could represent a significant advance
in microbial diagnostics; particularly in situations where high number of
different bacterial species may be present (e.g. in environmental samples) or in
clinical settings where it is necessary to identify one particular infection causing
species from a large panel of potential pathogens. We successfully detected and
identified S.pneumoniae tmRNA molecules from all three different dilutions of
total RNA used in the experiments (Ref II, Figure 3). Our experiments proved
that 0.1 CFU equivalent total RNA was sufficient to produce strong reproducible hybridization signals on our microarray. The addition of background total
RNAs to the NASBA reaction mix provided no signals on respective control
probes on microarray, confirming the high specificity of NASBA-microarray
technology and also its components: NASBA primers and microarray probes. In
case of the specific tmRNA detection from 0.1 CFU equivalent of S.pneumoniae total RNA, the amount of non-specific RNA exceeded the target in 4000
to 1 ratio. The high level of specificity and sensitivity that was achieved
demonstrates the potential and suitability of NASBA-microarray technology for
pathogen detection in microbial diagnostics or in more complex analysis of
microbial taxa in the environment.
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3.3. tmRNA detection using microring
resonators (Ref.III)
In this part of the thesis, the quantitative detection of specific tmRNA molecules
for bacterial biosensing is demonstrated using arrays of silicon photonic
microring resonators functionalized with tmRNA-specific oligonucleotides.
S.pneumoniae tmRNA was used as a main target RNA molecule while tmRNA
molecules from three other pathogens (K.pneumoniae, E. faecium and S.agalactiae) were used for comparison purposes. Microring resonator array contained specific probes for both S.pneumoniae and S.agalactiae that were
selected out of wider set based on their specificity and sensitivity in fluorescent
microarray hybridization experiments described in sections 3.2.1 and 3.2.3 of
current thesis. A schematic of the tmRNA hybridization assay is shown in Ref
III, Figure 1. In this assay, a DNA probe complementary to the target tmRNA of
interest is covalently attached to the microring surface, after which a solution
containing the target tmRNA is flowed across the sensor. The hybridization of
tmRNA onto the probe-modified sensor surface results in a change in the
wavelength of the light that is resonantly coupled into the microring, resulting
in an easily measured shift.

3.3.1. RNA preparation for the biosensor experiment
Unlike small nucleic acids such as siRNAs and miRNAs, tmRNAs frequently
possess significant secondary and tertiary structures (Burks et al., 2005) that can
complicate simple hybridization-based detection. This is of particular concern
when making measurements at near room temperature (Kaplinski et al., 2010),
that is convenient from a sensor operation perspective. Our early results
highlighted these challenges, as evidenced by relatively slow binding of tmRNA
molecules where the capture probe saturation was achieved in hours instead of
minutes in case with short complementary probes. To address this challenge,
three additional RNA preparation methods were investigated to determine the
optimal conditions for tmRNA detection at room temperature. These methods
included: (i) chemical fragmentation of the tmRNAs using ZnCl2, (ii) denaturation of the target tmRNAs by heating at 95oC before cooling back to room
temperature, and (iii) thermal denaturation of the targets in the presence of
chaperone oligonucleotides designed to assist in unfolding the tmRNA. The
chaperone sequences were previously designed in our group and demonstrated
to bind to predicted secondary structure regions in S.pneumoniae tmRNA,
prevent refolding of tmRNA after denaturation and therefore enhance tmRNA
hybridization (Kaplinski et al., 2010). As shown in Ref III, Figure 2, fragmentation of the tmRNA was the most effective method in order to enhance
both the binding kinetics and overall net response magnitude. We attribute this
primarily to the reduced secondary structure present in the shorter (80–120
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nucleotides) tmRNA fragments. Our results agree with the previous report by
Wu and co-workers in which RNA fragmentation was also found as the most
effective strategy to improve hybridization efficiency and sensitivity in a fluorescent microarray analysis (Liu et al., 2007). Consequently, tmRNA molecules
were fragmented in all subsequent experiments to improve the sensor performance. Once fragmentation was established as the most effective pre-treatment
for tmRNA samples, we sought to optimize fragmentation time. As shown in
Ref III, Figure 3, the time in which the sample was exposed to ZnCl2 fragmentation solution was systematically varied from zero to 60 minutes, and the
resulting hybridization responses were measured using identically prepared
sensors. These experiments indicated that 10 min of treatment was sufficient for
optimal sensor performance. Interestingly, we did not observe any significant
change in the non-specific sensor response as a function of fragmentation time.

3.3.2. Sensitivity and dynamic range of biosensor
In order for a microbial diagnostic technology to be useful, it must respond
quantitatively and specifically to low levels of target bacterial marker molecules
on a relatively high background of non-target material. This is due to the
diversity of bacterial species potetially present in clinical or other types of
samples. Addressing specificity first, we functionalized a single sensor array
with ssDNA capture probes targeting bacterial tmRNAs from S.pneumoniae and
S.agalactiae. We subsequently introduced a series of tmRNAs from four
bacterial species (K.pneumoniae, E. faecium, S.pneumoniae, and S.agalactiae)
sequentially across the sensor surface. Each tmRNA solution contained 1.66
pmoles of the target. As seen in Ref III, Figure 4, K.pneumoniae and E.faecium
tmRNA did not elicit a response while subsequent hybridization steps with both
S.agalactiae and S.pneumoniae tmRNA demonstrated strong and specific
responses from the microrings modified with complementary capture probes.
Different response magnitudes from S.pneumoniae- and S.agalactiae-specific
microrings can be attributed to differences in the probe length and hybridization
properties (melting temperatures, binding affinity, nucleotide composition and
positioning) of the different DNA capture probe-RNA target pairs. Additionally,
targeting of complementary regions in fragmented tmRNA molecules can still
be unevenly hindered by any remaining secondary structure. While these probe
sequences can be further designed to reduce these differences, our results
already clearly demonstrate the potential of microring resonator platform to
directly detect bacterial tmRNAs and also discriminate between different
bacterial strains on the basis of differential hybridization.
Having demonstrated the specificity of the method, we then focused on
establishing the quantitative utility of the platform towards tmRNA detection.
Probe-functionalized microring sensors were exposed to different quantities of
S.pneumoniae tmRNA, ranging from 52.4 fmol to 16.6 pmol. A cocktail of
control tmRNAs from three other bacteria (1.66 pmol each from: K.pneumoniae, E.faecium and S.agalactiae) were also added to the hybridization
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mixture as a background to mimic the complex matrix in which tmRNA
analytes could be found naturally. The concentration-dependent responses,
shown in Ref III, Figure 5, provided 52.4 fmol (or 100 µl of 524 pM tmRNA
solution) as a limit of detection. This value roughly corresponds to 3.16 x 1010
tmRNA molecules or 3.16 x 107 CFU of S.pneumoniae, with a dynamic range
of nearly three orders of magnitude. The limit of detection reported herein
surpasses previous reports on the direct label-free detection of microRNAs and
DNA using the same measurement technology (Qavi and Bailey, 2010; Qavi et
al., 2011b). This increased sensitivity may be due to the larger size of the
tmRNA targets. Even after fragmentation, the detectable targets are still 80–120
nucleotides in length, compared to the previously investigated 22 nucleotide
microRNA sequences. Furthermore, this detection limit is comparable to that
achieved by a well-known and widely used optical biosensing technologysurface plasmon resonance imaging (SPRi), in which the detection of 2nM of
Escherichia coli 16S rRNA was reported in a similar direct hybridization assay
(Nelson et al., 2001).
Extrapolating beyond this initial report, the potential multiplexing capability
of this silicon photonic platform is attractive for more informative bacterial
diagnostics, whereby the presence of a larger number of targeted bacteria can be
simultaneously probed using a relatively simple and rapid assay protocol.
Although the obtained level of sensitivity is far from that achieved with regular
culture-based approach or with regular molecular methods, the incorporation of
signal and/or target amplification technologies should provide sensitivity levels
comparable to real-time NASBA or real-time RT-PCR-based detection of
tmRNA molecules, albeit with additional sample and/or assay manipulation
steps. Recently, an antibody specific to DNA-RNA duplexes was incorporated
onto this microring resonator platform and a ~3 order of magnitude improvement in limit of detection was achieved for miRNA analysis (Qavi et al.,
2011a). Also, larger refractive index tags can be introduced to dramatically
increase limits of detection, as compared to solely label-free analyses
(Luchansky et al., 2011). Importantly, both these additional amplification steps
can be implemented in two hours or less, and thus the assay retains its quick
time-to-result mode as compared to traditional microbiology-based analysis.
Aside from the sensor platform itself, increases in sensitivity can also be
accomplished by applying either culture enrichment methods (McGuinness et
al., 2009; O’Grady et al., 2008) or tmRNA amplification using previously
described NASBA technology prior to hybridization. While the biosensor
experiments described here demonstrate early stage studies designed to show
detection platform applicability to in vitro synthesized target tmRNA molecules, this platform has already been applied to significantly more complex
RNA-containing samples (Qavi and Bailey, 2010; Qavi et al., 2011a) and thus
the assays described herein should be applicable to more complex samples with
only minor modifications to hybridization conditions or with minor additional
pre-analysis sample preparation.
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CONCLUSIONS
In current thesis tmRNA molecule was used as a target marker molecule to
develop new concepts of diagnostic methods to detect and identify bacteria.
Two different methods are described that are based on either microarray or
biosensor technology, correspondingly.
I. A panel of tmRNA specific probes was designed and tested for specificity
in microarray hybridization experiments using in vitro synthesized tmRNA
molecules from Streptococcus pneumoniae and five control species. Subsequently, a labeling protocol was developed for NASBA amplified tmRNA
molecules from bacterial total RNA samples. The technology is based on
addition of aminoallyl-UTP molecules to the NASBA reaction mix that can
later be labeled using fluorescent dye molecules. Described NASBA amplification technology in combination with designed capture probes in microarray
format enabled specific detection of as low as 0.1 CFU equivalent of bacterial
tmRNA molecules from series of total RNA mixture dilutions.
II. A set of selected tmRNA-specific probes from previous section were
combined with emerging optical microring resonator-based label-free
biosensing technology for diagnostics. A chemical fragmentation of the
tmRNAs using ZnCl2 was established as the most effective pre-treatment
technology that yielded in quickest hybridization signal with biosensor. The
sensitivity and the dynamic range of the biosensor were then determined using
in vitro synthesized tmRNA molecules. The limit of detection for the designed
biosensor was 52.4 fmol that roughly corresponds to 3.16 × 1010 tmRNA
molecules or 3.16 × 107 CFU of S.pneumoniae, with a dynamic range of nearly
three orders of magnitude.
Both described technological concepts can be adapted for further use in
testing different patient samples, food products or environmental material in a
highly parallel manner suitable for quick detection of multiple bacterial species.

10

37

LIST OF REFERENCES
’t Hoen P, de Kort F, van Ommen G, den Dunnen J. 2003. Fluorescent labelling of
cRNA for microarray applications. Nucleic Acids Research 31:20e–20.
Albertsen M, Hansen LBS, Saunders AM, Nielsen PH, Nielsen KL. 2011. A
metagenome of a full-scale microbial community carrying out enhanced biological
phosphorus removal. The ISME journal:1–13.
Amann R, Fuchs BM, Behrens S. 2001. The identification of microorganisms by
fluorescence in situ hybridisation. Current opinion in biotechnology 12:231–6.
Amann R, Fuchs BM. 2008. Single-cell identification in microbial communities by
improved fluorescence in situ hybridization techniques. Nature reviews:
Microbiology 6:339–48.
Amann R, Krumholz L, Stahl D. 1990. Fluorescent-oligonucleotide probing of whole
cells for determinative, phylogenetic, and environmental studies in microbiology.
Journal of bacteriology 172:762–70.
Amann R, Ludwig W, Schleifer KH. 1995. Phylogenetic identification and in situ
detection of individual microbial cells without cultivation. Microbiological reviews
59:143–69.
Andreotti PE, Ludwig GV, Peruski AH, Tuite JJ, Morse SS, Peruski LF. 2003.
Immunoassay of infectious agents. BioTechniques 35:850–9.
Anthony RM, Brown TJ, French GL. 2000. Rapid diagnosis of bacteremia by universal
amplification of 23S ribosomal DNA followed by hybridization to an oligonucleotide array. Journal of clinical microbiology 38:781–8.
Bailey RC, Washburn AL, Qavi A, Iqbal M, Gleeson M, Tybor F, Gunn LC. 2009. A
robust silicon photonic platform for multiparameter biological analysis. In: .
Proceedings of SPIE, Vol. 7220, p. 72200N-72200N-6.
Banada P, Bhunia A. 2008. Antibodies and Immunoassays for Detection of Bacterial
Pathogens. In: Principles of Bacterial Detection: Biosensors, Recognition Receptors
and Microsystems, pp. 567–602.
Barken K, Haagensen J, Tolker-Nielsen T. 2007. Advances in nucleic acid-based
diagnostics of bacterial infections. Clinica chimica acta 384:1–11.
van Beckhoven JRCM, Stead DE, van der Wolf JM. 2002. Detection of Clavibacter
michiganensis subsp. sepedonicus by AmpliDet RNA, a new technology based on
real time monitoring of NASBA amplicons with a molecular beacon. Journal of
applied microbiology 93:840–9.
Berthet N, Dickinson P, Filliol I, Reinhardt AK, Batejat C, Vallaeys T, Kong K a,
Davies C, Lee W, Zhang S, Turpaz Y, Heym B, Coralie G, Dacheux L, Burguière
AM, Bourhy H, Old IG, Manuguerra J-C, Cole ST, Kennedy GC. 2008. Massively
parallel pathogen identification using high-density microarrays. Microbial
biotechnology 1:79–86.
Birch L, Dawson CE, Cornett JH, Keer JT. 2001. A comparison of nucleic acid
amplification techniques for the assessment of bacterial viability. Letters in Applied
Microbiology 33:296–301.
Brodie EL, DeSantis TZ, Joyner DC, Baek SM, Larsen JT, Andersen GL, Hazen TC,
Richardson PM, Herman DJ, Tokunaga TK, Wan JM, Firestone MK. 2006.
Application of a high-density oligonucleotide microarray approach to study bacterial
population dynamics during uranium reduction and reoxidation. Applied and
environmental microbiology 72:6288–98.

38

Burks J, Zwieb C, Müller F, Wower I, Wower J. 2005. Comparative 3-D modeling of
tmRNA. BMC molecular biology 6:14.
Case RJ, Boucher Y, Dahllöf I, Holmström C, Doolittle WF, Kjelleberg S. 2007. Use of
16S rRNA and rpoB genes as molecular markers for microbial ecology studies.
Applied and environmental microbiology 73:278–88.
Chandler D, Newton GJ, Small JA, Daly DS. 2003. Sequence versus Structure for the
Direct Detection of 16S rRNA on Planar Oligonucleotide Microarrays. Applied and
environmental microbiology 69:2950–2958.
Chattopadhyay S, Patra R, Ramamurthy T, Chowdhury A, Santra A, Dhali GK,
Bhattacharya SK, Berg DE, Nair GB, Mukhopadhyay AK. 2004. Multiplex PCR
Assay for Rapid Detection and Genotyping of Helicobacter pylori Directly from
Biopsy Specimens. Journal of clinical microbiology 42:2821–2824.
Chauhan A, Apirion D. 1989. The gene for a small stable RNA (10Sa RNA) of
Escherichia coli. Molecular microbiology 3:1481–1485.
Cleven BEE, Palka-Santini M, Gielen J, Meembor S, Krönke M, Krut O. 2006.
Identification and characterization of bacterial pathogens causing bloodstream
infections by DNA microarray. Journal of clinical microbiology 44:2389–97.
Compton J. 1991. Nucleic acid sequence-based amplification. Nature 350:91–2.
Cooper M a. 2003. Label-free screening of bio-molecular interactions. Analytical and
bioanalytical chemistry 377:834–42.
Corrigan DK, Schulze H, Henihan G, Ciani I, Giraud G, Terry JG, Walton AJ, Pethig R,
Ghazal P, Crain J, Campbell CJ, Mount AR, Bachmann TT. 2012. Impedimetric
detection of single-stranded PCR products derived from methicillin resistant
Staphylococcus aureus (MRSA) isolates. Biosensors & bioelectronics 34:178–84.
Daims H, Ramsing NB, Schleifer K-heinz, Wagner M. 2001. Cultivation-Independent ,
Semiautomatic Determination of Absolute Bacterial Cell Numbers in Environmental
Samples by Fluorescence In Situ Hybridization. Applied and environmental
microbiology 67:5810–5818.
Dalma-Weiszhausz DD, Warrington J, Tanimoto EY, Miyada CG. 2006. The
affymetrix GeneChip platform: an overview. Methods in enzymology 410:3–28.
DeLong EF, Wickham GS, Pace NR. 1989. Phylogenetic stains: ribosomal RNA-based
probes for the identification of single cells. Science 243:1360–3.
DeSantis TZ, Brodie E, Moberg J, Zubieta I, Piceno Y, Andersen GL. 2007. Highdensity universal 16S rRNA microarray analysis reveals broader diversity than
typical clone library when sampling the environment. Microbial ecology 53:371–83.
Deangelis KM, Wu CH, Beller HR, Brodie EL, Chakraborty R, DeSantis TZ, Fortney
JL, Hazen TC, Osman SR, Singer ME, Tom LM, Andersen GL. 2011. PCR
amplification-independent methods for detection of microbial communities by the
high-density microarray PhyloChip. Applied and environmental microbiology
77:6313–6322.
Deiman B, van Aarle P, Sillekens P. 2002. Characteristics and applications of nucleic
acid sequence-based amplification (NASBA). Molecular biotechnology 20:163–79.
Deng S, Hiruki C, Robertson J a, Stemke GW. 1992. Detection by PCR and
differentiation by restriction fragment length polymorphism of Acholeplasma,
Spiroplasma, Mycoplasma, and Ureaplasma, based upon 16S rRNA genes. Genome
Research 1:202–204.
Dimov IK, Garcia-Cordero JL, O’Grady J, Poulsen CR, Viguier C, Kent L, Daly P,
Lincoln B, Maher M, O’Kennedy R, Smith TJ, Ricco AJ, Lee LP. 2008. Integrated

39

microfluidic tmRNA purification and real-time NASBA device for molecular
diagnostics. Lab on a chip 8:2071–8.
Espy MJ, Uhl JR, Sloan LM, Buckwalter SP, Jones MF, Vetter EA, Yao JDC,
Wengenack NL, Rosenblatt JE, Iii FRC, Smith TF. 2006. Real-Time PCR in Clinical
Microbiology : Applications for Routine Laboratory Testing. Clinical microbiology
reviews 19:165–256.
Felden B, Himeno H, Muto A, Mccutcheon JP, Atkins JF, Gesteland RF, Atkins JF,
Gesteland RF. 1997. Probing the structure of the Escherichia coli 10Sa RNA (
tmRNA ). Genetics:89–103.
Fey A, Eichler S, Christen R, Guzma CA, Sophia N, Centre A, Nice F–. 2004.
Establishment of a Real-Time PCR-Based Approach for Accurate Quantification of
Bacterial RNA Targets in Water, Using Salmonella as a Model Organism. Applied
and environmental microbiology 70:3618–3623.
Fukushima M, Kakinuma K, Hayashi H, Nagai H, Ito K, Kawaguchi R. 2003. Detection
and Identification of Mycobacterium Species Isolates by DNA Microarray. Journal
of clinical microbiology 41:2605–2615.
García-Martínez J, Bescós I, Rodríguez-Sala JJ, Rodríguez-Valera F. 2001. RISSC: a
novel database for ribosomal 16S-23S RNA genes spacer regions. Nucleic acids
research 29:178–80.
Gardner SN, Jaing CJ, McLoughlin KS, Slezak TR. 2010. A microbial detection array
(MDA) for viral and bacterial detection. BMC genomics 11:668.
Ge B, Larkin C, Ahn S, Jolley M, Nasir M, Meng J, Hall RH. 2002. Identification of
Escherichia coli O157:H7 and other enterohemorrhagic serotypes by EHEC- hlyA
targeting, strand displacement amplification, and fluorescence polarization. Molecular and cellular probes 16:85–92.
Gill P, Ramezani R, Amiri MV-P, Ghaemi A, Hashempour T, Eshraghi N, Ghalami M,
Tehrani H a. 2006. Enzyme-linked immunosorbent assay of nucleic acid sequencebased amplification for molecular detection of M. tuberculosis. Biochemical and
biophysical research communications 347:1151–7.
Gingeras TR, Ghandour G, Wang E, Berno A, Small PM, Alland D, Desmond E,
Holodniy M, Drenkow J, Drobniewski F. 1998. Simultaneous Genotyping and
Species Identification Using Mycobacterium DNA Arrays Simultaneous Genotyping
and Species Identification Using Hybridization Pattern Recognition Analysis of
Generic Mycobacterium DNA Arrays. Genome Research 8:435–448.
Glazunova OO, Raoult D, Roux V. 2009. Partial sequence comparison of the rpoB,
sodA, groEL and gyrB genes within the genus Streptococcus. International journal
of systematic and evolutionary microbiology 59:2317–22.
Glynn B. 2007. Quantification of Bacterial tmRNA using in vitro Transcribed RNA
Standards and Two-Step qRT-PCR. Research Journal of Biological Sciences 2:564–
570.
Glynn B, Lacey K, Grady JO, Barry T, Smith TJ, Maher M. 2008. Reusable surface
plasmon resonance assay for the specific detection of streptococcus pneumoniae
tmRNA. Journal of Rapid Methods and Automation in Microbiology 16:210–221.
Glynn B, Lahiff S, Wernecke M, Barry T, Smith TJ, Maher M. 2006. Current and
emerging molecular diagnostic technologies applicable to bacterial food safety.
International Journal of Dairy Technology 59:126–139.
Goh SH, Potter S, Wood JO, Hemmingsen SM, Reynolds RP, Chow a W. 1996. HSP60
gene sequences as universal targets for microbial species identification: studies with
coagulase-negative staphylococci. Journal of clinical microbiology 34:818–23.

40

Greisen K, Loeffelholz M, Purohit A, Leong D. 1994. PCR primers and probes for the
16S rRNA gene of most species of pathogenic bacteria, including bacteria found in
cerebrospinal fluid. Journal of Clinical Microbiology 32:335–51.
Guatelli JC. 1990. Isothermal, In Vitro Amplification of Nucleic Acids by a Multienzyme Reaction Modeled After Retroviral Replication. Proceedings of the National
Academy of Sciences 87:1874–1878.
Guschin DY, Mobarry BK, Proudnikov D, Stahl D, Rittmann BE, Mirzabekov A. 1997.
Oligonucleotide microchips as genosensors for determinative and environmental
studies in microbiology. Applied and environmental microbiology 63:2397–402.
Gürtler V. 1999. The role of recombination and mutation in 16S–23S rDNA spacer
rearrangements. Gene 238:241–52.
He Z, Deng Y, Van Nostrand JD, Tu Q, Xu M, Hemme CL, Li X, Wu L, Gentry TJ,
Yin Y, Liebich J, Hazen TC, Zhou J. 2010. GeoChip 3.0 as a high-throughput tool
for analyzing microbial community composition, structure and functional activity.
The ISME journal 4:1167–79.
Higuchi R, Fockler C, Dollinger G, Watson R. 1993. Kinetic PCR Analysis: Real-time
monitoring of DNA Amplification Reactions. Biotechnology 11:1026–1030.
Hong B-X, Jiang L-F, Hu Y-S, Fang D-Y, Guo H-Y. 2004. Application of
oligonucleotide array technology for the rapid detection of pathogenic bacteria of
foodborne infections. Journal of microbiological methods 58:403–11.
Hoshino T, Fujiwara T, Kilian M. 2005. Use of Phylogenetic and Phenotypic Analyses
To Identify Nonhemolytic Streptococci Isolated from Bacteremic Patients. Journal
of clinical microbiology 43:6073–6085.
Hwang KS, Lee S-M, Eom K, Lee JH, Lee Y-S, Park JH, Yoon DS, Kim TS, Seon K,
Hoon J, Ho J, Sung D, Song T. 2007. Nanomechanical microcantilever operated in
vibration modes with use of RNA aptamer as receptor molecules for label-free
detection of HCV helicase. Biosensors & bioelectronics 23:459–65.
Jain S, Gurevitz M, Apirion D. 1982. A small RNA that complements mutants in the
RNA processing enzyme ribonuclease P. Journal of Molecular Biology 162:515–
533.
Jasson V, Jacxsens L, Luning P, Rajkovic A, Uyttendaele M. 2010. Alternative microbial methods: An overview and selection criteria. Food microbiology 27:710–30.
Joseph SJ, Read TD. 2010. Bacterial population genomics and infectious disease
diagnostics. Trends in biotechnology 28:611–8.
Kaatz M, Schulze H, Ciani I, Lisdat F, Mount AR, Bachmann TT. 2012. Alkaline
phosphatase enzymatic signal amplification for fast, sensitive impedimetric DNA
detection. The Analyst 137:59–63.
Kaplinski L, Scheler O, Parkel S, Palta P, Toome K, Kurg A, Remm M. 2010.
Detection of tmRNA molecules on microarrays at low temperatures using helper
oligonucleotides. BMC biotechnology 10:34.
Kawasaki ES, Clark SS, Coyne MY, Smith SD, Champlin R, Witte ON, McCormick
FP. 1988. Diagnosis of chronic myeloid and acute lymphocytic leukemias by
detection of leukemia-specific mRNA sequences amplified in vitro. Proceedings of
the National Academy of Sciences 85:5698–702.
Keer JT, Birch L. 2003. Molecular methods for the assessment of bacterial viability.
Journal of Microbiological Methods 53:175–183.
Keiler KC, Shapiro L, Williams KP. 2000. tmRNAs that encode proteolysis-inducing
tags are found in all known bacterial genomes: A two-piece tmRNA functions in

11

41

Caulobacter. Proceedings of the National Academy of Sciences of the United States
of America 97:7778–83.
Keiler KC, Waller PR, Sauer RT. 1996. Role of a peptide tagging system in degradation
of proteins synthesized from damaged messenger RNA. Science 271:990–3.
Kempf V, Trebesius K, Autenrieth IB. 2000. Fluorescent In situ hybridization allows
rapid identification of microorganisms in blood cultures. Journal of clinical
microbiology 38:830–8.
Keto R, Markkula A, Nevas M, Hielm S, Lindstro M. 2001. Multiplex PCR Assay for
Detection and Identification of Clostridium botulinum Types A , B , E , and F in
Food and Fecal Material. Applied and environmental microbiology 67:5694–5699.
Ki J-S, Zhang W, Qian P-Y. 2009. Discovery of marine Bacillus species by 16S rRNA
and rpoB comparisons and their usefulness for species identification. Journal of
microbiological methods 77:48–57.
Kilian M, Poulsen K, Blomqvist T, Håvarstein LS, Bek-Thomsen M, Tettelin H,
Sørensen UBS. 2008. Evolution of Streptococcus pneumoniae and its close
commensal relatives. PloS one 3:e2683.
Kim H-J, Park S-H, Lee T-H, Nahm B-H, Kim Y-R, Kim H-Y. 2008. Microarray
detection of food-borne pathogens using specific probes prepared by comparative
genomics. Biosensors & bioelectronics 24:238–46.
Klein PG, Juneja VK. 1997. Sensitive detection of viable Listeria monocytogenes by
reverse transcription-PCR. Applied and environmental microbiology 63:4441–8.
Kostic T, Francois P, Bodrossy L, Schrenzel J. 2008. Oligonucleotide and DNA
Microarrays for Bacterial Diagnostics. In: . Principles of Bacterial Detection:
Biosensors, Recognition Receptors and Microsystems, pp. 629–658.
Kostic T, Stessl B, Wagner M, Sessitsch A, Bodrossy L. 2010. Microbial diagnostic
microarray for food- and water-borne pathogens. Microbial biotechnology 3:444–54.
Kwoh DY, Davis GR, Whitfield KM, Chappelle HL, DiMichele LJ, Gingeras TR. 1989.
Transcription-based amplification system and detection of amplified human
immunodeficiency virus type 1 with a bead-based sandwich hybridization format.
Proceedings of the National Academy of Sciences of the United States of America
86:1173–7.
Lazcka O, Del Campo FJ, Muñoz FX. 2007. Pathogen detection: a perspective of
traditional methods and biosensors. Biosensors & bioelectronics 22:1205–17.
Lee SY, Bailey SC, Apirion D. 1978. Small stable RNAs from Escherichia coli:
evidence for the existence of new molecules and for a new ribonucleoprotein
particle containing 6S RNA. Journal of bacteriology 133:1015–23.
Lenz O, Beran P, Fousek J, Mráz I. 2010. A microarray for screening the variability of
16S–23S rRNA internal transcribed spacer in Pseudomonas syringae. Journal of
microbiological methods 82:90–4.
Leski TA, Malanoski AP, Stenger DA, Lin B. 2010. Target amplification for broad
spectrum microbial diagnostics and detection. Future Microbiology 5:191–203.
Liu W-T, Guo H, Wu J-H. 2007. Effects of target length on the hybridization efficiency
and specificity of rRNA-based oligonucleotide microarrays. Applied and
environmental microbiology 73:73–82.
Loens K, Beck T, Goossens H, Ursi D, Overdijk M, Sillekens P, Ieven M. 2006.
Development of conventional and real-time NASBA for the detection of Legionella
species in respiratory specimens. Journal of microbiological methods 67:408–15.

42

Lucas PM, Claisse O, Lonvaud-Funel A. 2008. High frequency of histamine-producing
bacteria in the enological environment and instability of the histidine decarboxylase
production phenotype. Applied and environmental microbiology 74:811–7.
Luchansky MS, Washburn AL, McClellan MS, Bailey RC. 2011. Sensitive on-chip
detection of a protein biomarker in human serum and plasma over an extended
dynamic range using silicon photonic microring resonators and sub-micron beads.
Lab on a chip 11:2042–4.
Ludwig W. 2007. Nucleic acid techniques in bacterial systematics and identification.
International journal of food microbiology 120:225–36.
Mader A, Riehle U, Brandstetter T, Stickeler E, zur Hausen A, Rühe J. 2010.
Microarray-based amplification and detection of RNA by nucleic acid sequence
based amplification. Analytical and bioanalytical chemistry 397:3533–41.
Mahenthiralingam E, Bischof J, Byrne SK, Radomski C, Davies JE, Av-Gay Y. 2000.
DNA-Based Diagnostic Approaches for Identification of Burkholderia cepacia
Complex , Burkholderia vietnamiensis , Burkholderia cepacia Genomovars I and III.
Journal of clinical microbiology 38:3165–3173.
Martens M, Weidner S, Linke B, de Vos P, Gillis M, Willems A. 2007. A prototype
taxonomic microarray targeting the rpsA housekeeping gene permits species identification within the rhizobial genus Ensifer. Systematic and applied microbiology
30:390–400.
McGuinness S, Barry T, O’Grady J. 2010. Development and preliminary validation of a
real-time RT-PCR based method targeting tmRNA for the rapid and specific
detection of Salmonella. Food Research International:12–15.
McGuinness S, McCabe E, O’Regan E, Dolan A, Duffy G, Burgess C, Fanning S, Barry
T, O’Grady J. 2009. Development and validation of a rapid real-time PCR based
method for the specific detection of Salmonella on fresh meat. Meat science 83:555–
562.
McKendry R, Zhang J, Arntz Y, Strunz T, Hegner M, Lang HP, Baller MK, Certa U,
Meyer E, Güntherodt H-J, Gerber C. 2002. Multiple label-free biodetection and
quantitative DNA-binding assays on a nanomechanical cantilever array. Proceedings
of the National Academy of Sciences of the United States of America 99:9783–8.
Mikhailovich V, Gryadunov D, Kolchinsky A, Makarov A, Zasedatelev A. 2008. DNA
microarrays in the clinic: infectious diseases. BioEssays 30:673–82.
Mikhailovich V, Lapa S, Gryadunov D, Sobolev A, Strizhkov B, Chernyh N,
Skotnikova O, Irtuganova O, Moroz A, Litvinov V, Vladimirskii M, Perelman M,
Chernousova L, Erokhin V, Zasedatelev A, Mirzabekov A. 2001. Identification of
Rifampin-Resistant Mycobacterium tuberculosis Strains by Hybridization , PCR ,
and Ligase Detection Reaction on Oligonucleotide Microchips. Journal of clinical
microbiology 39:2531–2540.
Miller MB, Tang Y-W. 2009. Basic concepts of microarrays and potential applications
in clinical microbiology. Clinical microbiology reviews 22:611–33.
Milyutina IA, Bobrova VK, Matveeva EV, Schaad NW, Troitsky AV. 2004. Intragenomic heterogeneity of the 16S rRNA-23S rRNA internal transcribed spacer
among Pseudomonas syringae and Pseudomonas fluorescens strains. FEMS microbiology letters 239:17–23.
Mo X-T, Zhou Y-P, Lei H, Deng L. 2002. Microbalance-DNA probe method for the
detection of specific bacteria in water. Enzyme and Microbial Technology 30:583–
589.

43

Mollet C, Drancourt M, Raoult D. 1997. rpoB sequence analysis as a novel basis for
bacterial identification. Molecular microbiology 26:1005–11.
Morisset D, Dobnik D, Hamels S, Zel J, Gruden K. 2008. NAIMA: target amplification
strategy allowing quantitative on-chip detection of GMOs. Nucleic acids research
36:e118.
Nelson BP, Grimsrud TE, Liles MR, Goodman RM, Corn RM. 2001. Surface plasmon
resonance imaging measurements of DNA and RNA hybridization adsorption onto
DNA microarrays. Analytical chemistry 73:1–7.
Nielsen XC, Justesen US, Dargis R, Kemp M, Christensen JJ. 2009. Identification of
clinically relevant nonhemolytic Streptococci on the basis of sequence analysis of
16S–23S intergenic spacer region and partial gdh gene. Journal of clinical
microbiology 47:932–9.
O’Connor L, Glynn B. 2010. Recent advances in the development of nucleic acid
diagnostics. Expert review of medical devices 7:529–39.
O’Grady J, Lacey K, Glynn B, Smith TJ, Barry T, Maher M. 2009. tmRNA – a novel
high-copy-number RNA diagnostic target – its application for Staphylococcus
aureus detection using real-time NASBA. FEMS microbiology letters 301:218–23.
O’Grady J, Sedano-Balbás S, Maher M, Smith T, Barry T. 2008. Rapid real-time PCR
detection of Listeria monocytogenes in enriched food samples based on the ssrA
gene, a novel diagnostic target. Food microbiology 25:75–84.
O’Sullivan C. 1999. Commercial quartz crystal microbalances – theory and applications. Biosensors & bioelectronics 14:663–670.
Palchetti I, Mascini M. 2008. Amperometric Biosensors for Pathogenic Bacteria
Detection. In: Zourob, M, Elwary, S, Turner, A, editors. Principles of Bacterial
Detection: Biosensors, Recognition Receptors and Microsystems, pp. 299–312.
Panicker G, Call DR, Krug MJ, Bej AK. 2004. Detection of Pathogenic Vibrio spp. in
Shellfish by Using Multiplex PCR and DNA Microarrays. Applied and environmental microbiology 70:7436–7444.
Pernthaler A, Amann R. 2004. Simultaneous Fluorescence In Situ Hybridization of
mRNA and rRNA in Environmental Bacteria. JOURNAL OF CLINICAL MICROBIOLOGY 70:5426–5433.
Persing DH, Telford SR, Spielman a, Barthold SW. 1990. Detection of Borrelia
burgdorferi infection in Ixodes dammini ticks with the polymerase chain reaction.
Journal of clinical microbiology 28:566–72.
Peters RPH, Savelkoul PHM, Simoons-Smit AM, Danner SA, Vandenbroucke-Grauls
CMJE, Agtmael MAV. 2006. Faster Identification of Pathogens in Positive Blood
Cultures by Fluorescence In Situ Hybridization in Routine Practice. Journal of
clinical microbiology 44:119–123.
Peterson G, Bai J, Nagaraja TG, Narayanan S. 2010. Diagnostic microarray for human
and animal bacterial diseases and their virulence and antimicrobial resistance genes.
Journal of microbiological methods 80:223–30.
Postollec F, Falentin H, Pavan S, Combrisson J, Sohier D. 2011. Recent advances in
quantitative PCR (qPCR) applications in food microbiology. Food microbiology
28:848–61.
Pozhitkov A, Noble P a, Domazet-Loso T, Nolte AW, Sonnenberg R, Staehler P, Beier
M, Tautz D. 2006. Tests of rRNA hybridization to microarrays suggest that
hybridization characteristics of oligonucleotide probes for species discrimination
cannot be predicted. Nucleic acids research 34:e66.

44

Pratscher J, Stichternoth C, Fichtl K, Schleifer K-H, Braker G. 2009. Application of
recognition of individual genes-fluorescence in situ hybridization (RING-FISH) to
detect nitrite reductase genes (nirK) of denitrifiers in pure cultures and environmental samples. Applied and environmental microbiology 75:802–10.
Qavi A, Bailey R. 2010. Multiplexed detection and label-free quantitation of
microRNAs using arrays of silicon photonic microring resonators. Angewandte Chemie (International ed. in English) 49:4608–11.
Qavi A, Kindt J, Gleeson M, Bailey R. 2011a. Anti-DNA:RNA Antibodies and Silicon
Photonic Microring Resonators: Increased Sensitivity for Multiplexed microRNA
Detection. Analytical chemistry 83:5949–56.
Qavi A, Mysz T, Bailey R. 2011b. Isothermal Discrimination of Single-Nucleotide
Polymorphisms via Real-Time Kinetic Desorption and Label-Free Detection of
DNA Using Silicon Photonic Microring Resonator Arrays. Analytical chemistry
83:6827–6833.
Qi Y, Patra G, Liang X, Williams LE, Rose S, Redkar RJ, Delvecchio VG, Patra GUY.
2001. Utilization of the rpoB Gene as a Specific Chromosomal Marker for RealTime PCR Detection of Bacillus anthracis Utilization of the rpoB Gene as a Specific
Chromosomal Marker for Real-Time PCR Detection of Bacillus anthracis. Applied
and environmental microbiology:3720–3727.
Rachkov a, Patskovsky S, Soldatkin a, Meunier M. 2011. Surface plasmon resonance
detection of oligonucleotide sequences of the rpoB genes of Mycobacterium
tuberculosis. Talanta 85:2094–9.
Ramachandran a, Wang S, Clarke J, Ja SJ, Goad D, Wald L, Flood EM, Knobbe E,
Hryniewicz JV, Chu ST, Gill D, Chen W, King O, Little BE. 2008. A universal
biosensing platform based on optical micro-ring resonators. Biosensors &
bioelectronics 23:939–44.
Renesto P, Gouvernet J, Drancourt M, Roux V, Raoult D. 2001. Use of rpoB Gene
Analysis for Detection and Identification of Bartonella Species. Journal of clinical
microbiology 39:430–437.
Rodríguez-Lázaro D, Lloyd J, Herrewegh A, Ikonomopoulos J, D’Agostino M, Pla M,
Cook N. 2004. A molecular beacon-based real-time NASBA assay for detection of
Mycobacterium avium subsp. paratuberculosis in water and milk. FEMS
microbiology letters 237:119–26.
Saiki RK, Scharf S, Faloona F, Mullis KB, Horn GT, Erlich HA, Arnheim N. 1985.
Enzymatic amplification of beta-globin genomic sequences and restriction site
analysis for diagnosis of sickle cell anemia. Science 230:1350–4.
Santos SR, Ochman H. 2004. Identification and phylogenetic sorting of bacterial
lineages with universally conserved genes and proteins. Environmental microbiology
6:754–9.
Schena M, Shalon D, Davis RW, Brown PO. 1995. Quantitative monitoring of gene
expression patterns with a complementary DNA microarray. Science 270:467–70.
Schmid MW, Lehner A, Stephan R, Schleifer K-H, Meier H. 2005. Development and
application of oligonucleotide probes for in situ detection of thermotolerant
Campylobacter in chicken faecal and liver samples. International journal of food
microbiology 105:245–55.
Schönhuber W, Bourhis GL, Tremblay J, Amann R, Kulakauskas S. 2001. Utilization
of tmRNA sequences for bacterial identification. BMC Microbiology 1:20.

12

45

Severgnini M, Cremonesi P, Consolandi C, Bellis G, Castiglioni B. 2010. Advances in
DNA Microarray Technology for the Detection of Foodborne Pathogens. Food and
Bioprocess Technology 4:936–953.
Shallom SJ, Weeks JN, Galindo CL, McIver L, Sun Z, McCormick J, Adams LG,
Garner HR. 2011. A species independent universal bio-detection microarray for
pathogen forensics and phylogenetic classification of unknown microorganisms.
BMC microbiology 11:132.
Small J, Call DR, Brockman FJ, Straub TM, Chandler D. 2001. Direct Detection of 16S
rRNA in Soil Extracts by Using Oligonucleotide Microarrays. Applied and environmental microbiology 67:4708–4716.
Steffan RJ, Atlas RM. 1988. DNA amplification to enhance detection of genetically
engineered bacteria in environmental samples. Applied and environmental microbiology 54:2185–91.
Stralis-Pavese N, Abell GCJ, Sessitsch A, Bodrossy L. 2011. Analysis of methanotroph
community composition using a pmoA-based microbial diagnostic microarray.
Nature protocols 6:609–24.
Straub TM, Daly DS, Wunshel S, Rochelle PA, Deleon R, Chandler D. 2002.
Genotyping Cryptosporidium parvum with an hsp70 Single-Nucleotide Polymorphism Microarray. Applied and environmental microbiology 68:1817–1826.
Strommenger B, Schmidt C, Werner G, Roessle-Lorch B, Bachmann TT, Witte W.
2007. DNA microarray for the detection of therapeutically relevant antibiotic
resistance determinants in clinical isolates of Staphylococcus aureus. Molecular and
cellular probes 21:161–70.
Strålin K, Bäckman A, Holmberg H, Fredlund H, Olcén P. 2005. Design of a multiplex
PCR for Streptococcus pneumoniae, Haemophilus influenzae, Mycoplasma pneumoniae and Chlamydophila pneumoniae to be used on sputum samples. APMIS :
acta pathologica, microbiologica, et immunologica Scandinavica 113:99–111.
Taube R, Loya S, Avidan O, Perach M, Hizi a. 1998. Reverse transcriptase of mouse
mammary tumour virus: expression in bacteria, purification and biochemical
characterization. The Biochemical journal 332 (Pt 3):807–8.
Tauriainen S, Dadu E, Oikarinen M, Oikarinen S, Hyöty H. 2006. Amplifying control
RNA for RT-PCR applications by nucleic acid sequence based amplification
(NASBA). Journal of virological methods 132:222–6.
Thompson CC, Thompson F, Vandemeulebroecke K, Hoste B, Dawyndt P, Swings J.
2004. Use of recA as an alternative phylogenetic marker in the family Vibrionaceae.
International Journal of Systematic and Evolutionary Microbiology 54:919–924.
Thurman KA, Warner AK, Cowart KC, Benitez AJ, Winchell JM. 2011. Detection of
Mycoplasma pneumoniae, Chlamydia pneumoniae, and Legionella spp. in clinical
specimens using a single-tube multiplex real-time PCR assay. Diagnostic
microbiology and infectious disease 70:1–9.
Troesch A, Nguyen H, Miyada CG, Desvarenne S, Gingeras TR, Kaplan PM, Cros P,
Mabilat C. 1999. Mycobacterium species identification and rifampin resistance
testing with high-density DNA probe arrays. Journal of clinical microbiology
37:49–55.
Tudos A, Schasfoort R. 2008. Introduction to Surface Plasmon Resonance. In:
Handbook of Surface Plasmon Resonance, pp. 1–14.
Uhl JR, Adamson SC, Vetter EA, Schleck CD, Harmsen WS, Iverson LK, Santrach PJ,
Henry NK, Cockerill FR. 2003. Comparison of LightCycler PCR , Rapid Antigen

46

Immunoassay, and Culture for Detection of Group A Streptococci from Throat
Swabs. Journal of clinical microbiology 41:242–249.
Velusamy V, Arshak K, Korostynska O, Oliwa K, Adley C. 2010. An overview of
foodborne pathogen detection: in the perspective of biosensors. Biotechnology
advances 28:232–54.
van der Vliet GM, Schukkink RA, van Gemen B, Schepers P, Klatser PR. 1993.
Nucleic acid sequence-based amplification (NASBA) for the identification of
mycobacteria. Journal of general microbiology 139:2423–9.
Volokhov D, Rasooly A, Chumakov K, Chizhikov V. 2002. Identification of Listeria
Species by Microarray-Based Assay. Journal of clinical microbiology 40:4720–
4728.
Walker GT, Fraiser MS, Schram JL, Little MC, Nadeau JG, Malinowski DP. 1992.
Strand displacement amplification – an isothermal, in vitro DNA amplification
technique. Nucleic acids research 20:1691–6.
Wallner G, Fuchs B, Spring S, Beisker W, Amann R. 1997. Flow sorting of microorganisms for molecular analysis. Applied and environmental microbiology
63:4223–31.
Wang J, Luo Y, Zhang B, Chen M, Huang J, Zhang K, Gao W, Fu W, Jiang T, Liao P.
2011. Rapid label-free identification of mixed bacterial infections by surface
plasmon resonance. Journal of translational medicine 9:85.
Weber D, Sahm K, Polen T, Wendisch V, Antranikian G. 2008. Oligonucleotide
microarrays for the detection and identification of viable beer spoilage bacteria.
Journal of applied microbiology 105:951–62.
Weng FY, Chiou CS, Lin PHP, Yang SS. 2009. Application of recA and rpoB sequence
analysis on phylogeny and molecular identification of Geobacillus species. Journal
of applied microbiology 107:452–64.
Wernecke M, Mullen C, Sharma V, Morrison J, Barry T, Maher M, Smith T. 2009.
Evaluation of a novel real-time PCR test based on the ssrA gene for the identification of group B streptococci in vaginal swabs. BMC infectious diseases 9:148.
Wilson KH, Blitchington RB, Greene RC. 1990. Amplification of bacterial 16S
ribosomal DNA with polymerase chain reaction. Journal of clinical microbiology
28:1942–6.
Wilson WJ, Strout CL, DeSantis TZ, Stilwell JL, Carrano AV, Andersen GL. 2002.
Sequence-specific identification of 18 pathogenic microorganisms using microarray
technology. Molecular and cellular probes 16:119–27.
Withey JH, Friedman DI. 2002. The biological roles of trans-translation. Current
opinion in microbiology 5:154–9.
Woese C, Fox GE. 1977. Phylogenetic structure of the prokaryotic domain: the primary
kingdoms. Proceedings of the National Academy of Sciences of the United States of
America 74:5088–90.
Wu J, Chumbimuni-Torres KY, Galik M, Thammakhet C, Haake DA, Wang J. 2009.
Potentiometric detection of DNA hybridization using enzyme-induced metallization
and a silver ion selective electrode. Analytical chemistry 81:10007–12.
Wu L, Thompson DK, Li G, Hurt RA, Tiedje JM, Zhou J. 2001. Development and
Evaluation of Functional Gene Arrays for Detection of Selected Genes in the
Environment. Applied and environmental microbiology 67:5780–5790.
Wu VCH, Chen S-H, Lin C-S. 2007. Real-time detection of Escherichia coli O157:H7
sequences using a circulating-flow system of quartz crystal microbalance. Biosensors & bioelectronics 22:2967–75.

47

Yamamoto S, Harayama S. 1995. PCR Amplification and Direct Sequencing of gyrB
Genes with Universal Primers and Their Application to the Detection and Taxonomic Analysis of Pseudomonas putida Strains. Applied and environmental microbiology 61:3768.
Zbinden A, Köhler N, Bloemberg GV. 2011. recA-based PCR assay for accurate
differentiation of Streptococcus pneumoniae from other viridans streptococci.
Journal of clinical microbiology 49:523–7.
Zhang H, Gong Z, Pui O, Liu Y, Li X. 2006. An electronic DNA microarray technique
for detection and differentiation of viable Campylobacter species. The Analyst
131:907–15.
Zhou G, Wen S, Liu Y, Li R, Zhong X, Feng L, Wang L, Cao B. 2011. Development of
a DNA microarray for detection and identification of Legionella pneumophila and
ten other pathogens in drinking water. International journal of food microbiology
145:293–300.

48

SUMMARY IN ESTONIAN
tmRNA kasutamine markermolekulina
bakterite tuvastamisel mikrokiibi ja
biosensor tehnoloogia kaudu
Käesolevas doktoritöös antakse kirjanduse põhjal ülevaade erinevatest
tehnoloogiatest, mida kasutatakse nukleiinahappe põhises bakteriaalses diagnostikas. Põhirõhk on erinevatel nukleiinhapete paljundamise meetoditel ning
hübridisatsiooni-põhistel detektsiooni tehnoloogiatel. Käsitletud on erinevate
mikrokiibi ja biosensor tehnoloogiate põhimõtteid ning nende võimalikke
kasutusviise bakterite tuvastamisel. Kirjanduse ülevaate teises osas antakse ülevaade DNA ja RNA järjestustest, mida saab kasutada markerjärjestusena erinevate bakterite tuvastamisel ja üksteisest eristamisel. Pikemalt tutvustatakse
tmRNA molekule, mida kasutatakse markerjärjestusena käesoleva doktoritöö
raames välja töötatud diagnostiliste meetodite puhul. tmRNA on kõikides
bakterites leiduv, keskmiselt 300–400 nukleotiidi pikkune spetsiifiline RNA
molekul, mis abistab rakus valgusünteesi mehhanismi. Pooleli jäänud või vigase
translatsiooni korral võimaldab tmRNA koos abivalkudega ribosoomi vabastamise teistest valgusünteesi komponentidest ning suunab pooliku valgu lagundamisele.
Töö praktilises osas kirjeldatakse kahte erinevat meetodit, kus tmRNA detektsiooni kaudu tuvastatakse lahustest erinevaid baktereid. Esimese puhul
paljundatakse lahuses olevad tmRNA molekulid kõigepealt NASBA tehnoloogiat kasutades. NASBA on on isotermiline meetod, kus RNA paljundatakse
kolme ensüümi: pöördtranskriptaasi, RNaseH ja T7 RNA polümeraasi koostöös.
Seejärel toimub paljundatud ning märgistatud tmRNA molekulide tuvastatamine ja täpne identifitseerimine mikrokiibi tehnoloogiat kasutades. Kirjeldatud
NASBA-mikrokiip tehnoloogiat rakendati spetsiifiliste tmRNA-de tuvastamiseks erinevate bakterite totaalsest RNA lahusest. Praktilise osa teises pooles
kirjeldatakse tmRNA-de detektsiooni märkevaba reaal-ajas toimiva biosensor
süsteemi abil, mis põhineb optilisel mikroring resonaator tehnoloogial. Optilised mikroring resonaatorid on sellised sensorid, mis tunnevad ära oma pinna
lähedal toimuvaid bioloogilisi reaktsioone nende poolt tingitud keskkonna
optilise murdumisnäitaja muudu kaudu. Kirjeldatud biosensori spetsiifilisust,
tundlikkust ning kvantiseerimisvõimet demonstreeritakse in vitro sünteesitud
tmRNA molekulide abil. Kuigi mõlema meetodi puhul kasutati testsüsteemina
erinevaid hingamisteede haigusi põhjustavaid baktereid ning nende vastavaid
liigispetsiifilisi tmRNA molekule, on kirjeldatud tehnoloogiad lihtsasti kohandatavad ka teiste RNA järjestuste ning erinevate bakteri-liikide korral.

13

49

ACKNOWLEDGEMENTS
My biggest gratitude goes to Ants for his everlasting trust and support, and also
for keeping his friendly and watchful eye on me while leaving me with lot of
liberty to pursue my goals and ideas. Secondly, I would like to say how happy I
am for meeting Ryan at a conference table that ended up with spending a
semester at his lab year later, playing with Abe and Jared. Thirdly, I am very
thankful for Barry for all the things he has done over the years and hopefully in
the years to come. Very special thanks to boys upstairs: Lauris, Maido and Priit
(in alphabetical order).
Viljo, Tõnu, Sven (extra special thanks for watching my back), Steven,
Männik, Mari, Margit, Kristo, Krista, Kaie, Kadri, Kaarel, Eva, Egon, Anu,
Andres (maybe in reverse alphabetical order) and all the rest of the good people
in our department: thank you for showing that science and fun are
indistinguishable from each other. Orav, Pets, Kults, Lõks, Riin and Liis (in
chronological order): thank you for the wonderful time we had in school, it
seems that I beat you all. In general, I would like to thank all the collaborators
and coworkers and friends and financial supporters and of course my dear
family for all the things you have done for me and will do hopefully in the
future, this is not over yet!

50

PUBLICATIONS

CURRICULUM VITAE
Ott Scheler
Date of birth: 29.07.1982 Rapla, Estonia
Address:
Department of Biotechnology,
Institute of Molecular and Cell Biology, University of Tartu,
Riia 23 51010
Telephone: +372 5561 8087
E-mail:
ott.scheler@ut.ee

Education
1989–2001
2001–2005
2005–2007
2007–...
2011

Rapla Ühisgümnaasium
BSc Gene Technology (Molecular Diagnostics),
Department of Biotechnology, IMCB, University of Tartu
MSc Gene Technology (Molecular Diagnostics),
Department of Biotechnology, IMCB, University of Tartu
PhD student in Molecular and Cell Biology (Biotechnology),
Department of Biotechnology, IMCB, University of Tartu
DoRa PhD Student semester abroad in University of Illinois at
Urbana-Champaign, USA

Professional employment
2008–2009
2009–...

researcher, Estonian Biocentre,
researcher, Department of Biotechnology, IMCB,
University of Tartu

Scientific work
The research carried out during my graduate studies can be summarized as
developing new methods for specific detection and identification of different
bacteria by targeting specific nucleic-acid sequences. The backbone of my
studies has been trans-translation mediating RNA molecule called tmRNA that
can be used as species- or other taxon-specific marker sequence for bacterial
diagnostics. Researched methods include NASBA-microarray technology and
optical microring resonator-based biosensor array.

Publications
1. Scheler O, Glynn B, Parkel S, Palta P, Toome K, Kaplinski L, Remm M, Maher M,
Kurg A (2009). Fluorescent labeling of NASBA amplified tmRNA molecules for
microarray applications. BMC Biotechnology, 15(9), 45–50.

79

2. Kaplinski L, Scheler O, Parkel S, Palta P, Toome K, Kurg A, Remm M (2010).
Detection of tmRNA molecules on microarrays at low temperatures using helper
oligonucleotides. BMC Biotechnology, 10(34), 1–10.
3. Scheler O, Kaplinski L, Glynn B, Palta P, Parkel S, Toome, K, Maher M, Barry T,
Remm M, Kurg A (2011). Detection of NASBA amplified bacterial tmRNA molecules on SLICSel designed microarray probes. BMC Biotechnology, 11(1), 11–17.
4. Vlassov S, Scheler O, Plaado M, Lõhmus R, Kurg A, Saal K, Kink I (2012).
Integrated carbon nanotube fibre–quartz tuning fork biosensor. Proceedings of the
Estonian Academy of Sciences, 61(1), 48–51.
5. Scheler O, Kindt JT, Qavi AJ, Kaplinski L, Glynn B, Barry T, Kurg A, Bailey RC.
Label-free, multiplexed detection of bacterial tmRNA using silicon photonic
microring resonators. Biosensors and Bioelectronics, in press

80

ELULOOKIRJELDUS
Ott Scheler
Sünniaeg ja koht: 29.07.1982 Rapla, Eesti
Aaddress:
Biotehnoloogia õppetool,
Molekulaar- ja Rakubioloogia Instituut, Tartu ülikool,
Riia 23 51010
Telefon:
+372 5561 8087
E-mail:
ott.scheler@ut.ee

Hariduskäik
1989–2001
2001–2005
2005–2007
2007–...
2011

Rapla Ühisgümnaasium
BSc Geenitehnoloogia (molekulaardiagnostika),
Biotehnoloogia õppetool TÜMRI, Tartu Ülikool
MSc Geenitehnoloogia (molekulaardiagnostika),,
Biotehnoloogia õppetool TÜMRI, Tartu Ülikool
Doktoriõpingud molekulaar- ja rakubioloogia õppekava
biotehnoloogia erialal, Biotehnoloogia õppetool,
Tartu Ülikool
DoRa Doktorantide semester välismaal University of Illinois
at Urbana-Champaign, USA

Erialane teenistuskäik
2008–2009
2009–...

Teadur, Eesti Biokeskus,
Teadur, Biotehnoloogia õppetool, TÜMRI, Tartu Ülikool

Teadustegevus
Minu kraadiõpingute jooksul teostatud teadustöö saab kokkuvõtvalt sõnastada
kui uute meetodite välja töötamine bakterite tuvastamiseks ja identifitseerimiseks spetsiifiliste nukleiinhappe järjestuste kaudu. Kesksel kohal nendes
uuringutes kasutati trans-translatsioonil osalevat RNA molekuli nimega
tmRNA, mille järjestust siis saab kasutada liigi- või kõrgema taksoni-spetsiifilise markermolekulina bakteriaalses diagnostikas. Arendatud meetoditeks on
NASBA-mikrokiip ning optilistel mikroring resonaatoritel põhinevad biosensor-kiibid.

Publikatsioonid
1. Scheler O, Glynn B, Parkel S, Palta P, Toome K, Kaplinski L, Remm M, Maher M,
Kurg A (2009). Fluorescent labeling of NASBA amplified tmRNA molecules for
microarray applications. BMC Biotechnology, 15(9), 45–50.

21

81

2. Kaplinski L, Scheler O, Parkel S, Palta P, Toome K, Kurg A, Remm M (2010).
Detection of tmRNA molecules on microarrays at low temperatures using helper
oligonucleotides. BMC Biotechnology, 10(34), 1–10.
3. Scheler O, Kaplinski L, Glynn B, Palta P, Parkel S, Toome, K, Maher M, Barry T,
Remm M, Kurg A (2011). Detection of NASBA amplified bacterial tmRNA molecules on SLICSel designed microarray probes. BMC Biotechnology, 11(1), 11–17.
4. Vlassov S, Scheler O, Plaado M, Lõhmus R, Kurg A, Saal K, Kink I (2012).
Integrated carbon nanotube fibre–quartz tuning fork biosensor. Proceedings of the
Estonian Academy of Sciences, 61(1), 48–51.
5. Scheler O, Kindt JT, Qavi AJ, Kaplinski L, Glynn B, Barry T, Kurg A, Bailey RC.
Label-free, multiplexed detection of bacterial tmRNA using silicon photonic
microring resonators. Biosensors and Bioelectronics, in press

82

DISSERTATIONES BIOLOGICAE
UNIVERSITATIS TARTUENSIS
1. Toivo Maimets. Studies of human oncoprotein p53. Tartu, 1991, 96 p.
2. Enn K. Seppet. Thyroid state control over energy metabolism, ion transport
and contractile functions in rat heart. Tartu, 1991, 135 p.
3. Kristjan Zobel. Epifüütsete makrosamblike väärtus õhu saastuse indikaatoritena Hamar-Dobani boreaalsetes mägimetsades. Tartu, 1992, 131 lk.
4. Andres Mäe. Conjugal mobilization of catabolic plasmids by transposable
elements in helper plasmids. Tartu, 1992, 91 p.
5. Maia Kivisaar. Studies on phenol degradation genes of Pseudomonas sp.
strain EST 1001. Tartu, 1992, 61 p.
6. Allan Nurk. Nucleotide sequences of phenol degradative genes from
Pseudomonas sp. strain EST 1001 and their transcriptional activation in
Pseudomonas putida. Tartu, 1992, 72 p.
7. Ülo Tamm. The genus Populus L. in Estonia: variation of the species biology and introduction. Tartu, 1993, 91 p.
8. Jaanus Remme. Studies on the peptidyltransferase centre of the E.coli ribosome. Tartu, 1993, 68 p.
9. Ülo Langel. Galanin and galanin antagonists. Tartu, 1993, 97 p.
10. Arvo Käärd. The development of an automatic online dynamic fluorescense-based pH-dependent fiber optic penicillin flowthrought biosensor
for the control of the benzylpenicillin hydrolysis. Tartu, 1993, 117 p.
11. Lilian Järvekülg. Antigenic analysis and development of sensitive immunoassay for potato viruses. Tartu, 1993, 147 p.
12. Jaak Palumets. Analysis of phytomass partition in Norway spruce. Tartu,
1993, 47 p.
13. Arne Sellin. Variation in hydraulic architecture of Picea abies (L.) Karst.
trees grown under different enviromental conditions. Tartu, 1994, 119 p.
13. Mati Reeben. Regulation of light neurofilament gene expression. Tartu,
1994, 108 p.
14. Urmas Tartes. Respiration rhytms in insects. Tartu, 1995, 109 p.
15. Ülo Puurand. The complete nucleotide sequence and infections in vitro
transcripts from cloned cDNA of a potato A potyvirus. Tartu, 1995, 96 p.
16. Peeter Hõrak. Pathways of selection in avian reproduction: a functional
framework and its application in the population study of the great tit (Parus
major). Tartu, 1995, 118 p.
17. Erkki Truve. Studies on specific and broad spectrum virus resistance in
transgenic plants. Tartu, 1996, 158 p.
18. Illar Pata. Cloning and characterization of human and mouse ribosomal
protein S6-encoding genes. Tartu, 1996, 60 p.
19. Ülo Niinemets. Importance of structural features of leaves and canopy in
determining species shade-tolerance in temperature deciduous woody taxa.
Tartu, 1996, 150 p.

83

20. Ants Kurg. Bovine leukemia virus: molecular studies on the packaging
region and DNA diagnostics in cattle. Tartu, 1996, 104 p.
21. Ene Ustav. E2 as the modulator of the BPV1 DNA replication. Tartu, 1996,
100 p.
22. Aksel Soosaar. Role of helix-loop-helix and nuclear hormone receptor transcription factors in neurogenesis. Tartu, 1996, 109 p.
23. Maido Remm. Human papillomavirus type 18: replication, transformation
and gene expression. Tartu, 1997, 117 p.
24. Tiiu Kull. Population dynamics in Cypripedium calceolus L. Tartu, 1997,
124 p.
25. Kalle Olli. Evolutionary life-strategies of autotrophic planktonic microorganisms in the Baltic Sea. Tartu, 1997, 180 p.
26. Meelis Pärtel. Species diversity and community dynamics in calcareous
grassland communities in Western Estonia. Tartu, 1997, 124 p.
27. Malle Leht. The Genus Potentilla L. in Estonia, Latvia and Lithuania: distribution, morphology and taxonomy. Tartu, 1997, 186 p.
28. Tanel Tenson. Ribosomes, peptides and antibiotic resistance. Tartu, 1997,
80 p.
29. Arvo Tuvikene. Assessment of inland water pollution using biomarker
responses in fish in vivo and in vitro. Tartu, 1997, 160 p.
30. Urmas Saarma. Tuning ribosomal elongation cycle by mutagenesis of
23S rRNA. Tartu, 1997, 134 p.
31. Henn Ojaveer. Composition and dynamics of fish stocks in the gulf of Riga
ecosystem. Tartu, 1997, 138 p.
32. Lembi Lõugas. Post-glacial development of vertebrate fauna in Estonian
water bodies. Tartu, 1997, 138 p.
33. Margus Pooga. Cell penetrating peptide, transportan, and its predecessors,
galanin-based chimeric peptides. Tartu, 1998, 110 p.
34. Andres Saag. Evolutionary relationships in some cetrarioid genera (Lichenized Ascomycota). Tartu, 1998, 196 p.
35. Aivar Liiv. Ribosomal large subunit assembly in vivo. Tartu, 1998, 158 p.
36. Tatjana Oja. Isoenzyme diversity and phylogenetic affinities among the
eurasian annual bromes (Bromus L., Poaceae). Tartu, 1998, 92 p.
37. Mari Moora. The influence of arbuscular mycorrhizal (AM) symbiosis on
the competition and coexistence of calcareous crassland plant species.
Tartu, 1998, 78 p.
38. Olavi Kurina. Fungus gnats in Estonia (Diptera: Bolitophilidae, Keroplatidae, Macroceridae, Ditomyiidae, Diadocidiidae, Mycetophilidae). Tartu,
1998, 200 p.
39. Andrus Tasa. Biological leaching of shales: black shale and oil shale.
Tartu, 1998, 98 p.
40. Arnold Kristjuhan. Studies on transcriptional activator properties of tumor
suppressor protein p53. Tartu, 1998, 86 p.

84

41. Sulev Ingerpuu. Characterization of some human myeloid cell surface and
nuclear differentiation antigens. Tartu, 1998, 163 p.
42. Veljo Kisand. Responses of planktonic bacteria to the abiotic and biotic
factors in the shallow lake Võrtsjärv. Tartu, 1998, 118 p.
43. Kadri Põldmaa. Studies in the systematics of hypomyces and allied genera
(Hypocreales, Ascomycota). Tartu, 1998, 178 p.
44. Markus Vetemaa. Reproduction parameters of fish as indicators in
environmental monitoring. Tartu, 1998, 117 p.
45. Heli Talvik. Prepatent periods and species composition of different
Oesophagostomum spp. populations in Estonia and Denmark. Tartu, 1998,
104 p.
46. Katrin Heinsoo. Cuticular and stomatal antechamber conductance to water
vapour diffusion in Picea abies (L.) karst. Tartu, 1999, 133 p.
47. Tarmo Annilo. Studies on mammalian ribosomal protein S7. Tartu, 1998,
77 p.
48. Indrek Ots. Health state indicies of reproducing great tits (Parus major):
sources of variation and connections with life-history traits. Tartu, 1999,
117 p.
49. Juan Jose Cantero. Plant community diversity and habitat relationships in
central Argentina grasslands. Tartu, 1999, 161 p.
50. Rein Kalamees. Seed bank, seed rain and community regeneration in
Estonian calcareous grasslands. Tartu, 1999, 107 p.
51. Sulev Kõks. Cholecystokinin (CCK) — induced anxiety in rats: influence
of environmental stimuli and involvement of endopioid mechanisms and
erotonin. Tartu, 1999, 123 p.
52. Ebe Sild. Impact of increasing concentrations of O3 and CO2 on wheat,
clover and pasture. Tartu, 1999, 123 p.
53. Ljudmilla Timofejeva. Electron microscopical analysis of the synaptonemal complex formation in cereals. Tartu, 1999, 99 p.
54. Andres Valkna. Interactions of galanin receptor with ligands and
G-proteins: studies with synthetic peptides. Tartu, 1999, 103 p.
55. Taavi Virro. Life cycles of planktonic rotifers in lake Peipsi. Tartu, 1999,
101 p.
56. Ana Rebane. Mammalian ribosomal protein S3a genes and intron-encoded
small nucleolar RNAs U73 and U82. Tartu, 1999, 85 p.
57. Tiina Tamm. Cocksfoot mottle virus: the genome organisation and translational strategies. Tartu, 2000, 101 p.
58. Reet Kurg. Structure-function relationship of the bovine papilloma virus E2
protein. Tartu, 2000, 89 p.
59. Toomas Kivisild. The origins of Southern and Western Eurasian populations: an mtDNA study. Tartu, 2000, 121 p.
60. Niilo Kaldalu. Studies of the TOL plasmid transcription factor XylS. Tartu
2000. 88 p.

22

85

61. Dina Lepik. Modulation of viral DNA replication by tumor suppressor
protein p53. Tartu 2000. 106 p.
62. Kai Vellak. Influence of different factors on the diversity of the bryophyte
vegetation in forest and wooded meadow communities. Tartu 2000. 122 p.
63. Jonne Kotta. Impact of eutrophication and biological invasionas on the
structure and functions of benthic macrofauna. Tartu 2000. 160 p.
64. Georg Martin. Phytobenthic communities of the Gulf of Riga and the inner
sea the West-Estonian archipelago. Tartu, 2000. 139 p.
65. Silvia Sepp. Morphological and genetical variation of Alchemilla L. in
Estonia. Tartu, 2000. 124 p.
66. Jaan Liira. On the determinants of structure and diversity in herbaceous
plant communities. Tartu, 2000. 96 p.
67. Priit Zingel. The role of planktonic ciliates in lake ecosystems. Tartu 2001.
111 p.
68. Tiit Teder. Direct and indirect effects in Host-parasitoid interactions:
ecological and evolutionary consequences. Tartu 2001. 122 p.
69. Hannes Kollist. Leaf apoplastic ascorbate as ozone scavenger and its
transport across the plasma membrane. Tartu 2001. 80 p.
70. Reet Marits. Role of two-component regulator system PehR-PehS and
extracellular protease PrtW in virulence of Erwinia Carotovora subsp.
Carotovora. Tartu 2001. 112 p.
71. Vallo Tilgar. Effect of calcium supplementation on reproductive performance of the pied flycatcher Ficedula hypoleuca and the great tit Parus
major, breeding in Nothern temperate forests. Tartu, 2002. 126 p.
72. Rita Hõrak. Regulation of transposition of transposon Tn4652 in
Pseudomonas putida. Tartu, 2002. 108 p.
73. Liina Eek-Piirsoo. The effect of fertilization, mowing and additional
illumination on the structure of a species-rich grassland community. Tartu,
2002. 74 p.
74. Krõõt Aasamaa. Shoot hydraulic conductance and stomatal conductance of
six temperate deciduous tree species. Tartu, 2002. 110 p.
75. Nele Ingerpuu. Bryophyte diversity and vascular plants. Tartu, 2002.
112 p.
76. Neeme Tõnisson. Mutation detection by primer extension on oligonucleotide microarrays. Tartu, 2002. 124 p.
77. Margus Pensa. Variation in needle retention of Scots pine in relation to
leaf morphology, nitrogen conservation and tree age. Tartu, 2003. 110 p.
78. Asko Lõhmus. Habitat preferences and quality for birds of prey: from
principles to applications. Tartu, 2003. 168 p.
79. Viljar Jaks. p53 — a switch in cellular circuit. Tartu, 2003. 160 p.
80. Jaana Männik. Characterization and genetic studies of four ATP-binding
cassette (ABC) transporters. Tartu, 2003. 140 p.
81. Marek Sammul. Competition and coexistence of clonal plants in relation to
productivity. Tartu, 2003. 159 p

86

82. Ivar Ilves. Virus-cell interactions in the replication cycle of bovine
papillomavirus type 1. Tartu, 2003. 89 p.
83. Andres Männik. Design and characterization of a novel vector system
based on the stable replicator of bovine papillomavirus type 1. Tartu, 2003.
109 p.
84. Ivika Ostonen. Fine root structure, dynamics and proportion in net
primary production of Norway spruce forest ecosystem in relation to site
conditions. Tartu, 2003. 158 p.
85. Gudrun Veldre. Somatic status of 12–15-year-old Tartu schoolchildren.
Tartu, 2003. 199 p.
86. Ülo Väli. The greater spotted eagle Aquila clanga and the lesser spotted
eagle A. pomarina: taxonomy, phylogeography and ecology. Tartu, 2004.
159 p.
87. Aare Abroi. The determinants for the native activities of the bovine
papillomavirus type 1 E2 protein are separable. Tartu, 2004. 135 p.
88. Tiina Kahre. Cystic fibrosis in Estonia. Tartu, 2004. 116 p.
89. Helen Orav-Kotta. Habitat choice and feeding activity of benthic suspension
feeders and mesograzers in the northern Baltic Sea. Tartu, 2004. 117 p.
90. Maarja Öpik. Diversity of arbuscular mycorrhizal fungi in the roots of
perennial plants and their effect on plant performance. Tartu, 2004. 175 p.
91. Kadri Tali. Species structure of Neotinea ustulata. Tartu, 2004. 109 p.
92. Kristiina Tambets. Towards the understanding of post-glacial spread of
human mitochondrial DNA haplogroups in Europe and beyond: a phylogeographic approach. Tartu, 2004. 163 p.
93. Arvi Jõers. Regulation of p53-dependent transcription. Tartu, 2004. 103 p.
94. Lilian Kadaja. Studies on modulation of the activity of tumor suppressor
protein p53. Tartu, 2004. 103 p.
95. Jaak Truu. Oil shale industry wastewater: impact on river microbial
community and possibilities for bioremediation. Tartu, 2004. 128 p.
96. Maire Peters. Natural horizontal transfer of the pheBA operon. Tartu,
2004. 105 p.
97. Ülo Maiväli. Studies on the structure-function relationship of the bacterial
ribosome. Tartu, 2004. 130 p.
98. Merit Otsus. Plant community regeneration and species diversity in dry
calcareous grasslands. Tartu, 2004. 103 p.
99. Mikk Heidemaa. Systematic studies on sawflies of the genera Dolerus,
Empria, and Caliroa (Hymenoptera: Tenthredinidae). Tartu, 2004. 167 p.
100. Ilmar Tõnno. The impact of nitrogen and phosphorus concentration and
N/P ratio on cyanobacterial dominance and N2 fixation in some Estonian
lakes. Tartu, 2004. 111 p.
101. Lauri Saks. Immune function, parasites, and carotenoid-based ornaments
in greenfinches. Tartu, 2004. 144 p.
102. Siiri Rootsi. Human Y-chromosomal variation in European populations.
Tartu, 2004. 142 p.

87

103. Eve Vedler. Structure of the 2,4-dichloro-phenoxyacetic acid-degradative
plasmid pEST4011. Tartu, 2005. 106 p.
104. Andres Tover. Regulation of transcription of the phenol degradation
pheBA operon in Pseudomonas putida. Tartu, 2005. 126 p.
105. Helen Udras. Hexose kinases and glucose transport in the yeast Hansenula polymorpha. Tartu, 2005. 100 p.
106. Ave Suija. Lichens and lichenicolous fungi in Estonia: diversity, distribution patterns, taxonomy. Tartu, 2005. 162 p.
107. Piret Lõhmus. Forest lichens and their substrata in Estonia. Tartu, 2005.
162 p.
108. Inga Lips. Abiotic factors controlling the cyanobacterial bloom occurrence in the Gulf of Finland. Tartu, 2005. 156 p.
109. Kaasik, Krista. Circadian clock genes in mammalian clockwork, metabolism and behaviour. Tartu, 2005. 121 p.
110. Juhan Javoiš. The effects of experience on host acceptance in ovipositing
moths. Tartu, 2005. 112 p.
111. Tiina Sedman. Characterization of the yeast Saccharomyces cerevisiae
mitochondrial DNA helicase Hmi1. Tartu, 2005. 103 p.
112. Ruth Aguraiuja. Hawaiian endemic fern lineage Diellia (Aspleniaceae):
distribution, population structure and ecology. Tartu, 2005. 112 p.
113. Riho Teras. Regulation of transcription from the fusion promoters generated by transposition of Tn4652 into the upstream region of pheBA
operon in Pseudomonas putida. Tartu, 2005. 106 p.
114. Mait Metspalu. Through the course of prehistory in india: tracing the
mtDNA trail. Tartu, 2005. 138 p.
115. Elin Lõhmussaar. The comparative patterns of linkage disequilibrium in
European populations and its implication for genetic association studies.
Tartu, 2006. 124 p.
116. Priit Kupper. Hydraulic and environmental limitations to leaf water relations in trees with respect to canopy position. Tartu, 2006. 126 p.
117. Heili Ilves. Stress-induced transposition of Tn4652 in Pseudomonas
Putida. Tartu, 2006. 120 p.
118. Silja Kuusk. Biochemical properties of Hmi1p, a DNA helicase from
Saccharomyces cerevisiae mitochondria. Tartu, 2006. 126 p.
119. Kersti Püssa. Forest edges on medium resolution landsat thematic mapper
satellite images. Tartu, 2006. 90 p.
120. Lea Tummeleht. Physiological condition and immune function in great
tits (Parus major l.): Sources of variation and trade-offs in relation to
growth. Tartu, 2006. 94 p.
121. Toomas Esperk. Larval instar as a key element of insect growth schedules.
Tartu, 2006. 186 p.
122. Harri Valdmann. Lynx (Lynx lynx) and wolf (Canis lupus) in the Baltic
region: Diets, helminth parasites and genetic variation. Tartu, 2006. 102 p.

88

123. Priit Jõers. Studies of the mitochondrial helicase Hmi1p in Candida
albicans and Saccharomyces cerevisia. Tartu, 2006. 113 p.
124. Kersti Lilleväli. Gata3 and Gata2 in inner ear development. Tartu, 2007.
123 p.
125. Kai Rünk. Comparative ecology of three fern species: Dryopteris carthusiana (Vill.) H.P. Fuchs, D. expansa (C. Presl) Fraser-Jenkins & Jermy and
D. dilatata (Hoffm.) A. Gray (Dryopteridaceae). Tartu, 2007. 143 p.
126. Aveliina Helm. Formation and persistence of dry grassland diversity: role
of human history and landscape structure. Tartu, 2007. 89 p.
127. Leho Tedersoo. Ectomycorrhizal fungi: diversity and community structure
in Estonia, Seychelles and Australia. Tartu, 2007. 233 p.
128. Marko Mägi. The habitat-related variation of reproductive performance of
great tits in a deciduous-coniferous forest mosaic: looking for causes and
consequences. Tartu, 2007. 135 p.
129. Valeria Lulla. Replication strategies and applications of Semliki Forest
virus. Tartu, 2007. 109 p.
130. Ülle Reier. Estonian threatened vascular plant species: causes of rarity and
conservation. Tartu, 2007. 79 p.
131. Inga Jüriado. Diversity of lichen species in Estonia: influence of regional
and local factors. Tartu, 2007. 171 p.
132. Tatjana Krama. Mobbing behaviour in birds: costs and reciprocity based
cooperation. Tartu, 2007. 112 p.
133. Signe Saumaa. The role of DNA mismatch repair and oxidative DNA
damage defense systems in avoidance of stationary phase mutations in
Pseudomonas putida. Tartu, 2007. 172 p.
134. Reedik Mägi. The linkage disequilibrium and the selection of genetic
markers for association studies in european populations. Tartu, 2007. 96 p.
135. Priit Kilgas. Blood parameters as indicators of physiological condition and
skeletal development in great tits (Parus major): natural variation and
application in the reproductive ecology of birds. Tartu, 2007. 129 p.
136. Anu Albert. The role of water salinity in structuring eastern Baltic coastal
fish communities. Tartu, 2007. 95 p.
137. Kärt Padari. Protein transduction mechanisms of transportans. Tartu, 2008.
128 p.
138. Siiri-Lii Sandre. Selective forces on larval colouration in a moth. Tartu,
2008. 125 p.
139. Ülle Jõgar. Conservation and restoration of semi-natural floodplain meadows and their rare plant species. Tartu, 2008. 99 p.
140. Lauri Laanisto. Macroecological approach in vegetation science: generality of ecological relationships at the global scale. Tartu, 2008. 133 p.
141. Reidar Andreson. Methods and software for predicting PCR failure rate in
large genomes. Tartu, 2008. 105 p.
142. Birgot Paavel. Bio-optical properties of turbid lakes. Tartu, 2008. 175 p.

23

89

143. Kaire Torn. Distribution and ecology of charophytes in the Baltic Sea.
Tartu, 2008, 98 p.
144. Vladimir Vimberg. Peptide mediated macrolide resistance. Tartu, 2008,
190 p.
145. Daima Örd. Studies on the stress-inducible pseudokinase TRB3, a novel
inhibitor of transcription factor ATF4. Tartu, 2008, 108 p.
146. Lauri Saag. Taxonomic and ecologic problems in the genus Lepraria
(Stereocaulaceae, lichenised Ascomycota). Tartu, 2008, 175 p.
147. Ulvi Karu. Antioxidant protection, carotenoids and coccidians in greenfinches – assessment of the costs of immune activation and mechanisms of
parasite resistance in a passerine with carotenoid-based ornaments. Tartu,
2008, 124 p.
148. Jaanus Remm. Tree-cavities in forests: density, characteristics and occupancy by animals. Tartu, 2008, 128 p.
149. Epp Moks. Tapeworm parasites Echinococcus multilocularis and E. granulosus in Estonia: phylogenetic relationships and occurrence in wild
carnivores and ungulates. Tartu, 2008, 82 p.
150. Eve Eensalu. Acclimation of stomatal structure and function in tree canopy: effect of light and CO2 concentration. Tartu, 2008, 108 p.
151. Janne Pullat. Design, functionlization and application of an in situ
synthesized oligonucleotide microarray. Tartu, 2008, 108 p.
152. Marta Putrinš. Responses of Pseudomonas putida to phenol-induced
metabolic and stress signals. Tartu, 2008, 142 p.
153. Marina Semtšenko. Plant root behaviour: responses to neighbours and
physical obstructions. Tartu, 2008, 106 p.
154. Marge Starast. Influence of cultivation techniques on productivity and
fruit quality of some Vaccinium and Rubus taxa. Tartu, 2008, 154 p.
155. Age Tats. Sequence motifs influencing the efficiency of translation. Tartu,
2009, 104 p.
156. Radi Tegova. The role of specialized DNA polymerases in mutagenesis in
Pseudomonas putida. Tartu, 2009, 124 p.
157. Tsipe Aavik. Plant species richness, composition and functional trait
pattern in agricultural landscapes – the role of land use intensity and landscape structure. Tartu, 2008, 112 p.
158. Kaja Kiiver. Semliki forest virus based vectors and cell lines for studying
the replication and interactions of alphaviruses and hepaciviruses. Tartu,
2009, 104 p.
159. Meelis Kadaja. Papillomavirus Replication Machinery Induces Genomic
Instability in its Host Cell. Tartu, 2009, 126 p.
160. Pille Hallast. Human and chimpanzee Luteinizing hormone/Chorionic
Gonadotropin beta (LHB/CGB) gene clusters: diversity and divergence of
young duplicated genes. Tartu, 2009, 168 p.
161. Ain Vellak. Spatial and temporal aspects of plant species conservation.
Tartu, 2009, 86 p.

90

162. Triinu Remmel. Body size evolution in insects with different colouration
strategies: the role of predation risk. Tartu, 2009, 168 p.
163. Jaana Salujõe. Zooplankton as the indicator of ecological quality and fish
predation in lake ecosystems. Tartu, 2009, 129 p.
164. Ele Vahtmäe. Mapping benthic habitat with remote sensing in optically
complex coastal environments. Tartu, 2009, 109 p.
165. Liisa Metsamaa. Model-based assessment to improve the use of remote
sensing in recognition and quantitative mapping of cyanobacteria. Tartu,
2009, 114 p.
166. Pille Säälik. The role of endocytosis in the protein transduction by cellpenetrating peptides. Tartu, 2009, 155 p.
167. Lauri Peil. Ribosome assembly factors in Escherichia coli. Tartu, 2009,
147 p.
168. Lea Hallik. Generality and specificity in light harvesting, carbon gain
capacity and shade tolerance among plant functional groups. Tartu, 2009,
99 p.
169. Mariliis Tark. Mutagenic potential of DNA damage repair and tolerance
mechanisms under starvation stress. Tartu, 2009, 191 p.
170. Riinu Rannap. Impacts of habitat loss and restoration on amphibian populations. Tartu, 2009, 117 p.
171. Maarja Adojaan. Molecular variation of HIV-1 and the use of this knowledge in vaccine development. Tartu, 2009, 95 p.
172. Signe Altmäe. Genomics and transcriptomics of human induced ovarian
folliculogenesis. Tartu, 2010, 179 p.
173. Triin Suvi. Mycorrhizal fungi of native and introduced trees in the
Seychelles Islands. Tartu, 2010, 107 p.
174. Velda Lauringson. Role of suspension feeding in a brackish-water coastal
sea. Tartu, 2010, 123 p.
175. Eero Talts. Photosynthetic cyclic electron transport – measurement and
variably proton-coupled mechanism. Tartu, 2010, 121 p.
176. Mari Nelis. Genetic structure of the Estonian population and genetic
distance from other populations of European descent. Tartu, 2010, 97 p.
177. Kaarel Krjutškov. Arrayed Primer Extension-2 as a multiplex PCR-based
method for nucleic acid variation analysis: method and applications. Tartu,
2010, 129 p.
178. Egle Köster. Morphological and genetical variation within species complexes:
Anthyllis vulneraria s. l. and Alchemilla vulgaris (coll.). Tartu, 2010, 101 p.
179. Erki Õunap. Systematic studies on the subfamily Sterrhinae (Lepidoptera:
Geometridae). Tartu, 2010, 111 p.
180. Merike Jõesaar. Diversity of key catabolic genes at degradation of phenol
and p-cresol in pseudomonads. Tartu, 2010, 125 p.
181. Kristjan Herkül. Effects of physical disturbance and habitat-modifying
species on sediment properties and benthic communities in the northern
Baltic Sea. Tartu, 2010, 123 p.

91

182. Arto Pulk. Studies on bacterial ribosomes by chemical modification
approaches. Tartu, 2010, 161 p.
183. Maria Põllupüü. Ecological relations of cladocerans in a brackish-water
ecosystem. Tartu, 2010, 126 p.
184. Toomas Silla. Study of the segregation mechanism of the Bovine
Papillomavirus Type 1. Tartu, 2010, 188 p.
185. Gyaneshwer Chaubey. The demographic history of India: A perspective
based on genetic evidence. Tartu, 2010, 184 p.
186. Katrin Kepp. Genes involved in cardiovascular traits: detection of genetic
variation in Estonian and Czech populations. Tartu, 2010, 164 p.
187. Virve Sõber. The role of biotic interactions in plant reproductive
performance. Tartu, 2010, 92 p.
188. Kersti Kangro. The response of phytoplankton community to the changes
in nutrient loading. Tartu, 2010, 144 p.
189. Joachim M. Gerhold. Replication and Recombination of mitochondrial
DNA in Yeast. Tartu, 2010, 120 p.
190. Helen Tammert. Ecological role of physiological and phylogenetic
diversity in aquatic bacterial communities. Tartu, 2010, 140 p.
191. Elle Rajandu. Factors determining plant and lichen species diversity and
composition in Estonian Calamagrostis and Hepatica site type forests.
Tartu, 2010, 123 p.
192. Paula Ann Kivistik. ColR-ColS signalling system and transposition of
Tn4652 in the adaptation of Pseudomonas putida. Tartu, 2010, 118 p.
193. Siim Sõber. Blood pressure genetics: from candidate genes to genomewide association studies. Tartu, 2011, 120 p.
194. Kalle Kipper. Studies on the role of helix 69 of 23S rRNA in the factordependent stages of translation initiation, elongation, and termination.
Tartu, 2011, 178 p.
195. Triinu Siibak. Effect of antibiotics on ribosome assembly is indirect.
Tartu, 2011, 134 p.
196. Tambet Tõnissoo. Identification and molecular analysis of the role of
guanine nucleotide exchange factor RIC-8 in mouse development and
neural function. Tartu, 2011, 110 p.
197. Helin Räägel. Multiple faces of cell-penetrating peptides – their intracellular trafficking, stability and endosomal escape during protein transduction. Tartu, 2011, 161 p.
198. Andres Jaanus. Phytoplankton in Estonian coastal waters – variability,
trends and response to environmental pressures. Tartu, 2011, 157 p.
199. Tiit Nikopensius. Genetic predisposition to nonsyndromic orofacial clefts.
Tartu, 2011, 152 p.
200. Signe Värv. Studies on the mechanisms of RNA polymerase II-dependent
transcription elongation. Tartu, 2011, 108 p.
201. Kristjan Välk. Gene expression profiling and genome-wide association
studies of non-small cell lung cancer. Tartu, 2011, 98 p.

92

202. Arno Põllumäe. Spatio-temporal patterns of native and invasive zooplankton species under changing climate and eutrophication conditions.
Tartu, 2011, 153 p.
203. Egle Tammeleht. Brown bear (Ursus arctos) population structure, demographic processes and variations in diet in northern Eurasia. Tartu, 2011,
143 p.
205. Teele Jairus. Species composition and host preference among ectomycorrhizal fungi in Australian and African ecosystems. Tartu, 2011, 106 p.
206. Kessy Abarenkov. PlutoF – cloud database and computing services
supporting biological research. Tartu, 2011, 125 p.
207. Marina Grigorova. Fine-scale genetic variation of follicle-stimulating
hormone beta-subunit coding gene (FSHB) and its association with reproductive health. Tartu, 2011, 184 p.
208. Anu Tiitsaar. The effects of predation risk and habitat history on butterfly
communities. Tartu, 2011, 97 p.
209. Elin Sild. Oxidative defences in immunoecological context: validation and
application of assays for nitric oxide production and oxidative burst in a
wild passerine. Tartu, 2011, 105 p.
210. Irja Saar. The taxonomy and phylogeny of the genera Cystoderma and
Cystodermella (Agaricales, Fungi). Tartu, 2012, 167 p.
211. Pauli Saag. Natural variation in plumage bacterial assemblages in two
wild breeding passerines. Tartu, 2012, 113 p.
212. Aleksei Lulla. Alphaviral nonstructural protease and its polyprotein
substrate: arrangements for the perfect marriage. Tartu, 2012, 143 p.
213. Mari Järve. Different genetic perspectives on human history in Europe
and the Caucasus: the stories told by uniparental and autosomal markers.
Tartu, 2012, 119 p.

24

