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1 Introduction 

 

Over the past decade, there has been a fundamental technological shift from identification 

of individual nucleotides to the simultaneous detection of billions of nucleotides during 

massive-parallel short read sequencing. Due to the fact, that this technology allows scien-

tists to digitally query genomes on a revolutionary precise scale, a paradigm shift in DNA 

and RNA analysis has occurred. Enhanced by technological advantages and the dramatic 

fall in sequencing costs have a great impact on research of many areas of science including 

host-pathogen interaction, genomic epidemiology, pathogen detection and metagenomics. 

However, the flood of data becoming available to the scientific community is huge and the 

challenge is to aggregate information into interpretable and well-curated datasets. Under-

standing this data rests fundamentally on well-curated up-to-date annotation of reference 

genomes which can then be leveraged to perform comparative and epidemiological ge-

nome analysis. 

 

From the detour of cloning & amplicons to direct sequencing 

Molecular cloning and sanger sequencing of amplified products was commonly used to 

reveal the sequences of whole genomes of virus or bacteria. This approach has serious lim-

itations with regards to costs and speed and new and improved technologies for sequencing 

large numbers of genomes has now become available. 

The ability to sequence genetic material easily and with a relatively small financial effort 

on a whole genome level within only a few hours as compared months and years previous-

ly, will change the types of questions that can be asked tremendously. In the past, over 

1000 scientists working for more than 13 years spent at least 3 billion US dollars to se-

quence a single human genome. Today the same progress can be achieved by 3 scientists 

within one month and with a cost of less than 10.000 US dollars. 

With this new technology, researchers are now in the position to e.g. unveil the genetic 

background information of our environment by sequencing an enormous amount of bacte-

ria available. In this respect, sequencing of pathogenic and non-pathogenic isolates has 

been developed by us as an approach to identify genes involved in virulence, since genetic 

differences can be best obtained by comparative genomics and therefore results are more 

precise the more data becomes available. 
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In the year 2001, within a consortium, scientists from the Institute of Medical Microbiolo-

gy sequenced and published the first pair of pathogenic and non-pathogenic member of the 

genus Listeria to enable better identification of genes involved in e.g. metabolism and in-

tracellular survival. Concurrently we established and optimized genome analysis work-

flows to guarantee high quality annotation of protein function for further analysis. As an 

example the software platform AUGUR was developed to automatically annotate cell sur-

face proteins of bacteria on the fly and to catalogue and categorize function. Because sur-

face proteins are crucial for the interaction with the environment they represent major tar-

gets for the induction of immune response and can be used for diagnostic purposes. 

 

The next level: From DNA to RNA 

It is beyond debate that genome sequencing is essential for future research, however it can 

only provide the basic information as e.g. gene content. The next step is to validate that 

identified genes are expressed under various conditions which can be only achieved by 

transcriptomics, proteomics and functional studies. 

For a long time, only three major types of RNA were generally known: messenger RNA 

(mRNA), ribosomal RNA (rRNA) and transfer RNA (tRNA). To investigate transcribed 

genes in the past, a complex and time-consuming blotting technology, originating from 

southern blotting, was used. In this technique, fragmented DNA is bound to a substrate, 

denatured, dried and then exposed to a labelled hybridization probe in an appropriate buff-

er. Over time, blotting has been largely replaced by new molecular techniques like marco- 

and microarrays. 

 

First stop: microarrays 

Microarrays evolved as scientists had to face the challenge to establish high-throughput 

methods to detect and identify the relative expression of genes in RNA samples. Briefly, a 

microarray has a numerous number (up 30k) of microscopic DNA spots attached to a solid 

(glass) surface. Each spot contains a specific DNA sequence which is used to hybridize a 

Fig.1 Regular microarray workflow 
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cDNA or cRNA sample. Hybridization is usually detected by fluorophore-labelled targets 

to determine the amount of sample binding to each spot. After scanning and bioinformatics 

analysis, a relative quantification, based on comparison between two experiments, enables 

the researcher to measure the expression levels of large numbers of genes simultaneously. 

Previously, microarray technology was one of few methods which could provide expres-

sion information on a whole genome scale for bacteria. However, it is crucial to remember 

that microarrays require a priori knowledge of the queried genome which makes this tech-

nology unusable to discover the unknown and unexplored. 

 

After revealing genome sequences of several Listeria genomes, the next logical step was 

the investigation of the transcriptome of these strains. For this purpose we developed a 

complete microarray workflow. This pipeline is composed of a section for manufacturing 

slides, including array design, spotting of slides, hybridization, and scanning as well as a 

complete analysis platform ranging from quality control, statistics, further detailed analy-

sis, and storage of data, to an export into public databases like GEO or ArrayExpress to 

obtain accession numbers for publication. In the past, this pipeline was used for a number 

of experiments [3-8]. The pipeline itself will be described in more detail later. 

 

Second stop: transcriptome sequencing (RNA-Seq) 

Today, scientists have an even better method at one's disposal, namely transcriptome se-

quencing (RNA-Seq). This technology can be used for a wide spectrum of analysis like 

transcriptome profiling, miRNA profiling, DNA-protein interaction investigation (ChIP-

Seq), or DNA methylation studies. For the first time it is possible to obtain precise infor-

mation about type and quantity of RNA, present at a certain condition at whole genome 

scale. As already mentioned above, microarray technology only allows observations of 

expression of already known RNAs, while RNA-Seq is able to represent each RNA mole-

cule even at relatively low concentrations or low copy-numbers respectively. With this 

technology, researchers get new insights into the transcriptomic and thus genetic diversity 

of an organism and the ability to explore functionalities at a complete new level of detail. 

 

New technology, new insights 

Before going further into the analysis of e.g. new types of regulatory RNAs, RNA-Seq 

should first be used to improve the results of genome sequencing and annotation to guaran-

tee the optimal use of information for continuing research. For nearly all prokaryotic ge-

nomes annotated gene content is based on predictions. That includes the number of genes 
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as well as their start and termination positions. These predictions are error prone, have 

problems in detecting small genes and are incapable of forecasting UTRs. RNA-Seq can 

reveal new genes (Fig. 2a) and additionally supports re-annotation of transcription start 

sites (TSS) to refine actual genome information (Fig.2b). TSS analysis supports the identi-

fication of new or known promoter sequences respectively. Also multiple transcription 

start sites of a single gene can now be detected in a genome-wide manner. 

 

Furthermore, to date, sequencing is the only available technology to reveal untranslated 

regulatory regions (UTRs) at whole-genome scale depending on examined conditions. 

Fig.2 Novel information through RNA-Seq experiments [2] 
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These UTRs contain important regulatory elements like riboswitches or binding sites for 

regulatory proteins and small RNAs while it was shown that for example for Salmonella 

typhi long UTRs in front of pathogenicity islands suggest a role in virulence regulation 

(Fig. 2c). Finally, RNA-Seq can be used to reveal the complete operon structure (Fig. 2d). 

Since 60 – 70% of all genes in bacteria are organized in operons, this task becomes more 

and more important. Recent studies created an operon map of M. pneumoniae grown under 

173 different conditions [9]. These kinds of studies promote our understanding of a versa-

tile regulation and evolution of operon structures in prokaryotes and enable the creation of 

comparative transcriptional maps for highly diverse conditions. 

 

Primer on new types of RNA 

A part from improvement of already existing knowledge, RNA-Seq experiments uncov-

ered a variety of new types of RNAs such as small non-coding RNA (sRNA), small inter-

fering RNA (siRNA), antisense RNA (asRNA), cis-regulatory RNA and riboswitches. 

These classes of regulatory RNAs modulate a wide range of physiological processes such 

as transcription, translation, mRNA stability, and DNA stability or DNA silencing. They 

achieve this by changes in conformation, protein binding, and base pairing with other 

RNAs and interaction with DNA. The majority of these regulators respond to changes in 

environmental conditions such as the availability of nutrients, temperature and stress re-

sponse. In general, three different clas-

ses of small RNAs are most prevalent. 

Class I: trans-acting RNAs (sRNAs) 

Trans acting RNAs represent the regu-

lar type of small regulatory RNA (Fig. 

3b). They generally originate within 

intergenic regions while their target is 

not necessarily located in the immedi-

ate vicinity. Their major role is to af-

fect translation and/or stability of tar-

get mRNA by standard base pairing. 

Most of them regulate negatively by 

repression of protein levels through 

translational inhibition or mRNA deg-

radation. They form a complex with a 

Fig.3 Description of modes of action of 

regulatory RNAs [1] 
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target mRNA which is cleaved by RNAseE. Currently only a few sRNA <-> mRNA inter-

actions are characterized, albeit these sRNA are analogous in structure and behaviour to 

miRNAs from eukaryotes. 

Class II: antisense RNAs (asRNAs) 

Most characterized asRNAs regulate gene expression by base pairing with their target 

mRNA (Fig. 3a). The most abundant fraction of this class is encoded antisense of the DNA 

strand opposite to their target RNA. They share around 50 to 100 nucleotides with com-

plete complementary sequence to their target. Most of the known asRNAs were found in 

bacteriophages, plasmids, and transposons and regulate copy numbers of their mobile ele-

ments by inhibition of replication primers or transposase translation. It is known that 

asRNAs act also as antitoxins by repressing the translation of toxic proteins that may kill 

cells from which the origin has been lost. Nevertheless the catalogue of asRNAs is far from 

complete and needs further studies. 

Class III: Riboswitches and cis-acting RNAs 

Riboswitches are perhaps the simplest and best known regulatory RNAs. They change 

their conformations as a reaction to environmental signals such as nutrients, varied temper-

atures, and uncharged tRNAs. In general they act as repressors that affect expression of 

downstream genes usually by forming hairpin structures to interrupt transcription or trans-

lation in presence of e.g. metabolites. Since metabolites are essential for growth and adap-

tation, immediate and almost costless regulation at genome scale is an invaluable ad-

vantage for adaption to a hostile environment. On that account, they are often termed as 

“metabolite sensors”. 

A unique class of regulatory RNAs is represented by the so called CRISPR RNAs. Clus-

tered Regularly Interspaced Short Palindromic Repeats enable bacteria to defend against 

bacteriophages and plasmid conjugation. 

CRISPRs could be found in half of all bacteria 

and nearly all archaea sequenced today. The 

system consists of an approximately 500 bp 

leader followed by an array of alternating re-

peat and highly specific spacer sequences. 

Functional CRISPR arrays are flanked by sev-

eral CRISPR associated genes (Cas genes) 

which are responsible for maintenance, pro-

cessing, and targeting of foreign RNA and Fig.4 Schematic overview of  

CRISPR systems [1] 
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DNA (Fig. 4). After contact with putative hostile bacteriophages a specific sequence of the 

aggressor will be incorporated in the CRISPR array, providing immunity to bacteria that 

may never have encountered the phage itself before. So it is justifiable to claim that the 

CRISPR system is the only framework known so far, that represents an adaptive and inher-

itable immune system for bacteria. In consequence of its uniqueness the system can be 

used in broad applications. Due to the very high variability of the spacer array itself, 

CRISPR provide a useful tool to genotype strains, study horizontal gene transfer and inves-

tigate microevolution. While each CRISPR locus records the history of phage attacks over 

time, this kind of specific “bar code” can be used to differentiate between various strains 

and allows to identify and track the progression of pathogenic bacteria worldwide [10]. 

Furthermore, the CRISPR system can be used to protect industrial relevant strains in e.g. 

dairy production by this so called “self-vaccination”. This can potentially prevent the entire 

bacterial culture and production batches from being destroyed. Additionally these bacteria 

are not regarded as genetically modified (Ref.no. 6790-05-01-60). 

 

Unreached effectivity 

In summary, it can be stated that RNA regulators have several advantages over regular 

protein regulation. Especially concerning their size, sRNAs are less costly and faster to 

produce than most mRNAs and need no extra step of translation. In case of riboswitches, 

the regulation speed itself is unmatched, because it allows the cell to respond to a signal in 

an extremely rapid and specific way regardless of number and location of regulated genes. 

Especially in hostile situations a cheap, fast and specific mechanism of fine-tuning can 

increase the ability of survival of bacteria in the host cell. 

These mostly new facts are however only accessible through high throughput transcrip-

tome sequencing. To uncover all these fascinating new insights in e.g. regulation during 

intracellular survival, the applied technology has to produce plenty of data to provide de-

tailed information. This emerging flood of information is the major challenge in future 

sequencing based research, thus the demand on suitable software and bioinformatics is 

bigger than ever before. 

 

RNA-Seq – Establishment of sequencing workflow 

A primary goal of this thesis was the isolation and investigation of total RNA from intra-

cellularly growing bacteria. This is a challenge because bacteria have to be isolated from 

infected cells and therefore the RNA is a mixture of large amounts of RNA deriving from 



Introduction 

Intracellular survival of Listeria  Seite 8/238 

the host cell and very small amounts of 

RNA that can be assigned to bacteria. In 

addition a large portion of bacterial RNA 

is ribosomal RNA, which complicates 

matters to determine the contribution of 

messenger- and small RNAs (mRNA & 

sRNA). To separate eukaryotic RNA 

from bacterial RNA we used a protocol 

developed in the laboratory [7], using 

acid-phenol extraction. In order to extract 

sRNAs, total bacterial RNA was fractionated by gel-electrophoresis and the region be-

tween 20 to 500 nt‟s was isolated. RNA was subsequently processed by reverse transcrip-

tion and converted to cDNA and sequenced using 454 Roche pyro-seq. on GS-FLX 

(Roche). 

Retrieved nucleotide sequences were processed after clipping of the 5‟-linker and the pol-

yA tail and all sequences less than 16 nt were removed prior to further analysis. For this 

purpose a new software program called sncRAS was written, which can process such data 

automatically i.e. without clipping. This pre-processed data is used directly to map the 

reads against a reference genome using the NCBI Blast algorithm. The identified reads 

were stored in a central database for further analysis.  

The program sncRAS can process data deriving from any NGS technologies (454 Roche, 

Illumina, Ion Torrent, PacBio). A brief description is given below in section 1.1 Bioinfor-

matics workflows. 

To illustrate the steps required for processing of data from NGS platforms an example us-

ing data derived from Ion Torrent platform is presented. The NGS Ion Torrent platform 

was commercially introduced in October 2011 and is presently used to generate in-house 

sequencing data. Briefly, the complete process is divided into four steps starting with a 

standardized, library construction with offered library kits. Construction time of particular 

libraries could be optimized to approximately 3.5 hours. New instruments like the Ion 

OneTouch contribute to the efforts in optimization of the whole RNA-Seq workflow. Time 

required for Step 2 in which the template is prepared, initially took around 10 hours with a 

substantial amount of hands on time. Using the OneTouch instrument the entire template 

preparation process is fully automated and can be completed in about three hours. The ac-

tual sequencing itself is carried out on a Personal Genome Machine (PGM) and requires, 

Fig.5 Probe preparation 
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according to the used chip, approximately two hours and can produce up to 1 Gigabases of 

data per run. Time needed for base-calling of the data (Step 4) is also dependent on the 

used chip, but usually requires around one hour. 

 

Downstream analysis is carried out by an in-house established software called sncRAS. 

sncRNAs was developed, because free as well as commercial software was not available 

like today and needed flexibility continues to be a problem. The decision about creation of 

an in-house workflow was based on various demands such as free choice of parameters for 

trimming/quality and mapping as well as storage of results in a database using to answer 

individual questions. Since flexibility was given the highest priority, sncRAS accepts data 

from different platforms like Roche 454, Illumina, Ion Torrent, and PacBio. Several quality 

control, trimming and sorting steps are implemented before data is mapped to the reference 

sequence via different algorithms such as Bowtie [11] or segemehl [12]. After the mapping 

step, all results are transferred into a central database from where a wide range of different 

statistics, predictions, analysis, and exports can be executed. For comprehensive analysis 

of transcriptomic data, a powerful visualization is of particular importance, supporting 

clearer understanding of this complex and extensive information. 

 

Microarray vs. RNA-Seq 

Technological developments during the lifetime of this thesis made it necessary to con-

stantly adapt bioinformatics programs to be able to process very disparate methodologies 

to analyse data obtained using microarrays and NGS. Thus, in microarray analysis the se-

quence of a known genome is used to create oligonucleotide probes representing every 
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single ORF. The transcriptome of bacteria growing under different conditions is obtained 

by hybridizing total bacterial RNA to the oligonucleotides spotted onto a glass slide. 

In contrast NGS sequencing, as in RNA-Seq, allows the determination of nucleotide se-

quences of individual transcripts and their relative quantities regardless of whether a ge-

nome sequence is available or not. With an existing reference genome, RNA-Seq provides 

a comprehensive view of all transcribed genes, operons, and regulatory RNAs. 

The following table describes pros and cons of either method: 

 

Table 1 Comparison between microarray and next generation sequencing technologies 

Major drawback of NGS technology is the need for sophisticated information technology 

and bioinformatics which are able to handle the vast amount of data. Nevertheless, it is 

unavoidable that next-generation sequencing will supersede microarray technology for 

most applications. However, there are specific tasks such as target verification of e.g. small 

RNAs or experiments necessitating the use of untreated mRNA is necessary, where micro-

arrays may find their niche in the future. 

Describing the transcriptional landscape of Listeria monocytogenes 

Pathogenic intracellular bacteria are the major cause for a wide range of severe diseases 

worldwide. Despite this fact, adaptation and strategies for replication and survival have 

Pros Cons Pros Cons

relatively inexpensive low sensitivity
low background,

highly sensitive
relatively expensive

simple sample

preparation
limited dynamic range lage dynamic range

complex sample

preparation

minimal mRNA

preprocessing
not quantitative quantitative limited bioinformatics

mature informatics & 

statistics

only known sequence

detectable

detection of 

completely present 

DNA/RNA

massive tech.

Infrastructure required

effectivity based on 

quality of annotation
less bias

large amounts of 

source 

material needed

only nanograms of

source material 

required

competitive/cross

hybridisation

limitations in 

reproducibility

(to many possibilities)

Microarray Analysis Next Generation Sequencing
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been studied in detail but are still not completely understood. Typical representatives of 

this kind are Yersinia, Chlamydia and Rickettsia which place very particular demands on 

e.g. cultivation. 

On that account, Listeria represents a distinguished model for the study of intracellular 

infections. Especially L. monocytogenes is the causative agent of severe human infection 

(listeriosis). Infection with Listeria, mainly in certain well-defined high-risk groups, in-

cluding pregnant woman, neonates, the elderly and immunosuppressed individuals [13] 

result in high mortality rates of up to 30%. The bacterium inhabits numerous ecological 

niches and is able to multiply at high salt concentrations (10% NaCl), at a broad range of 

pH (4.5-9.6) and temperature (0-45 C) [14]. The infection cycle itself has been elucidated 

in detail and virulence factors which are essential for infection have been extensively stud-

ied. The majority of these virulence factors are organized in a virulence gene cluster 

(VGC) which is regulated by prfA, localized at the very beginning of the cluster. 

Its highly robust nature and versatility to grow under different conditions has led to it being 

classified as one of the most deadly food-borne pathogens responsible for numerous out-

breaks in recent years. In Autumn of 2011 a total of 146 infected persons and 30 reported 

deaths, was reported in the United States i.e., a mortality rate 20,5%. Interestingly, the out-

break was spread over 28 states. This contrasts to the recent outbreak of HUSEC 2011 

which infected around 3500 people with 53 deaths(mortality rate 1,5%), but of 214 regis-

tered patients, 119 were localized in only 3 cities (http://www.eurosurveillance.org). 

Previous studies performed in this laboratory have led to an overview of intracellular gene 

expression of Listeria monocytogenes. The studies have been important in detection of new 

virulence factors and have provided us with an unsurpassed view of genes required for 

adaptation to intracellular growth. The purpose of this thesis was to refine this data and 

provide information on the role of sncRNAs in intracellular growth and survival. Despite 

extensive studies on other intracellular pathogens such as Salmonella typhimurium and 

Mycobacteria tuberculosis no information is available on the role of sncRNAs on intracel-

lular growth and survival. 

This study was therefore undertaken to understand the role sncRNAs during infection. Fur-

thermore it was an aim to comprehensively map every single messenger RNA in terms of 

promoter and termination structures, to determine TSS with high precision and to examine 

if genes are transcribed individually or as operons. For this study it was necessary to inter-

act closely with wet lab scientists as the success of the project was dependent on analysis 

of the data and constant feedback in terms of quality of the data produced.  

http://www.eurosurveillance.org/
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1.1 Bioinformatics workflows created in this thesis 

 

As indicated in the introduction, technological developments in the understanding of the 

transcriptome have been rapid and necessitated the constant development of new bioinfor-

matics tools to cope and improve data processing. Thus, at the beginning of this thesis the 

focus was on the analysis of microarray data. This proceeded to the analysis of tiling array 

data and finally required the development of a new bioinformatics platform to analyse se-

quences from NGS technologies.  

 

Microarray Workflow 

We established an in-house workflow, in which first PCR amplicons are performed with 

HotStarTaq DNA Polymerase (QIAGEN) with cDNA as a template. After purification and 

inspection by agarose gels, DNA concentration will be determined by a SpectraMax GEM-

INI XS spectrofluorometer (Molecular Devices). Whole genome microarrays are then spot-

ted using a Generation III microarray spotter from GE Health Care. After labeling probes 

with Cy-dyes (both Cy3 and Cy5 for each probe) hybridization with an ASP base Hybrid-

izer (GE Health Care) is performed. Finally slides are then imaged with a Generation III 

array scanner (GE Health Care) and signal intensities are quantified using Spotfinder soft-

ware from GE Health Care as well. 

Since each technology has its own peculiarities and to obtain optimal results, we created 

our own analysis workflow called MARS II (Microarray Analysis, Retrieval, and Storage 

system) as well. Its backbone was adapted from another free software MARS from TU 

Graz[15]. 

 

Fig.6 In-house microarray workflow; wet-lab 
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Briefly, after measuring spot intensities, experimental data will be normalized using a 

quantile algorithm. Aligned data is then channelled thought a quality control (QC) module 

which first removes all genes with a high number of missing values. Secondly remaining 

missing values will be imput-

ed using sequential K-nearest 

neighbour (SKNN) imputa-

tion following an additional 

normalization. Remaining 

genes are analysed using 

wrapped significance analysis 

of microarrays (SAM) soft-

ware. Raw data, normalized 

data, and results are finally 

stored in MARSII database for further analysis. The MARSII pipeline enables the user to 

analyse, store, reanalyse with different parameters, view and export expression data to e.g. 

ArrayExpress Database to obtain an accession number for publication. 

 

Tiling array workflow 

Presently microarray analysis only allows the examination of gene expression of predicted 

ORFs from known genome sequences. Each individual ORF is covered by two to three 

oligonucleotides placed at the 5‟- and 3‟-end of the predicted gene. For an average genome 

of 3 million nt we can estimate a total of three thousand genes and hence a total of 6 to 9 

thousand oligonucleotides for a standardized microarray. Such a setup disregards the half-

lives of mRNA and their degradation from the 3‟-end and also does not consider RNA that 

initiate at intergenic regions. 

To overcome this limitation tiling arrays have been introduced that cover the sequence of 

the entire genome. This leads to a quantitative increase in the number of oligonucleotides 

required and leads to a higher complexity of oligonucleotide sequences thereby increasing 

problems of e.g. cross-hybridization. For a standard genome using tiling arrays it can be 

estimated that more than one million oligonucleotides are needed to completely cover the 

genome. This requires specialized formats for in-situ synthesis of oligonucleotides and 

chip formats that allow the representation of this number of features. Therefore the costs 

for producing such arrays can be highly prohibitive. 

Fig.7 In-house microarray workflow; bioinformatics 
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We collaborated with a commercial provider of tiling arrays (Febit) in order to produce 

tiling array for dedicated analysis of sRNAs for the major gram-positive pathogens. Be-

cause the costs of whole genome tiling arrays were prohibitive, all arrays were designed to 

only cover the intergenic regions based on the assumption that sRNAs are generally pro-

duced within intergenic regions. For each genome this meant a total of ~30.000 oligonu-

cleotides per chip. 

Five array designs were calculated to cover the whole intergenic regions of the gram-

positive pathogens investigated within the consortium sncRNAomics depicted. 

 

L. monocytogenes 

1/2a EGD-e 

S. pyogenes 

NZ131 

S. aureus 

COL 

E. faecalis 

V583 

C. difficile 

630 

probe size, overlap 50, 30 50, 15 50, 15 50, 15 50, 23 

chromosome size 2944528 bp 1815785 bp 2809422 bp 3218031 bp 4290252 bp 

plasmidssizecombined 0 0 4400 bp (1) 141943 bp (3) 7881 bp (1) 

non-controlprobes total 25504 17823 29198 29413 58561 

control probes total 2105 174 111 254 211 

arrays necessary 2 (1.978) 2 (1.2) 2 (1.961) 2 (1.995) 4 (3.96) 

Table 2 Investigated bacteria within sncRNAomics 

The increased complexity of tiling arrays and therefore the shift to another vendor with all 

its required modifications concerning format and analysis, necessitated on extension of the 

microarray pipeline described above. 

 

Fig.8 Flow chart of modified microarray workflow customized for tiling array experiments 
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Following modifications and extensions were accomplished: a) processing of hybridization 

images to increase quality b) pre-processing of raw data derived from scanning e.g. back-

ground correction and reassignment of identifiers etc. c) normalization of data by standard 

quantile normalization d) statistical analysis to determine expression values e) mapping of 

data onto the intergenic genome of the respective bacteria f) adding additional information 

such as promoters and terminators to enhance putative candidate identification g) predic-

tion of putative candidates based on suitable inducted fragments. 

 

Results mainly consist of formatted lists with putative sncRNA loci which have to be veri-

fied manually. Additional information such as promoters, terminators, external software 

predictions, integration of published sRNAs etc. supports identification. 

 

RNA sequencing workflow 

The advent of whole genome sequencing technologies opened up new opportunities for 

detailed examination of the transcriptome by direct sequencing of total RNA. Within a 

single run using e.g. current Illumina HiSeq sequencing technology, it is possible to obtain 

600 Gb per run. This allows transcript levels to be determined from one to several million 

copies depending on the gene studied, by simply counting the extent of coverage per base 

per gene depending on the condition studied. In addition to quantitative analysis, qualita-

tive data regarding the exact length of the transcript, sequence, and start and stop site can 

be described in detail. 

The massive amount of data obtained per experiment made it imperative to develop new 

strategies to handle and analyse data. For example sizes of primary data files reach orders 

of magnitude of several hundreds of GBs which represents a limitation in working with 

normal desktop computers. Therefore it was necessary to implement new hard- and soft-

ware structures to cope with this new dimension of data deluge. The implemented hard-

ware environment was focused on necessities of NGS technologies considering main 

memory and storage capacity. 

The current setup consists of approximately 100 CPUs, 300 GB of main memory and 

around 35 TB of disk space organised in different nodes which in turn where optimized for 

different types of tasks. The developed hardware structure in this thesis will be continually 

extended in the near future. 



Introduction 

Intracellular survival of Listeria  Seite 16/238 

 

Fig.9 Hardware environment 

In general three different classes of nodes are available (i) nodes with only a few but very 

fast CPUs, used for non-parallelized jobs, (ii) nodes with a large quantity of slower CPUs 

for parallelized tasks, and (iii) nodes constructed to store plenty of data, and finally class 

(x) which comprises single nodes which were furthermore optimized for e.g. very fast da-

tabase queries or computing with graphic cards (GPU computing). 

 

Alongside the development of new hardware structures, a completely new software pipe-

line had to be created. Since possible requirements and bottlenecks were not fully known 

in the beginning of this project, a constant re-evaluation and re-adjustment was necessary 

to increase the quality of the workflow. 

 

Finally a multistep procedure to process primary data to figures for publication was im-

plemented. Initially, primary data has to be retrieved from the current sequencing machine. 

In order to establish a software with a focus on flexibility, the first quality controls are ra-

ther basic. During this step low quality parts of the sequence, independent of type of tech-

nology, will be clipped based on standard FASTQ quality values (Fig.10 A+B) to reduce 

data sizes for the second step. The trimmed and clipped data will be loaded into a special 

database optimized in terms of write access speed (Fig 10 C). This step is one of the most 

time consuming, but guaranties maximum flexibility in the further analysis. To ensure reli-

able mappings, an export module creates several output files which can be used as input for 

different mapping algorithms. Currently FASTQ, SFF and standard FASTA formats are 

available (Fig. 10 D). 
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Afterwards read data is mapped with segemehl and / or the bowtie algorithm (Fig. 10 E). 

Both currently implemented mapping tools have their own pros and cons and their usage 

has to be assessed on a case by case basis. Data export, mapping and re-import of mapping 

results was implemented such that additional algorithms and result formats can be quickly 

included into the workflow (Fig. 10 D+E+F). 

 

Fig.10 RNA-Seq workflow 

After re-importing positions, quality and several additional parameters for each mapped 

read, a complementation step is performed. Id est, reference genome information like CDS, 

RBS and terminators etc. will be extracted from provided input files (gbk, embl or gff3). 

Additional predictions for terminators via TransTermHP [16] and a promoter binding site 

prediction with the major known promoter motifs will be performed. Furthermore the out-

put of several prediction tools such as sipht [17] or sRNAscanner [18] is also implemented 

in the database. Finally, already verified sRNAs from e.g. publications or databases will be 

extracted and incorporated (Fig. 10 G). All this additional information will be merged with 

the experimental data to guide prediction algorithms as well as the user to support under-

standing of particular circumstances. 

Based on this additional information, sncRAS first calculates statistics about the analysed 

data set (Fig.10 H). Briefly, coverage of e.g. tRNAs, published sRNAs, CDS or known 
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features can be obtained to enable statements about quality and convenience of the execut-

ed experiment. 

The next module (Fig. 10 I) will provide the possibility to interactively work with the 

whole transcriptome data. As a lot of expression constellations within a transcriptome ex-

periment are yet unknown or cannot be rated by current software programs, manual inspec-

tion is of great importance. Therefore sncRAS produces all needed data files to use the 

integrated genomics viewer (IGV) from Broad Institute [19] for more detailed analysis. 

 

Fig.11 Screenshot of the software IGV from Broad 

IGV additionally allows a detailed comparative manual analysis of multiple transcriptomes 

of an organism differing in e.g. experimental conditions. This step also allows the compari-

son of the expression of different experiments to identify putative hot spots where e.g. an 

sRNA candidate shows highly differential expression between conditions (Fig. 10 J). 

sncRAS furthermore exports lists and figures in a publication ready format. Currently dif-

ferent types of Venn diagrams and pie charts can be calculated and list exports for circular 

representations (e.g. via GenomeViz) are available (Fig. 10 K). Finally, sncRAS offers the 

opportunity to export data in a particular format which can be submitted to a public data-

base such as GEO or ArrayExpress to obtain an accession number for publication (Fig. 10 

L). 

The established workflow was used for the analysis of RNA-Seq data from four additional 

gram-positive pathogenic species within the sncRNAomis project.  
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Additional Tools 

To improve analysis with regard to quality, speed and compatibility, several tools were 

created to simplify standard tasks as well as further analysis. 

 

BlastIt 

Due to the large amounts of data required for mapping and comparative analysis a small 

software tool called BlastIt was developed. BlastIt allows flexible analysis of sequences 

using the NCBI Blast Suite. The major benefit of this tool is that it enables the user to im-

plement new parameters and variables to improve the value of output data. 

 

Fig.12 Main interface of BlastIt 

Results can be obtained in tabular format and additionally stored in BlastIt database for 

further investigation. 

Table 3 Tabular output of BlastIt 
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KeggMapper 

In order to map expression data onto individual pathways of metabolism, signal transduc-

tion and other cellular processes within any organism, a tool was created to project the 

transcriptome onto Kegg pathways [20]. KeggMapper allows the user to take any set of 

data and convert it to a format which can automatically linked to pathways available in 

database. The user simply enters gene identifier and fold changes or expression values and 

the software creates an overview based on all pathways in metabolism based on KEGG-

ATLAS. 

Data can be visualized in three different modes: 

 

Fig. 13 General overview map composed of all classified 

genes mapped onto all metabolic pathways. 

Fig. 15 Standard KEGG pathway visualization, which 

e.g. shows in detail all involved enzymes and metabolites  

(not shown) 

Fig. 14 New schematic representation of more complex 

structures such as receptors, pores and proteins. 

  

Fig.13 Main input screen 

Fig.14 KeggMapper; complex structure representation 
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Fig.15 KeggMapper main overview 
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2.1 Contribution 

 

The author (A.B.) jointly conceived and assisted in writing the manuscript. He pre-

processed, analysed and carried out statistics of transcriptome data in collaboration with 

R.G.. Microarray data submission to ArrayExpress was done by MARSII workflow, con-

ducted by the author. Furthermore collection, comparative analysis and visualisation of 

ActA proteins as well as analysis of duplicated genes especially of PTS-Systems were 

done by the author. Additionally, collaborative evaluation and interpretation of SNPs and 

flagellin analysis as well as development of corresponding figures was carried out by A.B. 

Surface protein detection, comparative analysis and visualization was done with the AU-

GUR software, performed by A.B. which as well is responsible for CRISPR and CAS de-

tection, identification, analysis, interpretation and visualization. The author contributed to 

the annotation of L. monocytogenes 4a L99. 

 

2.2 Abstract and Introduction 

 

Here we report the first comparative analysis of Listeria linage I, II, and III based on ge-

nomic sequences as well as transcriptomic evaluation. Comprehensive genome analysis 

showed extensive evidence of virulence gene decay, including loss of important surface 
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proteins. Linage I strains feature different compositions of invasion genes but share the 

lack of prophage genes. Comparative transcriptome analysis revealed distinct expression 

levels, especially in the ability of downregulation of flagellar genes. Furthermore, differ-

ences were found in metabolic flux control and phosphorylated sugar uptake. Deletion mu-

tans of the lma operon showed severe attenuation of virulence which, combined with the 

strong induction of prophage genes, revealed the yet unknown importance of phage genes 

for intracellular survival of Listeria monocytogenes. 

 

2.3 Material and Methods 

 

Genome sequencing and annotation 

Genome sequencing of Listeria monocytogenes L99 4a was performed on ABI PRISIM 

3100 and 3730xl Genetic Analyser (Applied Biosystems). After assembly with the 

Phred/Phrap/Consed software [21, 22] whole genome shotgun sequencing revealed 27.637 

sequences. Additionally 1684 fosmids and 671 gap closure PCRs were required to assem-

ble a closed genome with about 6.7-fold coverage. Annotation was carried out by GenDB 

and manual inspection [23]. 

Sequencing of strain L. monocytogenes 4b CLIP80459 was conducted by colleagues of 

Institute Pasteur. Briefly, a library of 2-3 kb inserts were generated and cloned into 

pcDNA-2.1 vector. After sequencing on 3700 and 3730 DNA sequencers the assembly of 

35.610 reads with Phred/Phrap/Consed software resulted in 361 contigs which were con-

nected with 379 PCRs to a circular genome with approximately 7.8-fold coverage. Genome 

annotation was carried out as previously described [24]. 

 

ActA repeat analysis 

All available ActA protein sequences of Listeria monocytogenes were collected and only 

sequences with at least 500 AA were used for further analysis. After filtering of duplicates 

etc., 218 sequences were aligned using ClustalW and manually examined. 

 

Single nucleotide polymorphisms 

Single nucleotide polymorphism (SNP) detection was done by the MUMmer software [25]. 

Resulting SNPs were mapped against CDS regions following a calculation of SNP-density 

and visualization in GenomeViz [26] (SNP-density per gene results from SNPs per gene, 

normalized by gene length). 
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CRISP repeat analysis 

CRISPR repeats and spacers were identified by PILER-CR [27] and CRT [28] software. 

Spacer classification and visualization was performed using BLAST and ACT [29]. Com-

parative analysis and visualization of CRISPR loci including CAS genes were carried out 

by manual inspection and GeCo [30]. 

 

Microarrays 

A whole genome microarray approach for all four strains was performed using Febit's Gen-

iom One platform. Background correction of the data was based on several controls and 

normalization was done using quantile algorithm [31]. To assess reproducibility of at least 

two technical and three biological replicates we calculated Pearson's correlation coeffi-

cients (r2 >= 0.94) for all experiments. The statistical significance analysis was carried out 

by SAM software [32]. 

 

Nucleotide sequence and microarray accession number 

The microarray data have been submitted via MARS2 software [unpublished] to ArrayEx-

press database with accession number E-MEXP-1947. 

 

2.4 Results 

 

General features of complete genomes of the three lineages of L. monocytogenes. 

The general features of sequenced genomes are given in table four. Genomes of L. mono-

cytogenes are highly synthentic in relation to genome size, GC content, composition of 

tRNA and rRNA sites, and characteristics of protein coding regions in considering length 

percentage coding. 

Differences could be observed between 4a and 4b CLIP genome regarding lack of mobile 

genetic elements and plasmids. Furthermore we could identify four different prophage re-

gions within 4a, whereas only one is present in the 4b CLIP genome. Interestingly, pro-

phage loci I and III were found adjacent to tRNAs which represent genetic "anchoring el-

ements" for the uptake of listerial prophage DNA [23]. Deeper analysis of prophage locus 

III revealed that in addition L. welshimeri as well as L. ivanovii, which both are apathogen-

ic strains, harbour prophage or pathogenicity islands at this chromosomal location. 
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We could detect noticeably more pseudogenes within both 4b strains (42 for F2365 and 26 

for CLIP80459) compared to EGD-e (9), 4a (1), and L. innocua (13). 

Comparison of the two 4b genomes revealed 115 specific genes for strain CLIP80459 

which encode functions for regulation, sugar metabolism, and surface characteristics. Spe-

cific genes (146) for F2365 show similar functionalities, however most of these are anno-

tated as hypothetical. 

Comparing genomes of different lineages on nucleotide level, surface proteins show the 

highest SNP number of all CDS classes. No recognizable difference in surface SNPs could 

be found when comparing two closely related genomes or two with a larger evolutionary 

divergence thus SNPs of Listeria show a considerable evolutionary adaption among sur-

face-associated genes. 

 

Comparison of the virulence gene cluster of linage I, II, and III 

A sequence alignment of the VGC of the four studied strains showed a homogeneous pat-

tern. Closer analysis revealed a truncation of the actA sequence in 4b and 4a genomes. Ad-

ditionally, a small truncation upstream of the mpl gene and a truncation of a short repeat 

region distal to the PrfA box of mpl was observed in the 4a cluster but shows not adverse 

effect for the PrfA binding site. The most divergent gene within the VGC is a lipoprotein 

(lmo0207), however it is unknown if this plays a role in virulence attenuation in 4a L99. 

Interestingly, the 4a and both 4b strains display an identical deletion of actA repeats, which 

results in lower speed of movement of intracellular bacteria [33]. 

 

Loss of surface proteins in linage III 

Several genes encoding internalins or internalin-like proteins are absent in the L. mono-

cytogenes 4a L99 genome including the entire inlGHE cluster, InlJ as a PrfA-independent 

Table 4 General features of sequenced genomes in this study 
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internalin, InlC which is involved in cell-to-cell spread, and internalin F. Additionally, in-

ternalin-like genes such as homolog to lmo1666, lmo2470, and lmo2821 are absent in the 

4a L99 genome. We also analysed the surface repertoire of three additional 4a genomes 

and confirmed the lack of a similar number of proteins. To validate the findings we per-

formed further PCR analysis to confirm the absence of surface associated proteins. 

Comparisons of the two 4b genomes with L. monocytogenes EGD-e as reference showed 

no noticeable differences in surface protein composition. 

In contrast, 4a L99 revealed differences in non-internalin cell-wall associated proteins like 

the GW-motif containing auto, which is a PrfA-independent autolysin responsible for the 

entry into non-phagocytic eukaryotic cells [34]. Furthermore the PrfA-dependent vip gene 

which is involved in the late stage of infection [35] is also absent in 4a L99. Other varia-

tions could be found in truncation of e.g. InlI. 

Surprisingly, comparative analysis of remaining classes of surface proteins like lipopro-

teins, LysM and NLPC/P60-motif containing proteins showed minor differences between 

the four genomes. 

Altogether 4a L99 exhibits that loss of a number of crucial functionalities of listerial inva-

sion contributes to the decreased invasion ability and the attenuated nature of this strain. 

 

Decay of phage genes in the L. monocytogenes L99 4a strain 

The two prophage loci of 1/2a EGD-e contain 79 genes, whereas L99 4a exhibits 193 

genes organized in four different loci. The two 4b genomes feature only one locus with 

about 16 genes designated as monocin. This monocin locus is mostly conserved in all L. 

monocytogenes strains except for 4a, which only have one-third of the genes left. Interest-

ingly, the monocin locus of the apathogenic L. welshimeri represents the most similar 

structure when compared to linage III genomes. 

 

Gene duplications in Listeria genomes expand metabolic systems 

Gene duplications in Listeria seem to be an ancient event, because most of the duplications 

(ranging from 231 to 296 in numbers) are conserved across all species. Functional classifi-

cation of duplicated genes revealed strong evidence for the importance of metabolic path-

ways, since the majority could be identified to be involved in e.g. pentose phosphate path-

way, fructose and mannose metabolism, carbon fixation, glycolysis and pyruvate metabo-

lism. 
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However, gene duplication events can also occur from HGT-events instead of e.g. an error 

in homologous recombination, because some PTS-system genes are specific to1/2a EGD-e. 

 

The CRISPR system of Listeria 

The L99 4a genome contains two regions with CRISPR-like structures, while only locus II 

comprises required CAS genes. Both exhibit spacers of 35bp linked with repeats of 29bp. 

While locus I is highly conserved across several lineages and strains, locus II is only pre-

sent in 4a genomes and additionally exhibits more than 5 times more spacers than locus I 

(~6 for locus I and 27 for locus II). 

Spacer identification of L99 4a revealed a 100% hit against the PSA-prophage, which is 

known to infect serotype 4 strains, suggesting resistance to PSA. Future studies have to 

elaborate whether the 4a CRISPR system is functional or not. 

 Fig.16 CRISPR loci in Listeria monocytogenes 
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Comparative intracellular transcriptomics of four L. monocytogenes strains of the three 

major linages 

Major results found by comparative transcriptome analysis of two lineages revealed differ-

ences in virulence, cell wall, and stress response [36]. We performed a whole genome mi-

croarray experiment to investigate differences of intracellular gene expression of strains 

related to the three major lineages. 

The intracellular core response is composed of upregulation of the entire virulence gene 

cluster which was highly induced within infected host cells. Furthermore, known genes 

(hpt, clpE, bilEA) important for survival are upregulated in all strains. Interestingly, 11 

PTS systems of five different sugar transporters are upregulated, suggesting these sugars as 

the most frequent substrates in the cytosol. Unexpectedly, all strains showed strong induc-

tion of the lma operon and their surrounding phage genes including a conserved holin. The 

most conserved locus is the lma operon (excepting in L99 4a), whose gene products pro-

voke a delayed type hypersensitivity reaction in hosts immune to L. monocytogenes. In 

summary, it can be stated that the common intracellular prophage gene expression in all 

Listeria lineages is the most striking observation, however functions of several genes are 

still unknown. Additionally, induction of the eut operon was observed, suggesting the use 

of ethanolamine as a carbon and nitrogen source. The common upregulation of Zinc trans-

porters as well as the spermidine/putrescine ABC transporters indicate a role in intracellu-

lar survival. Another conspicuous gene induction was observed considering the non-

oxidative branch of the pentose phosphate pathway. It's upregulation is important for sev-

eral functionalities, such as the production of NADPH for countering oxidative stress, gen-

eration of erythrose-4-phosphat for aromatic AA biosynthesis, and also for the generation 

of pentose sugars. Correspondingly, several genes of the pyrimidine and purine biosynthe-

sis, using pentose sugars, are downregulated. 

Downregulation was observed comprising the agr locus, tryptophan biosynthesis, and 

some tRNA synthetase genes. Also decreased expression of the cytochrome genes caused 

less energy production. 

 

Differences in flagellin expression are the most prominent differences among strains 

When only comparing both 4b strains, and because 4b CLIP grows more efficiently intra-

cellularly, most important differences were found regarding regulation of flagellar genes. 

While 4b F2365 shows induction of 10 flagellar genes, 4b CLIP only upregulates fliR. Ad-

ditionally 4a L99 also exhibits a strong intracellular induction of nearly all flagellar genes 
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(21 genes) in contrast to 1/2a EGD-e and both 4b strains. This is counterproductive, be-

cause flagellar expression enables the host to detect the bacterial presence supporting the 

formation of an inflammasome. 

 

Differential growth of the three lineages and ΔlmaB and ΔlmaD isogenic mutants in a 

mouse and cell infection model 

Due to the lack of several internalin genes and intensive upregulation of flagellar genes, we 

observed severe deficiency of 4a L99 in entry of HeLa and CaCo-2 cells as well as fragile 

cell-to-cell transmission which finally leads to a rapid clearance in in vivo experiments. 

Additionally, the upregulation of several DNA repair genes suggests heavy genomic dam-

age during intracellular growth. 

Mouse infection experiments revealed the complete clearance of 4a L99 after five days 

post infection, which is in contrast to the 4b CLIP strain that shows even stronger growth 

than 1/2a and 4b F2365 genomes. Isogenic mutants (ΔlmaB, ΔlmaD) have shown less 

growth than the wild type of 1/2a EGD-e. 

 

2.5 Discussion 

 

This study attempted to unravel required abilities for intracellular survival of Listeria. 

Therefore we sequenced new genomes, compared their gene content, and produced intra-

cellular expression profiles of the three major lineages of L. monocytogenes to disclose the 

different adaptation strategies for survival in the host. 

The 4a L99 genome showed loss of important functionalities for entry and survival inside 

the host. A large number internalins, internalin-like, and surface proteins were deleted. 

Additionally, a truncation within the ActA gene, which could be also observed in many 

other lineage I strains, tends to result in a lowered motility in the cytosol. Furthermore half 

of the VGC is missing compared to other lineages which has a severe effect for the surviv-

al in macrophages. Analysis of the induction of the flagellar apparatus showed the inability 

of all strains (except for 4b CLIP) to downregulate most of the genes important for evading 

host detection and thus intracellular survival, because cell wall components and flagellin 

may be sensed by TLRs and NCRs. Deletion mutants of the flaA gene showed increased 

intracellular survival, which confirmed transcriptional findings. While all strains in this 

study were able to induce genes of the VGC, we have to assume that there are different 



Chapter I 

Comparative genomics and transcriptomics of lineages I, II, and III strains of Listeria monocytogenes 

Intracellular survival of Listeria  Seite 30/238 

strategies in genes encoding proteins involved in carbohydrate transport, surface- and 

membrane proteins for intracellular adaptation. 

 

Gene duplication 

Gene duplication including HGT and gene loss may influence the evolution of bacteria in a 

very strong manner. In the past, it could be shown that gene duplication improved several 

functionalities such as temperature adaption, toxin exposure, antibiotic treatment, and even 

parasitic and symbiotic lifestyle. Classification of duplicated genes revealed that systems 

which are involved in energy generation, modulation, and transfer are extremely important 

for adaption to hostile conditions like intracellular growth. Furthermore we could observe 

that marginal differences in number of PTS systems may have dramatic effects on survival 

of listeria inside the host. Transposon insertion mutants showed that presence/absence of a 

single pentitol PTS system significantly influenced growth in epithelial cells [37]. Ethano-

lamine may be used by intracellular listeria as an additional carbon source, because homol-

ogous genes of this locus from Salmonella are intracellularly upregulated. While this locus 

is not specific for pathogenic Listeria, it may indicate a more general feature to compete 

for nutrients in particular situations. Another important aspect is the ability of adapting e.g. 

HGT genes in considering regulation and expression. It could be shown that 1/2 EGD-e is 

quicker and more successful in recruiting and adapting HGT genes than all other strains 

compared in this study. This feature may contribute to the better survival rate of intracellu-

lar 1/2 EGD-e. 

Beside improvements in carbohydrate uptake and processing, it has been shown [38] that 

rerouting the carbohydrate flux from glycolysis to pentose phosphate pathway is a common 

mechanism in counteracting oxidative stress. Interestingly, 4b F2365 was the only one with 

the inability to reroute these pathways, which certainly contributes to the poor intracellular 

survival of this strain. 

 

The CRISPR system in Listeria 

Today, CRISPR systems are described for a wide range of bacteria and nearly all archaea. 

In general, CRISPR represents an innate phage-resistance mechanism composed of cas 

genes followed by an array of specific spacer sequences separated by direct repeats. 

Among the genomes compared in this study, only one locus associated with several cas 

genes was identified in the 4a L99 genome. Detailed analysis of the spacer locus revealed a 

perfect DNA sequence of the prophage PSA which possibly enables resistance to this 
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phage. The position of the spacer in the array suggests recent acquisition. Interestingly, a 

small sRNA rliB was located within an ancient repeat region of 1/2 EGD-e which is asso-

ciated with virulence in mice [70]. 

 

The role of phage genes in virulence of listeria 

Genome analysis revealed different numbers of phage genes within genomes in this study, 

however a massive induction of gene expression regardless of location and number could 

be observed across all strains. The only conserved locus in all three lineages is lma. Lma is 

induced under intracellular condition and a deletion mutant in 1/2 EGD-e showed reduced 

intracellular growth. The role of prophage genes have not examined in detail, but seems to 

be an essential mechanism for short-term evolution [39, 40]. 

 

2.6 Conclusion 

 

Comparative genomics and whole-genome based transcriptomic analysis of representatives 

of all lineages revealed (i) reductive evolution is responsible for attenuated phenotypes (ii) 

recruitment and adaption of prophage genes and metabolic systems reveal new virulence-

associated factors (iii) downregulation of surface proteins may serve to avoid detection by 

host cell receptors. 
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3.1 Contributions 

 

The author (A.B.) contributed to the results and provided input into the discussion section 

of the manuscript. Furthermore A.B. carried out all bioinformatics steps such as the design, 

analysis and publication-ready versions of microarray experiments. Adaptation of existing 

methods to the specific requirements of experiment as well as the construction of several 

figures was done by the author. 

 

3.2 Abstract 

 

While phagocytes represent a nearly host defence mechanism, this study investigates the 

transcriptome of Listeria monocytogenes to assess specific genes contributing to the intra-

cellular survival in IFN-γ-activated macrophages. A whole genome-based microarray re-

vealed 21 differentially expressed genes involved in overcoming oxidative and nitrosative 

stress. Especially two categories of genes with enhanced induction involved in metabolic 

pathways were identified, trpE encoding an anthranilate synthase and genes of the 

kynurenine pathway. 

 

3.3 Introduction 

 

Listeria monocytogenes is an important pathogen that has been involved in numerous out-

breaks [41] and causes severe disease in pregnant women, neonates, the elderly and immu-
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nosuppressed individuals [42]. Innate immune response during infection with L. mono-

cytogenes is based on activation of macrophages which play a key role in clearance of bac-

teria. Infected macrophages cause, amongst others, the production of IFN-y which in turn 

leads to generation of nitric oxide radicals, superoxide radicals, and depletion of trypto-

phan to counter bacterial infection. 

Recent studies [7] demonstrated how the bacteria adapts its intracellular growth by remod-

elling transcription of metabolic, stress, and virulence genes. However to date, there is no 

clear indication to the role of INF-y in relation to infections with facultative intracellular 

bacteria [43-45]. Because Listeria represents an established model for evaluation of crucial 

cellular interactions, we used whole genome based microarrays of L. monocytogenes with-

in IFN- activated macrophages to gain a better understanding of the mechanisms involved 

in adaptation to innate immune response. 

 

3.4 Material and Methods 

 

IFN-y activation of macrophages 

Activation of P388D1 macrophage cells were carried out 18h before and during infection 

by incubating a cell monolayer with recombinant murine IFN-y (100U/ml; Sigma-

Aldrich). 

 

RNA isolation 

Total RNA extraction has been performed as described by Chatterjee. L. monocytogenes 

EGD-e were incubated until optical density of 1.0 at 600nm. RNA isolation was done from 

0,5 ml bacterial aliquots pre-incubated with 1 ml RNAprotect (Qiagen) for 5 min. Intracel-

lular RNA was extracted by lysing macrophages and centrifugation over 10 min (8000 x 

g). Final extraction was performed with the RNeasyMini Kit (Qiagen) and quantity was 

determined by absorbance at 260 and 280 nm. Quality check was done using Agilent 2100 

Bioanalyser. After extraction, cDNA was generated and labelled with CyDyes. Eukaryotic 

RNA from P388D1 macrophages was again extracted using RNeasy Mini Kit. 

 

Transcriptome analysis 

The whole genome microarray was performed as previously described by Chatterjee. Two 

different experimental layouts have been carried out. The first was composed of bacteria 

grown in BHI versus intracellularly grown bacteria 4h post infection with in non-activated 
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macrophages, and second bacteria (BHI) versus intracellularly grown bacteria 4h post in-

fection from IFN-y activated macrophages. Each condition was surveyed with three inde-

pendent biological replicates, then each replicate was hybridized as dye swap. Signal inten-

sities were quantified via Spotfinder software and identification of differentially expressed 

genes was done using a standardized workflow consisting of (i) a quality control step (out-

lier detection, filtering, and imputation) (ii) normalization and (iii) expression analysis by 

SAM software [32]. Final results were filtered by a false discovery rate of < 1% and a fold 

change of > 2. 

 

3.5 Results and Discussion 

 

IFN-y stimulation of P388D1 macrophages 

Macrophage activation is mainly driven by secreted IFN-y of T-lymphocytes and natural 

killer cells. To investigate adaption of Listeria monocytogenes to activated macrophages, 

two celllines (J774 and P388D1) were analysed concerning basal expression of iNOS (in-

ducible nitric oxide synthetase) which act as a marker for IFN-y activation. It turned out, 

that cellline P388D1 induced higher levels of IFN-y and was less sensitive in killing LMO 

during infection. Additional tests found an optimal dose of IFN-y (100 U/ml) for macro-

phage activation. 

To additionally proof activation, another detection system was used. It has been shown that 

3'-p-hydroxyphenyl fluorescein (HPF) is oxidized by ROS and NOS [46]. Therefore we 

compared untreated and IFN-y activated cells concerning production of ROS and NOS by 

using flow cytometry. It turn out that IFN-y activated cells induce a significant increase of 

oxygen and nitrogen radicals. Confirmation of increased levels of NOS and ROS was done 

by addition of catalase and L-NMMA respectively. Oxidative and nitrosative stress was 

reduced as expected. All these data confirmed that P388D1 cells undergo IFN-y dependent 

activation. 

 

Intracellular expression profiling 

To investigate the transcription profile of LMO regarding IFN-y activated macrophages we 

performed a whole genome two-color microarray. Following conditions were compared (i) 

bacteria from exponential phase grown in BHI (ii) IFN-y activated macrophages and (iii) 

non activated macrophages. Results from each condition consisted of three independent 

biological replicates. Comparative transcriptomic analysis of condition (i) and (ii) revealed 
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a total of 524 (363 up and 161 down) differentially regulated genes. To identify the effect 

of IFN-y activation we compared condition (ii) and (iii). Finally only 21 (6 up and 15 

down) genes could be classified as specifically regulated in response to IFN-stimulation. 

 

 

 

To validate these findings, regulation of 12 (6 up and 6 down) genes were confirmed via 

real-time PCR analysis. 

Evaluation of genes which are involved in adaption to macrophage activation revealed es-

sential requirements for intracellular survival. To overcome oxidative stress distinct func-

tionalities like polyamide associated ABC-Transporters, multidrug efflux pumps, or SAM-

methyltransferases could be identified within the induced gene repertoire. Lmo0807 is very 

similar to an ABC-Transporter which is connected to polyamine transport. Polyamins have 

been demonstrated to be involved in SOS-response and H2O2 protection [47]. A Na
+
-

driven multidrug efflux pump (lmo0990) which may act as an antiporter for a wide range 

of drugs (e.g. cationic dyes or amino glycosides) could also be found among the highly 

induced genes. Lmo1485 encodes a SAM-methyltransferase which supports the countering 

of oxidative stress induced by ethanol [48]. Investigation of downregulated genes revealed 

transporters involved in selenite uptake, auroporphyrinogen-III-methyl-transferase in-

volved in hemebiosynthesis, a 5-enolpyruvylshikinate-3-phosphate synthase which is re-

sponsible for aromatic amino acid biosynthesis. All these functionalities are involved in 

reducing oxidative stress such as selenite directly promoting oxidative stress through a 

reaction with cellular reduced thiol-containing compounds. Down regulation of the 

Fig.17 Scatter diagram of intracellular expressed genes 
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hemebiosynthesis reduces again oxidative stress, because cytocromes (most abundant 

heme-containing proteins) produce stress in reducing oxygen in aerobic respiration. Finally 

suppressing expression of the aromatic amino acid biosynthesis serves to reduce produc-

tion of internal aggressive oxygen, since a lack of menaquinone leads to defective oxida-

tive respiration. 

Further experiments showed that lmo0807, which codes for an ABC-Transporter, plays an 

important role in mediating stress in general and especially considering nitrosative stress in 

Listeria. 

Other genes like lmo1445 (zurM) or lmo447 (zurR) are responsible for zinc uptake, which 

is essential in protection versus oxidative stress [49, 50]. Another highly induced gene ac-

tA, responsible for recruitment of the host cytoskeleton, might help Listeria to escape from 

autophagy. 

 

3.6 Conclusion 

 

This study proved already known mechanisms and revealed new aspects of transcriptional 

consequences of IFN-y stimulation on intracellular growth of bacteria. 

Major effects were increased oxidative and nitrosative stress levels. Thus our data re-

vealed, that 21 genes occupy an important role in intracellular survival of Listeria mono-

cytogenes. 
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4.1 Contributions 

 

The author (A.B.) conceived and designed the study together with M.A.M. and T.H.. Fur-

thermore he was responsible for the design of the RNA-Seq experiment itself. A.B. imple-

mented analytical workflows for the analysis of microarray and RNA-Seq data generated 

by this project. The author performed the identification of small non-coding RNA candi-

dates by using developed workflows combined with manual inspection. Furthermore, A.B. 

conducted all bioinformatics analysis such as transcription factor binding site detection, 

terminator prediction and identification of small ORFs. 

 

4.2 Abstract 

 

To investigate the regulatory role of small non-coding RNAs (sRNAs) contributing to in-

tracellular survival, we used 454 pyro sequencing from size fractioned RNA of extra- and 

intracellular growing Listeria monocytogenes. Of the 150 reported sRNAs, of which 71 

have never been described before, 29 are specifically expressed intracellularly. For verifi-

cation, several northern blots were conducted as well as three isogenic mutants for specific 

intracellularly expressed sRNAs (rli31, rli33-1, rli50*). All three mutants showed attenuat-

ed growth in mice and insect infection models. This study demonstrates the importance of 

sRNAs during intracellular survival of L. monocytogenes. 
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4.3 Introduction 

 

The association of novel experimental approaches and computational advances have led to 

an increasing number of complete bacterial genome sequences and to the identification of 

numerous small, non-coding RNAs. These small molecules are present in a broad range of 

organisms extending from eubacteria to humans. sRNAs are known to act as a vital regula-

tory instrument to e.g. coordinate adaptation to environmental changes, but they also play 

an important role in controlling virulence and pathogenesis. The first well-described sRNA 

was Hfq from E.coli. Hfq acts as a chaperone to promote sRNA-mRNA duplex formation 

[51, 52]. Until today various studies described several sRNAs under different growth con-

ditions. While Listeria monocytogenes is able to invade and survive inside vertebrate host 

cells, this study attempts to reveal the role of sRNAs during intracellular survival. There-

fore RNA from extra- and intracellularly growing bacteria was collected and transcribed to 

cDNA as described [53, 54]. cDNA was size-fractionated and deep sequenced with 454-

Technology to provide a comprehensive view of listerial sRNA candidates preferentially 

induced following infection in murine macrophages. 

Here we report on the discovery of 150 putative sRNAs, of which 29 are specifically intra-

cellular expressed and highly conserved among other pathogenic listeria strains. Isogenic 

mutans showed attenuated virulence in in vivo experiments. 

 

4.4 Material and Methods 

 

RNA sequencing and data analysis 

RNA isolation from extra- and intracellular grown Listeria monocytogenes was performed 

as described previously [7]. 

Quantity of isolated total RNA was determined by absorbance at 260 and 280 nm, whereas 

quality of quantified RNA was verified using Nano-chips for Agilents 2100 Bioanalyser. 

Afterward a small RNA-chip was used to detect and estimate the presence of small RNAs 

ranging from 20 to 500 nt. 

RNA-sequencing (RNA-Seq) was performed for the total RNA fraction determined to be 

smaller than 500 nt. RNA were first treated with tobacco acid pyrophosphatase to discrim-

inate between degraded and primary 5'-ends RNAs. 

All primary transcripts were poly-A tailed and first-strand cDNA synthesis was performed. 

Resulting cDNA were PCR-amplified by high fidelity polymerase and afterwards size-
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fractionated to sizes of 20-500 nt by using a 6% PAA-gel. Roche 454 pyrosequencing us-

ing GSFlx Titanium series chemistry was carried out by Eurofins MWG Operon. 

As a result of RNA-seq we obtained raw data files for each condition comprising approxi-

mately 190K reads (31 mio. bases). A combination of automated and manual clipping of 

5'-linker, poly-A tail and short reads was used to enhance sequence and mapping quality. 

Based on this adjusted data set, we performed reference mapping against Listeria mono-

cytogenes using NCBI Blast with specifically adjusted parameters. The e-value was set to 

0.001 to avoid accidental resemblance. The wordsize was adjusted to two to increase speci-

ficity. In order to avoid false positive hits, we established a cutoff combination of identity 

and coverage to ensure correct identification. Minimum nucleotide identity of the align-

ment between read and reference had to exceed 60 percent. Implementation of a “cover-

age” parameter is necessary, because it ensures that the nucleotide identity refers to the 

complete query- and reference sequence which reduce the number of errors especially con-

sidering long sequences. The nucleotide identity within the coverage (greater 80%) has to 

be over 60 percent. Only if these requirements were fulfilled, a read was regarded as 

mapped. The final set of mapped reads, which represent the starting point for sRNA candi-

date analysis, ranged from 21 to 521nt in size with an average length of 74 nt. 

 

sRNA detection 

To allow a more precise characterization, we establish new definitions to group identified 

sRNA candidates in three different categories: (I) the first category is named regular 

sRNAs and comprises all candidates which are found within an intergenic region (IGR), 

with no overlap to known annotations or structures. (II) antisense sRNAs identified on the 

complementary strand of annotated coding regions. (III) the third class contains ri-

boswitches including cis-regulatory sRNAs. 

Several steps were performed by sncRAS supported by manual inspection to detect puta-

tive sRNAs. The second step of analysis identified candidates located within an IGR with a 

minimal length of 50 nt, no overlap to adjacent genes, and covered by a minimum of 10 

reads in at least one condition. 

Resulting candidates were manually examined by means of the Integrative Genome View-

er (IGV). Valid candidates were searched against the Rfam database using a minimal score 

of 50 for detection of cis-regulatory sRNAs. 
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Transcription factor binding site and terminator prediction 

In order to concretize identification of sRNA candidates, we searched 50 nt upstream of 

each sRNA for possible promoter binding sites with the FUZZNUC and HMMER3 soft-

wares. Terminator prediction was extracted from a pre-calculated set by TransTermHP 

with a confidence score greater than 30. Motifs within a sliding window of +/- 10 nt 

around the 3'-end were identified as transcription termination site. 

 

Small open reading frame detection 

To exclude the possibility that one of the candidates describes no sRNA but a small ORF 

which was not predicted before, we conducted a reanalysis of small open reading frame 

detection by GenDB [55] applying a lowered ORF detection cut-off (> 10 amino acids). 

The resulting predictions of small peptides were mapped on the final sRNA candidate list. 

 

Comparative genomics 

To investigate the distribution of regulatory sRNAs within the genus Listeria we per-

formed a comparative analysis of the 150 candidates against seven Listeria strains (4 path-

ogenic / 3 apathogenic). Comparison was carried out by the sRNAdb software which em-

ploys NCBI BLASTN to identify sequence similarities between candidates and genome 

sequences of compared Listeria strains using a minimum nucleotide identity of 60 % with 

at least 80% coverage of each sRNA. 
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4.5 Results 

 

RNA sequencing 

To investigate the intracellular transcriptome landscape of Listeria monocytogenes, an ex-

periment based on 454 pyro-sequencing of extracellularly and intracellularly isolated total 

RNA was conducted as described in M&M earlier. The resulting two libraries comprised a 

total of 189,381 reads of which 73,223 (39%) were derived from extracellularly and 

116,158 (61%) from intracellularly isolated RNA. Table five gives an overview of the data. 

 

Table 5 cDNA sequencing read statistics 

To identify new small regulatory RNAs, sequenced reads were mapped against the refer-

ence genome using NCBI BLAST. The maximum e-value was set to 0.001 and rewards for 

a nucleotide match to two. With a combination of at least 60% identity and 80% coverage, 

the number of false positive hits was reduced to a minimum. Reads which did not fulfil 

these requirements were removed from the data set. After processing data through several 

steps of quality control and finally mapping, 114,459 unique reads were used for further 

analysis. We observed 100% perfect matching reads for about 50% of IC reads, but only 

28% for the EC condition. The virtually computed intergenome of Listeria monocytogenes, 

which describes the intergenic regions between predicted ORFs, comprises approximately 

10% (300 000 bases) of the entire genome. Under intracellular condition, nearly one-third 

of the intergenome is expressed which emphasizes the importance of investigation of e.g. 

small regulatory RNAs (Fig. 18 A). There is evidence to suggest that depletion of rRNA 

and tRNA has to be optimized, since approximately 60% of all mapped reads still belong 

to these RNA classes (Fig. 18 B and C), implying a waste of possibly interesting sequenc-

ing data. 
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Identification of sRNAs, asRNAs and cis-regulatory RNAs including riboswitches 

With the help of extensive bioinformatics we were able to identify 150 putative regulatory 

sRNAs of Listeria monocytogenes expressed under either one or both growth conditions 

(Fig. 18A). 

To ensure a better insight and distinction, candidates were grouped into three different 

classes: class I comprises sRNAs which are located between predicted ORFs with no over-

lap of currently known structures, class II RNAs include antisense RNAs, located anti-

sense to coding sequences and class III describes cis-regulatory RNAs including ri-

boswitches identified by Rfam and manually inspection. We identified 88 class I and 33 

class III sRNAs which together represent approximately one-third of the regulatory inter-

genome. In addition, we classified 29 putative antisense sRNAs into class II (Fig. 18 A). 

Of the 150 candidates determined, 121 were expressed extracellularly. A small share of 

~7% (8 sRNAs) were specifically expressed, while ~49% (60) were more than two fold 

induced under extracellular growth. In contrast, 142 candidates were expressed under in-

tracellular condition. Around ~20% (29) were expressed specifically and ~35% (50) 

showed enhanced induction under intracellular growth conditions. A common set of 113 

candidates were observed to show induction under both conditions and therefore represent 

the first core "small regulatory RNAome". 

Fig.18 Discovery of the intracellular sRNAome of L. monocytogenes using RNA-Seq 



Chapter III 

The intracellular sRNA transcriptome of Listeria monocytogenes during growth in macrophages 

Intracellular survival of Listeria  Seite 43/238 

Sizes of putative regulatory RNAs ranged from 50 to 517 nt with a minimal read count of 

10. The highest expression was detected for the intracellular sRNA rli28 with 1603 reads. 

Of the 88 in class I, 77 showed expression under extracellular condition whereas 85 

showed induction under intracellular stress. We observed eleven candidates to be specific 

for intracellular adaption whereby only three sRNAs were specific for extracellular lifecy-

cle. It is noticeable that the eleven intracellular specific candidates were at least 25% high-

er induced than the 113 small regulatory RNAs which showed up under both conditions. 

Class II sRNAs showed an even more explicit hint that specific regulation is needed intra-

cellularly. About 86% (25) of total asRNAs (29) were intracellular induced whereas only 

38% (11) were found under extracellular condition. Not surprisingly, the distribution of 

specifically regulated asRNAs is also shifted in intracellular direction. We observed 18 

specific asRNAs for intra- and only 4 for extracellular growth. 

Compared with class I and II, class III showed no major differences in sRNA expression 

(32 IC versus 33 EC). Only the fact that all extracellular cis-regulatory RNAs are, based on 

the geometric mean, at least twice as highly induced as the intracellular riboswitches is 

conspicuous. 

Transcription factor binding site analysis showed no extraordinary results. For only 24% of 

the 150 candidates, a putative promoter binding site could be identified. A similar situation 

is observed for terminator prediction. For only half of the candidates a rho-independent 

terminator could be found. 

 

Chromosomal distribution of regulatory RNA 

In order to investigate the distribution of sRNAs, we created a circular representation of 

the genome and marked all putative candidates (Fig. 18 A). We wanted to determine if the 

distribution hinted towards a specific clustering or functionality, but found that sRNAs are 

neither located within specific chromosomal locations, nor do they exhibit a specific strand 

prevalence or cluster in noticeable patterns. 

 

Comparative analysis with whole genome tiling array data, RNA-Seq and in silico predic-

tion 

To evaluate the findings of this study, we compared our candidates to previously identified 

sRNAs of Listeria monocytogenes. Toledo-Arana published 103 sRNAs extracted from 

five different conditions and the comparison showed an overlap of 75% to our data. The 

missed 26 candidates were composed of 12 sRNAs without any expression, 12 failed to 
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reach at least one of our predefined cutoffs (e.g. length, read count etc.), one candidate was 

expressed on the other strand and one was located in the same IGR but showed no overlap. 

Because conditions are quite diverse in this analysis, we performed an additional compari-

son of growth in BHI vs. BHI and intracellular vs. growth in blood. BHI growth compari-

son showed an overlap of about 68% whereas IC vs. blood indicated an even higher 

agreement of 72%. In addition, we compared an Illumina sequencing approach of Oliver 

and colleagues [54] and detected an overlap of nearly 70%. Finally, we wanted to evaluate 

the power of software prediction within small regulatory RNA investigation. For this com-

parison we included sRNAs from three different research groups, produced with three dif-

ferent technologies. 

Overall, candidates were retrieved from different datasets of 12 (8 cossart, 2 ugmi, 2 oli-

ver) different conditions which cover most conditions ever examined in genus Listeria. A 

comparison of 100 sRNAs predicted by the SIPHT software versus 150 of the current 

study, revealed an overlap of only 33%, which illustrates the inaccuracy of current soft-

ware prediction. 

We performed an additional small ORF prediction to minimize the possibility of small 

peptides erroneously identified as sRNAs. For 14 regulatory RNAs we identified an over-

lap to a putative small ORF. The smallest putative sRNAs for L. monocytogenes were iden-

tified within the rliB locus, which is involved in virulence [53] and was already noticed by 

Mandin [56]. We used a CRISPR detection tool to identify five repeats (29 nt each) and 

five spacers (36 nt each) and verified this finding with our transcriptome data. Interesting-

ly, no homologs of CAS genes could be detected within this region which, may warrant the 

conclusion that this RNA is no longer used for phage defence, but its expression levels 

suggest a remaining functionality. 

 

Comparative analysis of putative regulatory RNAs among members of the genus Listeria 

To investigate the regulation of virulence through sRNAs we compared four pathogenic 

and three apathogenic Listeria strains with our pathogenic reference L. monocytogenes 

EGD-e. We detected a highly similar sRNA content within linage I and II. When compared 

to phylogenetically distant strains, the correlation decreased rapidly. 
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4.6 Discussion 

 

We sequenced and analysed the transcriptome of Listeria monocytogenes EGD-e based on 

extracellular and intracellular growth conditions. We identified 150 putative regulatory 

RNAs from which 71 have never been described before. All candidates have been grouped 

into three different classes: class I comprises 88 sRNAs, class II includes 29 asRNAs and 

class III is composed of 33 cis-regulatory RNAs including riboswitches. To confirm our 

findings we performed a comparative analysis to a recent study of Toledo-Arana, despite 

differences of both studies considering condition and technology. Interestingly, we 

achieved a high overlap of 75% between both studies which suggest that dissimilar tech-

nologies as well as different labs and scientists can yield the same results. 

Our findings show that diversity of regulation at the post-transcriptional level is an im-

portant component of adaption to specific circumstances. 

For a more detailed functional analysis we focused on three intracellular strongly up-

regulated candidates, namely rli31, rli33-1, and rli50*. Construction of isogenic mutants 

resulted in reproducible growth properties following infection of macrophages and in viru-

lence attenuation in both insect and mouse models. Attention should be paid to the fact, 

that sRNA mutants are required in vertebrate and in invertebrate hosts, since G. mellonella 

is a model for innate immunity. 

A possible target of rli31 could be the downstream gene lmo0559 which is involved in 

magnesium and cobalt uptake. Previous studies show a down-regulation of these transport-

ers due to high ion concentration in the host cytosol. Furthermore, studies of Samonellaen-

terica (57) revealed a transcriptional termination of mgtA at high MG
+
 concentration via a 

stem-loop structure. 

The candidate with the strongest effects in insect and mice model is rli50*. Our analysis 

revealed two partially overlapping sRNAs (rli50 and rli112) on different strands in the 

IGR of lmo2709 and lmo2710, which was previously identified as rli50. The construction 

of a mutant of rli112 tends to result in a double mutant which may be responsible for the 

impaired virulence observed. Interestingly, a homolog with 94% similarity to rli112 exists 

(rli78) but for some reason it is not able to compensate for the loss of rli50. This may 

demonstrate a highly specific adaption to environmental changes. 

Another example for sRNAs present in multiple variants is the already described LhrC. We 

detected five copies at two different locations which are intracellularly upregulated, how-

ever their role has still to be uncovered. 
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The fact that three sRNAs (rli28, rli29 and rli78) exhibited a lower GC-content than the 

rest of the chromosome suggest horizontal gene transfer (HGT) events. Further analysis of 

the surrounding area indicated a gene of a possible IS3 transposase which additionally 

strengthens the hypothesis that sRNAs could be spread via different chromosomes by HGT 

transposition. To shape their microbial host genomes, they additionally use HGT to e.g. 

insert sRNAs, which was described for ipeX of E. coli [57]. Hence we analysed all phage 

or phage-related regions and found four sRNAs (rli48, rli62, rli89 and rli99) within the 

A118 prophage locus. It is common knowledge that phage-related genes play a role in in-

tracellular survival [7, 37,58] so it may be assumed, that sRNAs are also involved in the 

infection process as well. While CRISPR-systems are related to phages or rather to phage 

defence, we confirmed that rliB, as noticed by Mandin, is related to CRISPR elements. 

A emerging class of small RNAs are the antisense sRNAs which have been described in 

several organisms and plasmids [59-63] to e.g. regulate expression at the translational lev-

el, support RNA stability or adjust transcription. Antisense RNAs could be found all over 

the listerial genome in various lengths. We were able to demonstrate, for the first time, the 

existence of two intracellularly upregulated asRNAs using northern blots. As the majority 

of our 29 identified candidates were intracellularly upregulated, there was unfortunately no 

correlation to their possible target genes in case of induction. 

The third class of sRNAs are represented by cis-acting RNAs and riboswitches, respective-

ly. Our study identified 33 candidates of 42 known listerial riboswitches incorporated in 

the RFAM database, which shows a slight difference to B. subtillis who uses class III 

sRNA regulation for at least 2% of its genes [64]. Interestingly, the majority of our 33 can-

didates was downregulated intracellularly suggesting an economy mode due to the fact that 

T-boxes represent the largest group in class III, which are involved in sensing uncharged 

tRNAs in the bacterial cell. Additionally co-workers found out, that tRNA synthetase 

genes are downregulated in the host cytosol [7], indicating an involvement of T-box regu-

lation due to infection. There is evidence for the involvement of riboswitches in patho-

genicity, because Loh and colleagues found two (in our data downregulated) in trans act-

ing SAM riboswitches (SreA and SreB) allowing a intracellular induction of the PrfA regu-

lator [65]. Comparative analysis disclosed several differences in the sRNA repertoires of 

Listeria strains and serotypes enabling the use of small RNAs as diagnostic markers e.g. 

rli112 which is specific for linage II. 
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4.7 Conclusion 

 

In this study we were able to show the important participation of sRNAs during intracellu-

lar survival. We identified 71 previously unknown putative small regulatory RNAs and 

therefore increased the size of the "sRNAome" of Listeria to 180. Furthermore, experi-

ments revealed 29 candidates specifically expressed during intracellular growth which con-

firms the conclusion that sRNAs are required for virulence of the bacterium. Future devel-

opment should aim at the establishment of methods and techniques to enable the identifica-

tion of targets of sRNAs to enable us to understand the regulatory response triggered by 

the organism when shifting from extra- to intracellular environment. 
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5.1 Contribution 

The author conceived the structure of the review and drafted the manuscript in collabora-

tion with M.A.M.. In addition, the author contributed figures and tables and was involved 

in comparative analysis of sRNAs from five pathogens. 

 

5.2 Abstract 

 

The number of drug- and multiresistant bacteria has increased substantially in recent years 

and therefore the demand in health care of new approaches for identification of putative 

targets and development of new anti-infectives gains a new as well as important signifi-

cance. Small regulatory RNAs promise to become new drug targets, since their explicit 

role in gene expression is still mostly unknown for wide-spread gram-positive pathogens. 

This review focuses on current knowledge about sRNAs of the five major socioeconomi-

cally relevant gram-positive pathogens Listeria monocytogenes, Staphylococcus aureus, 

Streptococcus pyogenes, Enterococcus faecalis, and Clostridium difficile. It will summa-

rise the current state of next generation sequencing techniques and closely related bioin-

formatics considering identification and classification of sRNAs. Finally, an outlook about 

the future use of modified peptide nucleic acids (PNAs) for inactivation of sRNAs, as well 

as the rapid and specific detection of pathogens is offered. 
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5.3 Introduction 

 

Small non-coding RNAs as well as micro RNAs (miRNAs) are a current subject of study 

for eukaryotes and could be identified to act as key regulators of several cellular processes 

[66]. Since these types of RNAs represent an extra layer of gene regulation, it is not sur-

prising that e.g. expression of miRNAs could be detected in various types of tumour cells 

[66, 67]. 

In contrast to eukaryotes, the function of sRNAs in prokaryotes is almost completely un-

known. In general, sRNAs act as additional regulators of transcription, translation and af-

fect mRNA stability [1]. Major interaction comprises pairing with RNA, adopting struc-

tures and binding of RNA-protein complexes [68]. As already introduced for other areas of 

science, E. coli acts as a model organism for which several identification techniques were 

established. These include microarray, shotgun cloning, co-purification with proteins and 

the development of in silico tools for the prediction of putative sRNA candidates [69]. Fur-

ther investigation of e.g. Salmonella typhimurium revealed a clear relation of sRNAs and 

virulence [70]. 

A survey of the presence of sRNAs in five major gram-positive pathogens revealed 103 

sRNAs for L. monocytogenes [53, 56, 71,72]. 12 sRNAs were identified for S. aureus, 

some of which showing differential patterns of expression in pathogenic strains, suggesting 

an involvement in virulence [73]. Only two sRNAs could be identified and further studied 

for S. pyogenes [74, 75], whereas for S. pneumoniae five candidates were verified [76]. 

Currently, sRNAs are mostly associated with stress response, iron homeostasis, outer 

membrane proteins, various metabolic systems (especially sugar metabolism) and quorum 

sensing. sRNA involvement in important functions as well as various experiments suggest 

an essential role for regulatory RNAs for the pathogenicity of many bacteria. 

To further examine these hypotheses, a European consortium has been established which 

uses current technologies such as novel high throughput sequencing, state of the art bioin-

formatics, whole genome transcriptomics and proteomics combined with standardized mo-

lecular characterisation methods to investigate production, regulation and impact on patho-

genicity of sRNAs in these high-risk pathogens. 

Finally, results should enable the consortium to develop novel therapeutics on the basis of 

PNAs and to use this knowledge to create very fast and highly specific diagnostic test sys-

tems. 
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Listeria monocytogenes 

L. monocytogenes is a facultatively anaerobic intracellular pathogen that is tolerant to low 

temperature, low pH and high salt concentrations. Seven species are currently known of 

which L. monocytogenes can cause fatal infections with a mortality of up to 30% in hu-

mans and animals, with disease patterns ranging from meningitis, abortion, prenatal infec-

tions to gastroenteritis [77]. The most striking feature is the ability to invade, survive and 

replicate inside vertebrate host cells. Several abilities are required for successful intracellu-

lar survival, however the most important genes are organized within the extensively stud-

ied VGC cluster [78]. Based on their mode of action, sRNAs can be divided into two 

groups: (i) cis-regulatory RNAs (UTR) and trans-acting RNAs. Cis-regulatory RNAs e.g. 

modulate their structure through the binding of metabolites or temperature changes. Both 

types of sRNAs often act by fine-tuning expression to react to changes in environmental 

conditions. The first reported cis-regulatory RNA is the well-known virulence regulator 

PrfA [79]. PrfA is located at the very start of the VGC and acts as an RNA thermometer, 

which enables the transcription of the VGC at higher temperatures (~37°C). Other genes 

which are essential for intracellular survival are also controlled by 5‟-UTRs such as actA, 

hly, and inlA. Further structures like the Hfq chaperone support the effect of sRNAs in 

stress tolerance and virulence [80]. 

In the past, a number of transcriptomic studies have been performed and beside findings of 

several specific adaptational strategies, we found that approximately 17% of the entire 

chromosome is regulated to ensure intracellular survival [7]. The first whole genome 

sRNA study was performed by Toledo-Arana and colleagues in 2009 using Affymetrix 

tiling arrays. They studied sRNA expression under five different conditions e.g. exponen-

tial and stationary phase in BHI, low oxygen, high temperature, and human blood. This 

experiment identified 103 putative regulatory RNAs, and the first comprehensive operon 

map of L. monocytogenes. Nevertheless, further detailed studies are necessary to under-

stand the exact role of sRNAs for the adaptation to specific situations. 

 

Staphylococcus aureus 

This bacterium is a major cause of nosocomial infections worldwide with a still increasing 

number of multiple resistant strains. Currently, only two fully sequenced genomes are 

available including 32 annotated sRNAs. The well studies virulence factors are under tran-

scriptional control of an sRNA called RNAIII. RNAIII was the first sRNA for which an 

involvement in virulence was described [81]. In the year 2005, 12 sRNAs were identified 
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by a comparative approach using strain N315 [73]. Geismann and colleagues identified 11 

additionals RNAs through a transcriptional analysis mainly based on growth phase exper-

iments using three strains of S. aureus (RN6390, Newman and COL). Since knowledge of 

sRNAs and their role in virulence is still limited, Geismann performed further tran-

scriptomic and proteomic analyses and revealed an important regulatory RNA (RsaE). 

Since the current number of identified sRNAs still do not represent the complete catalogue, 

new studies using whole genome tiling array and next generation sequencing are supposed 

to produce a more comprehensive picture of sRNA content under different conditions. 

Identification and characterization of important regulatory elements may produce new tar-

gets for therapeutics in the future. 

 

 

Table 6 Overview of published gram-positive sRNAs of the genera  

Staphylococcus, Streptococcus, Enterococcus, Clostridium and Listeria 

Streptococcus pyogenes 

This exclusively human pathogen is responsible for over 500,000 deaths yearly through 

severe invasive diseases revealing a major impact of these bacteria for global mortality 

[82]. As in several other bacterial species, research on the role of sRNAs in e.g. virulence 

has become a major focus. Two independent bioinformatics approaches (Sipht and MO-
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SES) identified multiple putative sRNAs, however later verifications showed a relatively 

low overlap between prediction and experiment. This may be a result of inconsistent condi-

tional parameters and a limited amount of basic information to develop robust prediction 

algorithms. 

Later experiments revealed and characterized two important sRNAs (sagA and fasX) which 

are at least partially involved in adherence and internalization of GAS [83] and thus medi-

ate virulence gene regulation. Whole genome based tiling array analysis revealed 40 addi-

tional candidates, which reveal contrary results to further studies [84]. 

In summary, 40 candidates were identified by tiling array, three were identified and char-

acterized experimentally, whereas 39 were predicted by two bioinformatics approaches. 

 

Enterococcus faecalis 

E. faecalis is a further human commensal strain and also known to cause nosocomial infec-

tions affecting mainly young and immunocompromised patients. Despite the ability to ini-

tiate endocarditis, meningitis, pneumonias, peritonitis, visceral abscesses, and urinary in-

fections [85], E. faecalis is also used in the food industry e.g. as probiotics [86]. Thus, it is 

very important to increase efforts in understanding the mechanisms which turn commensal 

living bacteria into dangerous pathogens. 

Currently, only few transcriptional regulations are studied and mechanisms of virulence are 

poorly understood. Only one regulation based on two sRNAs (RNA I and RNA II) has 

been studied in more detail. Beyond that, only predictions of 17 putative candidates via 

Sipht software are available. Compared to other studies of gram-positive bacteria, the 

number of potential candidates of sRNAs in this germ remains high. 

 

Clostridium difficile 

C. difficile belongs to the group of nosocomial pathogens and can cause severe forms of 

colitis, pseudomembranous colitis and bowel perforation [87]. These are mainly caused by 

the well-studied toxins A and B, but mechanisms of gene regulation remain unclear. Fur-

thermore, the roles of sRNAs are completely unknown for pathogenesis of C. difficile. For 

C. perfringens, only one study exists which reveals the first insights into the regulation of 

toxins by sRNAs in Clostridia. It is thus very important to fill this knowledge gap by the 

identification and characterization of novel regulatory small RNAs of C. difficile. 
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General usage of RNA-binding proteins remains unclear 

Half of all currently sequenced bacteria encode a Hfq homologue which improves the pair-

ing between sRNA and target mRNA, and supports the stability and translation of many 

mRNAs. Surprisingly, several strains in this study seem not to use Hfq for sRNA-mRNA 

interactions [88] or do not encode a Hfq protein at all. 

It is therefore essential to establish the mechanisms that allow these bacteria to bypass the 

use of such RNA-binding proteins. 

 

sRNA identification methods 

In the past, small regulatory RNAs were hard to detect as only few techniques were availa-

ble to verify short transcripts. The first sRNA were accidently identified by radiolabeling 

of total RNA four decades ago [89-91]. The technical evolution over the last decade went 

from single labelling and sequencing to whole genome approaches such as the SELEX 

approach [92], whole genome shotgun sequencing [93], microarrays [94] and finally to 

NGS-technologies to complete the catalogue of sRNAs for many bacteria. 

Description of the whole genome sRNA expression of bacteria became possible in a spe-

cific growth condition after introduction of the tiling microarray approach. This requires 

the development of an appropriate array design to cover e.g. the whole genome or only 

intergenic regions. While most known sRNAs are encoded within intergenic regions, an 

array design of the intergenome is more cost effective and offers the opportunity to opti-

mize parameters such as overlap and length of probes, melting temperatures, and control 

probes to improve detection quality. To further optimize sRNA identification, a two phase 

experiment can be performed, were the first round covers the whole bacterial genome and 

a second round focuses on promising regions with different parameter settings in terms of 

e.g. length and overlap of probes to achieve a higher resolution. 

To further increase detection quality, an accurate size selection reduces the complexity of 

the RNA sample. Furthermore, direct labelling is preferred because amplification induces 

inaccuracies. Next-generation sequencing offers a new level of sRNA analysis, because the 

amount of generated information enables an unsurpassed accuracy in terms of e.g. start and 

stop position of transcripts, no signals-errors through cross-hybridizations, and detection of 

other transcriptional activities, which support the identification of sRNA candidates. How-

ever, the growth of data creates new challenges in information processing and interpreta-

tion. 

 



Chapter IV 

Comparative genome-wide analysis of small RNAs of major Gram-positive pathogens: from identification to application 

Intracellular survival of Listeria  Seite 54/238 

 

Prediction and target identification of sRNAs 

Prediction of small regulatory RNAs, especially cis-acting sRNAs, remains an open prob-

lem. The majority of available software uses nucleotide sequence, motifs, and homology 

based alignments as input. In the past, algorithms tried to find the lowest free energy of 

structured RNAs [95], but Rivas and Eddy [96] showed that minimum free energy (MFE) 

cannot be used as a distinction as it is not specific enough. Another approach was based on 

the observation, that sRNAs have a mean GC-content of 50% [97]. However, this method 

is only applicable to AT- or GC-rich organisms. 

Comparative analysis arguably represents the optimal strategy for the in silico identifica-

tion of sRNAs. Several groups tried to identify novel sRNAs by comparing related genome 

sequences and searching within highly orthologous regions for either thermodynamic in-

formation or covariant evidence. 

The most widely accepted de novo prediction method is the HMM algorithm used by the 

Rfam database. Rfam identifies individual characteristics of a set of sRNAs and creates a 

flexible pattern of this sequence. Similar transcripts can then be screened for this pattern. 

The majority of HMMs were constructed for trans-acting RNAs including riboswitches, 

since automatic classification is till date the most reliable in silico prediction for type of 

RNA. Several other software programs such as SIPHT [17], sRNAscanner [18], and MO-

SES [98] attempt to identify new sRNAs on the basis of e.g. phylogenetic analysis, pres-

ence of Rho-independent terminators, comparative analysis, and presence of transcription 

factor binding sites. Current software evaluation showed a rather small overlap between 

prediction and experimental identification, but with the discovery and verification of fur-

ther sRNAs the algorithms will become more precise. The next level of sRNA research 

focuses on the identification of targets, which requires computational predictions as well as 

experimental verification. Several tools are available to predict putative targets for a given 

nucleotide sequence. Software like TargetRNA [99] or IntaRNA [100] compute, based on 

base-pair-binding, the minimum free energy of a e.g. hybridized RNA-DNA complex to 

identify its possible targets. 

 

Antisense RNAs as a putative treatment of infections 

Increasing knowledge about sRNAs and their role in regulation in e.g. pathogenesis, makes 

this class of RNAs interesting for drug development. To date, antisense RNAs are tested to 

treat e.g. diabetes, cancer, asthma, and arthritis. While the first and second generation of 
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those drugs struggled with parameters such as stability, delivery, specificity, low binding 

affinity to complementary sequences and toxic side effects, a new class of analogues was 

needed. Third generation of antisense agents comprisedlocked nucleic acids(LNA), phos-

phorodiamidate morpholino oligomers (PMO) and peptide nucleic acids(PNA). LNAs have 

still difficulties with self-binding due to self-complementary sequences, a negatively 

charged backbone and stability. In contrast, PMOs and PNAs which own a neutral back-

bone, offer a good specificity and increased duplex stability in complexes with RNA and 

DNA. PMOs and PNAs primarily differ in their solubility in water whereas thermodynam-

ic properties of PMOs are not well defined and thus not comparable to PNAs. 

Since PNAs are well defined in terms of chemical and biological stability, solubility, speci-

ficity, and duplex stability, they are excellent candidates for drug development. To over-

come cell-wall permeability, PNAs will be coupled to cell penetrating peptides (CPPs) 

mediating the non-invasive transport into the cell. The most commonly used CPP is (KFF3) 

K, but Mellbye and colleagues recently showed improved cell delivery by modifying ami-

no acid composition[101]. The development of efficient CPPs is an emerging field with an 

enormous potential for the future. The first proof of principle was published by Tan and 

colleagues [102] demonstrating a drug (coupled CPP with PNA) against a bacterial infec-

tion. A combination of CPP and PNA as an antisense drug is a promising alternative to 

actual antibiotic treatments in the future. 

 

PNAs for diagnostics 

Putative drugs comprising PNAs are attractive anti-infective agents because of their speci-

ficity and stability, and their ability to be used for detecting small regulatory RNAs in di-

agnostics systems. Current standard diagnostic tests are based on nucleic acid interactions 

Fig.19 Standard lateral-flow assay device 
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(PCR) which require trained personnel and time to complete these test are not suitable for 

point-of-care-testing (POC).Standard LFAs use immobilized oligonucleotides on a nitro-

cellulose membrane for the chromatographic detection step. To adapt this principle for the 

identification of nucleic acids, several interim steps have to be performed, which reduce 

the usability in POC testing. 

Therefore bead technology was successful applied to LFAs. Gold nanoparticles are used, 

because they are small, easily visible and robust in manufacturing [103]. Mao and col-

leagues describes typical detection limits with around 2.5 mg DNA ml
-1

[104]. To further 

increase sensitivity, several modifications such as multiple hapten moieties, fluorescence 

lables, and quantum dots have been tested. All modifications improved sensitivity to a cer-

tain degree but background noise and costs prevent commercial application so far. To 

overcome these obstacles, members of this consortium used superparamagnetic nanoparti-

cles which were intensively studied in the past and exhibit advantages such as commercial 

availability and surface chemistry, as well as stable paramagnetism to prevent clustering. 

The major advantage stems from the very low magnetic background of most samples, 

which permits detection of very low signals when compared to fluorescence or optical de-

tection. 

 

5.4 Conclusion 

 

The actual state of affairs about identification and characterisation of small regulatory 

RNAs in the major five gram-positive pathogens only describes a subsection and will be 

extended with the increasing number of additionally sequenced genomes of these five 

pathogens. This information provides the base for further research within the area of regu-

latory networks, the systematic understanding of pathogenic features and the development 

of novel therapeutic drugs. As described previously, sRNAs form potential markers for 

diagnostics and will become increasingly relevant for POC application. 

The most interesting questions for the future will be: (i) what is the mechanism behind the 

action of sRNAs (ii) to which extent are sRNAs involved in pathogenesis, (iii) can sRNAs 

be used as novel targets for therapy e.g. with PNAs, and (iv) how successful is the use of 

sRNAs for diagnostics in e.g. lateral flow assays. 
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6 General Discussion 

This thesis demonstrates, in a chronological manner, the rapid development of the last few 

years in the area of high-throughput technologies and their invaluable contribution towards 

understanding the biological phenotype. The dramatic progress of these technologies is 

documented here as it describes the progression from microarrays to RNA-Seq using NGS 

technologies within the lifetime of this thesis. 

 

The major focus of bioinformatics when dealing with microarray technology deals with the 

statistical analysis of expression data. Other possible issues such as the volume of data, 

complexity and computing power are negligible. Unlike the analysis of microarray based 

data which involves work on data encompassing several megabytes, NGS primary data 

ranges up to terabytes. Whereas a standard microarray analysis was manageable on a regu-

lar desktop computer, analyses of data of NGS technologies require high performance 

computing (HPC). Even today primary datasets are already too large to be transported via 

the internet. This massive expansion necessitates new investments in hardware, software 

and experienced personnel to be able to keep up with the progress of next generation tech-

nologies. 

 

Therefore, the primary job of a bioinformatician does not only include the use of pre-

package software for data analysis, but also involves creation of a hardware environment 

for data aggregation and processing, development of specific software for quality control, 

visualization tools, modelling and analysis for interpreting data for studies and publica-

tions. 

 

At the beginning of this thesis, the primary job was focused on the analysis of data derived 

from microarrays. Even though standardized workflows for the manufacturing and analysis 

of microarrays were available at that time, these softwares revealed various drawbacks. To 

create a seamless platform that could analyse such data in a generalized way, new software 

solutions were implemented with specific idiosyncrasies of a particular technology with an 

emphasis on data quality. 
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Fig.20 Overview of the current work- and analysis workflow 

 

Comparative whole genome transcriptome analysis reveals common and divergent expres-

sion profiles for intracellular survival 

The availability of genome sequences from representative Listeria monocytogenes strains 

of different lineages permitted the design of consensus microarrays covering commonly 

occurring genes as well as strain-specific ORFs to examine gene expression of these strains 

under extra- and intracellular growth conditions. This allowed the correlation of genome 

content and expression analysis for individual strains. In addition, comparative bioinfor-

matic analysis was used to characterise new pathogenic traits as well as to detect strain 

specific adaptive genes for intracellular survival. 

The greatest challenge of this section of this thesis was the detailed comparison of four 

highly syntenic genomes and the evaluation of rather large expression data sets. Further-

more, genome content was linked to transcriptome data in order to obtain comparative in-

formation on Listeria’s adaptation to the intracellular milieu. To enable structured analysis 

of this quantity of data, a new microarray workflow entitled MARS II were implemented. 

In MARS II modules from the existing program was extended by developing software 

packages that allowed better quality control, a scripting interface, storage of results in a 

central database, and the possibility for the generation of different kinds of exports. 



General Discussion 

Intracellular survival of Listeria  Seite 59/238 

In the first section of the work, it was necessary to close the existing gaps in the genome 

sequences of pathogenic lineages II and III, represented by th eL monocytogenes 4b CLIP 

80459 and 4a L99 strains. For further in depth analysis, manual curation was used to anno-

tate individual genomes. Thus the first complete comparative analysis of the gene content 

could be performed, indicating that the reduction and loss of virulence factors and surface 

proteins dramatically affected the intracellular survival rate. Deletions of internal repeats of 

the ActA gene were detected in some strains. Loss of a single repeat resulted in decreased 

intracellular bacterial motility which may affect survival. In contrast, duplications of 

transport genes such as those involving PTS-systems, or the presence of certain bacterio-

phage genes had a positive impact on intracellular growth. 

We combined whole transcriptome analysis of these four strains under conditions of extra-

cellular- and intracellular growth using the Febit Geniom platform. This platform allowed 

the generation of highly reproducible arrays comprising all ORFs of all strains. 

The experiment was characterized by the high number of technical as well as biological 

replicates. Overall, 144 individual experiments were performed which allowed very accu-

rate (low error rate) observations of differentially regulated genes. Unsurprisingly, the 

analysis revealed increased intracellular induction of virulence-associated genes as well as 

of many PTS systems. A remarkable observation was a change in metabolic flux whereby 

bacteria shifted from the use of glycolysis pathways to those involving the pentose phos-

phate pathway to produce pentose sugars for biosynthesis. As use of the PPP is associated 

with the production of reducing equivalents of NADPH, this is expected to counteract oxi-

dative stress experienced by the bacteria during intracellular growth. Interestingly the most 

highly expressed intracellular genes included those within the lma operon and its adjacent 

genes. The function of prophage-related genes for intracellular survival is poorly under-

stood. However, their importance in intracellular bacterial growth is demonstrated by the 

fact that mutants lacking these genes are attenuated for infection in the mouse model. 

Downregulation of genes involved in nucleic acid biosynthesis, i.e. for DNA and RNA, 

expression of tRNA synthetase, as well as cytochrome synthesis indicate that bacteria 

growing intracellularly reduce replication rates to lower their energy consumption. This is 

supported by the observation that bacteria growing extracellularly in BHI medium double 

once every 30 minutes as compared to > 70 minutes for intracellular growth. We observed 

lowered expression of flagellar genes during intracellular growth, which supports the no-

tion that intracellular motility is ActA based while extracellular motility is governed by 
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flagella. In addition, it has been shown that flagella are recognised by intracellular pattern 

recognition receptors (PRRs) which activate host immune responses. 

 

Infection of IFN-γ activated macrophages by L. monocytogenes requires bacterial adapta-

tion to oxidative and nitrosative stress 

During infection, L. monocytogenes are often confronted with activated macrophages 

whose killing abilities are enhanced by the release of cytokines. Activated macrophages 

remove and kill bacterial pathogens by the induction of a large array of microbicidal fac-

tors including reactive oxygen and nitrogen oxide as well as antimicrobial peptides. Fur-

ther microarray analysis, based on the in-house developed platform, revealed listerial regu-

lation of numerous genes to counter oxidative stress. Additional bioinformatics analysis 

showed that listeria has an increased demand for tryptophan during replication in activated 

macrophages. This is achieved by the induction of enzymes which are involved e.g. in the 

anthranilat synthesis or the kynurenine pathway. 

The primary challenge of this section was the wet lab experiment itself, which involved 

working with nanogram quantities of RNA as compared to six μg of RNA required for a 

regular microarray experiment. Generally, MOI‟s should be very small to ensure a natural 

cellular response. However, when using small MOI‟s, the resulting amount of RNA is cor-

respondingly low. The difficulty of the experimental setup also resulted in relatively small 

signal to noise ratios from hybridization. Bioinformatics analysis was employed to deter-

mine optimal cutoffs and filters to distinguish between real signals and technical artefacts 

while the entire assay operated at the limit of detection. Final parameter settings could only 

be obtained through an iteration via several settings. Since the whole experiment was car-

ried out near the limit of detection, we performed quantitative real-time PCR to inde-

pendently confirm over 50% of the genes identified by bioinformatics analysis. 

 

The transcriptional landscape of intracellular gene expression in Listeria monocytogenes 

reveals a central role for small non-coding RNAs 

With the development of NGS, it was possible for the first time to analyse with great accu-

racy the frequency of expression of genes in bacteria growing either extracellularly or fol-

lowing infection. In order to analyse the results of next generation sequencing, develop-

ment of new software was necessary, because the small number of existing tools did meet 

the requirements considering flexibility and transparency. The resulting platform called 

sncRAS allows processing of a wide range of NGS technologies such as 454 Roche, Illu-
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mina or Ion Torrent. Sequence data can be, depending on the condition, analysed via dif-

ferent algorithms and internal pipelines. The platform is based on a central database where 

interim stages of the analysis are stored to enable fast and straightforward re-analysis using 

different parameters. This platform was conceived as a basis for future sequencing projects 

and was designed to keep up with the rapid developments in the area of DNA and RNA 

sequencing. 

Implementation of new hardware with enhanced processing abilities was required for anal-

ysis of data from NGS based sequencing technologies. To enable this, a server with 50 

GBs of memory, a TESLA C2050 graphics processing unit, 24 cores and a large raid array 

with around 12 TB of disk space was installed. Based on the development of the platform 

sncRAS it was possible for the first time to explore the intracellular transcriptome of Lis-

teria monocytogenes. The result of the study was the identification of 71 as hitherto un-

known small regulatory RNAs of which 29 are specifically expressed during intracellular 

growth. Several sRNA candidates were confirmed by northern blots and additionally, 12 

deletion mutants were produced of which three showed an attenuated phenotype during 

intracellular growth. These deletion mutants are the first documented specific small regula-

tory RNA mutants produced that have an important role during intracellular growth. The 

major challenge in this study was the development of analysis tools to analyse high 

throughput NGS data to enable data interpretation in a reproducible and timely way. The 

gained advantage in terms of quality, accuracy and novelty created new challenges for in-

terpretation of the data. Because the intracellular transcriptome can now be mapped at the 

individual nucleotide level, detailed characterization of promoter and termination struc-

tures became feasible, e.g. in determining binding sites for transcriptional factors or re-

pressors that are commonly regulated. Further higher order information can now be gener-

ated by linking commonly regulated genes to pathways in the context of bacterial physiol-

ogy. 

 

A common platform for the analysis of whole genome transcriptomes of important gram-

positive pathogens 

The bioinformatics platforms developed for Listeria monocytogenes were used to analyse 

whole genome transcriptomes of major gram-positive pathogens such as Staphylococcus 

aureus, Streptococcus pyogenes, Enterococcus faecalis, and Clostridium difficile under 

different growth conditions. The major focus of this on-going study is to catalogue and 
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describe the role of small non-coding RNAs in these bacteria during stress and infection 

and to develop novel diagnostic systems for the detection of these major pathogens. 

 

Even though the bioinformatics pipelines developed in this study were focused on examin-

ing and understanding the lifestyle of L. monocytogenes under different growth conditions, 

programs developed during this study can be utilized as general tools for whole genome 

and transcriptome analysis of any microorganism. They provide the base for further devel-

opment of bioinformatics pipelines that examine higher order expression and interactions 

of genes and their products e.g. by defining common regulons or interacting proteins with-

in a signal transduction pathway. By extension, these programs can be further developed to 

examine complex communities by correlating metagenomes and metatranscriptomes. 
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7 Summary 

The rapid technical development in recent years within the scope of sequence detection 

ranging from microarray via tilingarray to direct RNA sequencing enables new insights 

into gene expression as well as gene regulation of hitherto unparalleled accuracy and quali-

ty. 

This thesis chronologically describes the use of currently available technologies to analyse 

the intracellular transcriptome of pathogenic gram-positive germs, especially Listeria mon-

ocytogenes EGD-e. Necessary adaptations and recent developments of the bioinformatics 

workflows facilitated, among other things, comparative analysis of extra- and intracellular 

transcription profiles to identify specific adaptations for intracellular survival of bacteria. 

For this purpose, a sequence of operations composed of existing and new software 

has been developed to ensure a standardized procedure for microarray analysis. Concern-

ing this, the MARS Suite was extended, with the result that MARS II, in combination with 

MARSlab, is capable of uptake and processing of raw data, statistics, analysis, archiving 

and publication. Several studies were published using this framework. 

In search for specific adaptations to the survival under intracellular conditions, transcrip-

tion of intergenic regions was investigated by whole genome tiling arrays. A further devel-

opment of the existing microarray workflow permitted insights into the regulation of inter-

genic regions of L. monocytogenes. For the first time, small non-coding RNAs, large anti-

sense transcripts as well as long untranslated regions were detected under intracellular 

conditions based on this technology. 

Due to the technically limited resolution and the uncertainty of results, the first in-

tracellular transcriptome of the pathogen L. monocytogenes has been sequenced with 454 

Life Sciences technology. A completely new workflow had to be developed for the analy-

sis of this new technology. The resulting software, sncRAS (small non-coding RNA analy-

sis suite) is able to process information from several sequencing technologies, performs 

quality controls and enhances sequence quality through e.g. sequence trimming. Further-

more sncRAS implements a variety of algorithms for mapping reads against reference ge-

nomes as well as for the execution of different analyses and statistics. These supports the 

preparation of lists of sRNA candidates assisted by further data such as promoters, termi-

nators, sRNA predictions, and experimentally verified candidates. Additionally, sncRAS 

allows the generation of several listings and graphics to assist the interpretation of the data, 

as well as the export of experimental data to public databases such as Array Express to 
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facilitate the publication of the data. This workflow was successfully deployed in the pub-

lication of intracellular small RNAs. 

Using genomic as well as transcriptomic analyses of four intracellular Listeria strains rep-

resenting all three lineages by employing the MARS II pipeline, the major differences be-

tween extra- and intracellular growth could be obtained. Initially, complete sequencing and 

annotation of strain L. monocytogenes 4a L99 were conducted. Bioinformatic analysis 

found that a reduction or loss of both, virulence genes as well as surface proteins, has an 

attenuating effect on the intracellular survival. In addition, the loss of several repeats with-

in the actA gene leads to a deterioration of mobility which in turn results in a reduced in-

tracellular survival rate. In contrast, duplication of PTS transporters and presence of differ-

ent prophages had a positive impact on intracellular growth. Furthermore, a switch of the 

metabolic flow from regular glycolysis towards the pentose phosphate metabolism may 

serve multiple purposes including the production of NADPH countering oxidative stress. 

Another challenge was presented by the investigation of gene regulation of bacteria, which 

were extracted from IFN-γ activated macrophages. Due to the experimental setup, resulting 

signals were recognized near the detection limit. The analysis revealed a significant shift 

on the transcriptional level to counter oxidative as well as nitrosative stress in combination 

with an increased demand for tryptophan during replication. 

In the following course of the dissertation, the intracellular intergenic transcriptome of L. 

monocytogenes was examined in detail for the first time using modern RNA-Seq technolo-

gy. As a result, 71 previously unknown sRNAs, of which 29 were expressed specifically 

intracellular, could be added to the collection. Based on phenotypic studies of 12 deletion 

mutants a strong influence of sRNAs upon intracellular survival could be demonstrated. 

In conclusion, bioinformatic workflows developed in this work can be used as a gen-

eral tool for the analysis of genomes and transcriptomes as well as for the special applica-

tion in search of new structures such as small non-coding RNAs. 
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8 Zusammenfassung 

Die rasante technische Entwicklung der letzten Jahre im Bereich der Sequenzdetektion mit 

Hilfe von Mikroarrays über Tilingarrays bis hin zur RNA Sequenzierung ermöglicht neue 

Einblicke in die Genexpression sowie Genregulation von bislang unerreichter Sensitivität. 

Diese Dissertation beschreibt chronologisch die Nutzung der jeweils aktuellen Technologie 

zur Analyse des intrazellulären Transkriptomes von gram-positiven Keimen, im speziellen 

von Listeria monocytogenes EGD-e. Die hierfür notwendigen Anpassungen und Neuent-

wicklungen der bioinformatischen Workflows ermöglichten u.a. komparative Analysen 

von extrazellulären und intrazellulären Transkriptionsprofilen, um spezifische Anpassun-

gen an das intrazelluläre Überleben von Bakterien zu identifizieren. 

Zu diesem Zweck wurde zunächst ein Arbeitsablauf, bestehend aus vorhandener 

und eigens programmierter Software erstellt, um eine standardisierte Analyse von 

Microarray Experimenten zu gewährleisten. Hierzu wurde weitere Software auf der Basis 

der MARS Suite entwickelt, so dass MARS II in Kombination mit dem MARSlab alle 

Funktionen von der Aufnahme der Rohdaten über Bearbeitung, Statistik und Analyse bis 

hin zur Archivierung und Publikation der Daten zur Verfügung stellen kann. In diesem 

Rahmen wurden bis heute mehrere Experimente erfolgreich publiziert. 

Auf der Suche nach spezifischen Anpassungen an das Überleben unter intrazellulä-

ren Bedingungen wurde als nächster Schritt die Transkription intergenischer Bereiche mit 

Hilfe von Tilingarrays untersucht. Eine Neu- bzw. Weiterentwicklung des vorhandenen 

Microarray-Arbeitsablaufs ermöglichte erste Einblicke in die Regulation der intergeni-

schen Bereiche von Listeria monocytogenes. Mit Hilfe dieser Technologie konnten erst-

mals kleine nicht-codierende RNAs, große antisense Transkripte sowie lange UTRs unter 

intrazellulären Bedingungen nachgewiesen werden.  

Bedingt durch die technische Unschärfe der Microarray-Ergebnisse wurde kurze 

Zeit später das erste intrazelluläre Transkriptom von L. monocytogenes mit Hilfe der 454 

Life Science Technologie sequenziert. Für die Analyse dieser innovativen Technologie 

bedurfte es einer neuen Software (sncRAS), welche den Anforderungen in Bezug auf In-

formationsdichte und Interpretation gerecht werden konnte. SncRAS ist in der Lage, Er-

gebnisse unterschiedlichster Sequenziertechnologien aufzunehmen, Qualitätskontrollen 

durchzuführen und die Sequenzen mit Hilfe verschiedener Algorithmen gegen das Refe-

renzgenom auszurichten. Zusätzlich erlaubt sncRAS die Durchführung von Analysen und 

Statistiken, sowie Erstellung von Kandidatenlisten unter Zuhilfenahme weiterer Daten 
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(Promotoren, Terminatoren, Vorhersagen, verifizierte Ergebnisse etc.). Weiterhin ist die 

Ausgabe von Listen und Grafiken möglich, sowie der Export von Experimenten in öffent-

liche Datenbanken wie z.B. ArrayExpress um die Publikation der Daten zu vereinfachen. 

Dieser Workflow wurde erfolgreich in der Publikation intrazellulärer kleiner RNAs einge-

setzt. Mit Hilfe von genomischen und transkriptomischen Analysen von vier intrazellulär 

wachsenden Listerien aller drei Abstammungslinien, konnten die wesentlichen Unterschie-

de zwischen extrazellulärem und intrazellulärem Wachstum ermittelt werden. Zunächst 

wurde hierzu das Genom des Stammes L. monocytogenes 4a L99 vollständig sequenziert 

und annotiert. Eine komparative bioinformatische Analyse zeigte, dass eine Reduktion 

bzw. Verlust von sowohl Virulenz-Genen als auch Oberflächenprotein-kodierenden Genen 

einen großen Einfluss auf das intrazelluläre Überleben hat. Des Weiteren konnte der Ver-

lust von Sequenzwiederholungen innerhalb des actA-Gens und eine somit einhergehende 

Verschlechterung der Mobilität auf eine verminderte intrazelluläre Überlebensrate gezeigt 

werden. Im Gegensatz dazu haben sich Vervielfältigungen von PTS-Transportern und die 

Anwesenheit unterschiedlicher Reste von Bakteriophagen positiv auf die intrazelluläre 

Überlebensrate ausgewirkt. Darüber hinaus konnte ein Umschalten des metabolischen 

Flusses von regulärer Glykolyse hin zum Pentosephosphat Metabolismus beobachtet wer-

den, was zusätzlich, durch Herstellung von NADPH oxidativem Stress entgegen wirkt. 

Eine Herausforderung bestand in der weiteren Untersuchung der Genregulation von 

Bakterien, welche aus IFN-γ aktivierten Makrophagen extrahiert wurden. Die resultieren-

den Signale bewegten sich, bedingt durch den Aufbau des Experiments, nahe der Nach-

weisgrenze. Die Analyse zeigte eine deutliche Reaktion auf Transkriptionsebene um dem 

aufkommenden oxidativen Stress entgegenzuwirken, sowie einen gesteigerten Bedarf an 

Tryptophan während der Replikation. 

Im weiteren Verlauf der Arbeit wurde erstmals mit Hilfe moderner RNA-Seq Techno-

logie das intrazelluläre intergenische Transkriptom von L. monocytogenes EGD-e näher 

untersucht. Als Ergebnis konnten 71 bis dato unbekannte sRNAs, von denen 29 spezifisch 

intrazellulär exprimiert wurden, identifiziert werden. Anhand von 12 hergestellten Deleti-

onsmutanten konnte, nach phänotypischen Untersuchungen, ein starker Einfluss von 

sRNAs auf das intrazelluläre Überleben nachgewiesen werden. 

Zusammenfassend lässt sich also sagen, dass die in dieser Arbeit entwickelten Bioin-

formatischen Programme und Abläufe sowohl zur Analyse von Genomen und Transkrip-

tomen sämtlicher Bakterien, als auch speziell für die Suche von neuen Strukturen wie z.B. 

sRNAs verwendet werden können. 
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13 Appendix 

 

13.1 Bioinformatics workflows technical manuals 

The following paragraphs include descriptions and technical instructions regarding the 

bioinformatics workflows briefly introduced in the beginning of this thesis. 

 

13.1.1  Microarray workflow 

 

There is a great amount of management and analysis software for microarray experiments 

and resulting data. Finding software which complies with all requirement, and is easy to 

use in a formidable task. With increasing number of differently formatted experiments 

from several sources and the necessity of uniform formats, the importance of flexible soft-

ware rises continually. Only on the basis of uniform data formats is comparative analysis 

from different sources possible. This data analysis has to be transparent and easy to under-

stand because it is intended that it be used not only by computer scientists and bioinformat-

ic personnel but also from lab personnel without any extended knowledge about computers 

and analysis algorithms. The MARSlab program group was developed to save microarray 

experiments from several sources into an uniform format at the basis of the MARS data-

base (TU Graz) and to make transparent analysis possible where all single steps of pro-

cessing are separate and all interim results can be used any desired. Experiments of several 

chip technologies (Affymetrix, cDNA, Oligo) from different databases (ArrayExpress, 

GEO – Gene expression omnibus) and local production serve as sources. The use of indi-

vidual scripts in analysis preparation permits flexibility in their modification because they 

are only binded at runtime. At present MARSlab offers the following pre-processing func-

tionality: Merging of two or more raw data sets, normalization, quality control, imputation, 

export into several formats and graphical output as scatter-, MA-, density plots and 

heatmaps. 

 

Essentials: 
 

Database: PostgreSQL 

The used database management system is based on an open source PostgreSQL project. 

PostgreSQL comes with a broad protocol for transaction control as well as several inter-

faces and procedures for different programming languages. 
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Statistics: R and Bioconducter 

The programming language R is only used by scripts executed from MARSlab software. R 

is an open-source scripting language mainly used for statistical analysis. Compared to oth-

er sources such as “S” or “S-Plus”, R has advantages in speed and flexibility. R possess a 

central archive CRAN (comprehensive R archive network) where plenty of additional 

modules can be obtained. 

Furthermore, Bioconductor provide an extensive resource of modules for specific bioin-

formatics tasks e.g. for the analysis of Affymetrix data or for various statistical tests.  

 

Programming language: Java 

The basis for MARS and MARSlab is the object oriented and cross-platform programming 

language Java developed by SUN Microsystems (taken over by Oracle 2008). Advantages 

of Java are the cross-platform and webstart ability which makes developed software flexi-

ble and through Java webstart secure. In recent years Java community developed a wide 

range of additional modules such as JavaBeans, Applets, Portlets, SOAP and RMI which 

makes this language even more attractive. 

 

Interface 

Microarray retrieval and storage system (MARS) 

The underlying software MARS has been completely developed in Java combined with a 

standard interface to PostgreSQL and is organized as two independent modules. The main 

database of MARS consist of 191 tables and serves for the main module retrieval and  

 

storage system as well as for the second module which is responsible for the user man-

agement. Both modules run independently as server processes served by a JBOSS server. 

They enable the user to view, organise, complete and delete stored microarray data. The 

Fig.21 MARS interface 
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user management module makes sure that only authorized people can view, modify or de-

lete data. 

 

 

 

Each Experiment has to be created in the central experiment explorer. When creating a 

new experiment, several information‟s such as study design, protocols, quality controls, 

experiment parameters etc. are necessary. Once a main experiment is created, several types 

of data can be imported via the import function of the additional developed MARSlab tool 

(described later). Imported or entered data can be easily inspected and modified via the 

structured web interface of MARS. Even microarray raw data can be verified over the 

web-interface, because all information‟s are stored in the central database. 

 

 

Fig.23 Raw data 

Because the basic version of MARS supports no batch or automatic import of microarray 

data and provide no opportunity for statistical analysis, we developed an additional tool 

MARSlab. 

  

Fig.22 MARS experiment view 
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MARSlab 

MARSlab consist of a combination of R-scripts and Java modules that compensate for not 

available functions in the original software. Java code (version JDK1.6.0_04) was used to 

develop the central backbone of MARSlab which employs Java Webstart from SUN and is 

served via the APACHE web server of version 6_0_16. An advantage of this construction 

is the ease of use for the user, because the software itself will be automatically downloaded 

and started from the server. No local installation or configuration is needed. To enable 

webstart functionality a JNLP file has to be created within the installation directory. This 

file administers access privileges, procedures, and different parameters for specific pro-

grams like R. 

 

 

 

 

 

 

 

 

 

 

 

 

Concept 

The storage and management of all data as well as the export of e.g. MAGE-ML formatted 

experiments is organized and implemented in the basic MARS software. Additional fea-

tures such as the import of several experiment- and data formats of different sources and 

technologies into the central MARS database and the analysis part with functions for merg-

ing, normalization, imputation, quality control (QC), export and generation of graphics and 

plots was developed with in the MARSlab module. 

  

<?xml version="1.0" encoding="utf-8"?> 
<jnlp> 

<codebase="file:///apache-tomcat-6.0.16/webapps/t2m" href="t2m.jnlp" /> 
<information> 

<title>Transmission2MARS</title> 
<vendor>Andre Billion / Martin Rieger</vendor> 

</information> 
<resources> 

<j2se version="1.6+" /> 
<jar href="file:///apache-tomcat-6.0.16/webapps/T2M/T2M.jar" /> 
<jar href="file:///apache-tomcat-6.0.16/webapps/T2M/myBib.jar" /> 
<jar href="file:///apache-tomcat-6.0.16/webapps/ 

T2M/postgresql-8.3-603.jdbc4.jar" /> 
</resources> 
<security><all-permissions/></security> 
<offline-allowed/> 
<application-desc main-class="transmission2mars_00"> 
<argument>apache-tomcat-6.0.16/webapps/T2M/MARSlab.conf.WIN</argument> 
</application-desc> 

</jnlp> 

Fig.24 Example of a configuration file 
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A standard procedure of a microanalysis can be described in six steps: 

1. Input of a new Experiment via the MARS interface. Data of MAGE-ML, MINiML, 

Febit, Imagene and Spotfinder formats are supported and a guided process ensures 

a uniform database and data structure. 

2. Pre-processing of input data with tools of the MARSlab suite such as merging, QC, 

normalization and imputation. 

 

Fig.25 MARS structure 

3. Data export for statistical analysis 

4. Analysis of data via external software (SAM &RankProducts) 

5. Import and graphical illustration of results 

6. Export in MAGE-ML format for submission to public databases such as ArrayEx-

press of GEO 

 

Configuration 

In order to keep configuration flexible, a central configuration file contains all parameters 

for environment- and server typical setting such as paths and needed files and programs. 

The file (MARSlab.conf) is used in both modules and is tabulator separated! 

 

parameter firstvalue secondvalue description 
 

      

RSCRIPT Path tolocalrscript version serveral lines (for each script) are possible 

MARSDUMMY Username: marsdummy Password: marsdummy essential for database access 

(change before first use) 
USERMANAGEMENT Username: usermanagement Password: usermanagament 

INFO Path to info.gif     

BANNERLEFT Path to left banner element     

BANNERRIGHT Path to right banner element     

LOG Path to log files   Contains all program stages as well as errors  
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DBDRIVER postgreSQLdriver   e.g. org.postgresql.driver 

DBURL URL to used MARS DB   e.g. jdbc:postgresql://localhost:5432/mars 

SCRIPTS Path toscripfolder   This folder contains scripts for normalization 

QC Path to qc.jar   Quality control 

OS WINDOWS or LINUX   OS 

TEMP Path fortemporaryfiles     

Table 7 MARS configuration script 

The following listing represents the default configuration file which we include in our ini-

tial version: 

 

 

Entries like INFO, BANNERLEFT, and BANNERRIGHT refer to files which are provid-

ed with the basic program. To change icons, colors, style, graphics etc. customize corre-

sponding default files. The option RSCRIPT can be used multiple times. This is needed in 

cases where several modules of e.g. bioconducter are used which require different R ver-

sions. Selection of the respective version is managed via a pop-up window. 

The options MARSDUMMY, USERMANAGEMENT, DBURL, and DBDRIVER are 

essential for the use of the central database. Usernames are fixed whereas associated pass-

words should be change after installation. Additional users and groups can be created via 

the user management module of MARS. Parameters such as DBURL and DBDRIVER are 

specific to each host system. Please contact your local administrator if you need assistance. 

 

Construction of an Array design file (ADF) 

The array design describes the structure of the respective chip technology used. Each spot 

is represented by several informations such as position, expression intensity, and identifi-

ers. For an import of experimental data into the MARS database and for the export to a 

RSCRIPT /MARS/R-2.7.0/bin/Rscript  2.7.0 
RSCRIPT /MARS/R-2.8.0/bin/Rscript  2.8.0 
MARSDUMMY marsdummy marsdummy 
USERMANAGEMENT usermanagement sermanagement 
INFO /MARS/T2M-and-MARSlab/images/Info.gif 
BANNERLEFT /MARS/T2M-and-MARSlab/images/jlu.png 
BANNERRIGHT /MARS/T2M-and-MARSlab/images/fh.png 
LOG /MARS/T2M-and-MARSlab/log 
DBDRIVER org.postgresql.Driver 
DBURL jdbc:postgresql://127.0.0.1:5432/mars 
SCRIPTS /MARS/T2M-and-MARSlab/scripts 
QC /MARS/T2M-and-MARSlab/qc.jar 
OS LINUX 
TEMP /MARS/T2M-and-MARSlab/temp 
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public database like ArrayExpress, an array design is an essential condition. The following 

paragraph describes the structure and gives support for the preparation of such a file: 

 

Spalte Beschreibung Kommentar 

MetaColumn Array column 

This combination describes a unique spot on the slide 
MetaRow Array row 

Column column 

Row row 

Reporter Identifier ID Identifier of the gene / molecule 

Reporter Name Name Name of the gene / molecule 

Reporter Comment Description optional 

Reporter BioSequence Database Entry [datenbank] Database entry optional 

Reporter BioSequence Type Molecule type e.g. 'PCR_amplicon' or 'ss_oligo' 

Reporter BioSequencePolymerType Polymer type e.g. 'DNA' or 'RNA' or 'PROTEIN' 

Reporter BioSequence [ActualSequence] Oligosequenz e.g. 'atgcctgacctagtgatcg', optional 

Reporter Group [role] Data category e.g. 'Control' or 'Experimental' 

Reporter ControlType Control type e.g. 'control_lable' 

 

Fig.26 Description of a chip position 

In order to extend an existing MAGE-ML file to a valid ADF, an additional FeatureRe-

porterMap (FRM) is needed. The FRM links experimental with description data via an 

additional matrix. This procedure is faster and even more efficient than building a com-

pletely new ADF. The following table describes the structure and entry of a FRM: 

 

Reporter ID 

(ADF) Reporter ID (Experiment) MetaColumn MetaRow Column Row 

lmo1741 ebi.ac.uk:MIAMExpress:Feature:A-MEXP-752.1.1.26.6 1 1 26 6 

lmo1768 ebi.ac.uk:MIAMExpress:Feature:A-MEXP-752.1.2.1.3 1 2 1 3 

24909 bugs.sgul.ac.uk:BuG@Sbase/Feature:19_1.1.17.1 1 1 1 17 

24649 bugs.sgul.ac.uk:BuG@Sbase/Feature:19_1.1.19.1 1 1 1 19 

TE ebi.ac.uk:MIAMExpress:Feature:A-MEXP-310.1 1 12 12 11 

YOL074C ebi.ac.uk:MIAMExpress:Feature:A-MEXP-310.3.1.12.4 3 1 12 4 

2 F:A-MEXP-66:3.2.8.6 3 2 8 6 
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1 F:A-MEXP-66:3.2.12.6 3 2 12 6 

2 F:A-MEXP-66:3.2.13.6 3 2 13 6 

Table 8 Description of a FRM matrix 

The official MARS and MARSlab manuals contain extensive information on the creation 

off all needed files and formats. 

 

Import of public microarray data 

In order to extend the locale collection of expression data e.g. to enhance comparative tran-

scriptomic analysis, an importer was implemented to e.g. enables the user to download data 

from the public database ArrayExpress from EBI and store them in the MARS database. 

Both databases have a similar structure which supports data import. 

 

 

Fig.27 Used tables for ArrayExpress upload to central MARS database 

Import steps of the guided process of MARSlab: 

1. Download complete experiment archive from ArrayExpress 

2. Copy raw data into tmp folder on the server (can be moved via the webinterface) 

3. Create ADF as described 

4. Define position and label corresponding to columns within MARS and ADF 

a. MARS: raw bio assay data ADF: fmedian,fmean,fstd,bmedian,bmean,bstd 

b. MARS: common raw bio assay data ADF: x,y,diameter 

5. Upload data (may take a while … depends on the number of experiments) 
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The user will be informed if the import was successful. It is highly recommended to re-

check the imported data, because a rollback function was implemented for special cases. A 

subsequent manual rollback is difficult and time consuming, because of the complexity of 

the database and corresponding entries in the data tree structure. 

 

MARSlab - Analyse 

The MARSlab tool enables the user to perform different tasks on the data stored in the cen-

tral MARS database: 

- merge data of replicates 

- normalize data through different 

normalization algorithms 

- impute missing values through the SKNN 

algorithm 

- execute a three step quality control 

- visualisation of data 

- export data into several formats 

 

 

To execute a statistical significance analysis with the SAM-Excel-Plugin, MARSlab solely 

provide a special export in the specific format used by SAM. 

 

Merging 

The merging step was developed to enable MARS to import experimental data from dye-

swap experiments. Dye-swap data contains two signals per oligo, one with the Cyanine3-

Lable (Cy3) and one with Cyanine5-Label 

(Cy5). Both signals are merged and the 

calculated mean value will be stored in the 

database. 

Fig.28 Main menu of MARSlab 

Fig.29 Merging of e.g. two color data 
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Normalisation 

 

The normalization uses an external R-script which has advantages in flexibility and speed. 

MARSlab just provide the input files and is responsible for the uptake of normalized re-

sults.  

 

 
Fig.30 Chooser for normalizing hybridizations 

Normalization is limited to a single experiment. The user has to choose all bioassays of a 

hybridization. Raw as well as further transformed data can be used as input. If the user 

wanted to normalize Hybridization (raw) data, all used raw data blocks (e.g. H21:Cy3) are 

displayed. In the case of transformed data, the user has to choose the options Cy3 or Cy5 

from a dropdown menu. Chosen bioassay pairs 

combined with a unique identifier will be ex-

ported and automatically normalized based on 

the defined normalization script. 

The resulting data matrix is available for down-

load and can then be imported into the MARS 

database. 
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Imputation 

In case of missing expression values caused by e.g. faulty measurements, MARSlab im-

plements the SKNN algorithm [Kim et al 2004] to impute missing values. It is important to 

execute the imputation before the quality control step,otherwise it could happen that the 

corresponding gene will be eliminated through a high percentage of missing expression 

values. Following parameters are needed for the execution of the imputation script: 

Nr Parameter Description 

1 Input file Path to the input matrix 

2 Header Header included? (TRUE / FALSE) 

3 k Count of usedneighbours 

4 Outputfile Path toresultmatrix 

Table 9 Parameters for imputation script 

Special attention should be paid to parameter three (number of checked neighbours), be-

cause this value needs to be adapted to each dataset specifically. 

The program itself is relatively small, since it implements MASS and SeqKnn libraries from 

the R package. Implementation is structured as follows: 

 

 

The result of the sknn-imputation step can be stored, tagged as „transformed‟, in the central 

MARS database. 

 

Quality control (QC) 

The QC step is intended to ensure that analysed data correspond to defined quality values.  

It tags and eliminates signals which are 

identified as outliers to make sure that later 

statistics and analysis are not affected 

through false measured expressions. Genes 

will also not taken into account, if more 

than 50% (default value) of measured sig-

nals over all conditions are missing. Fur-

thermore, it must be ensured that all ex-

pression values are greater than a given 

library(MASS) 
library(SeqKnn) 
param<-commandArgs(TRUE) 
infile<- read.table(file=param[1],sep="\t",header=param[2]) 
sknn5 <- SeqKNN(infile,k=param[3]) 
write.matrix(sknn5,file=param[4]) 
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threshold (e.g. background noise or control probes). 

This QC module will be published as part of publication 11.Hilgendorf et al., and is im-

plemented in MARSlab as a separate Java application. MARSlab provides several methods 

to export data for QC input as well as it takes care of writing the results to database. 

 

Visualisation 

For the purpose of analysis and further quality control, MARSlab implements a visualisa-

tion module. This module is able to produce different 

plots such as scatterplots, MA-plots, histograms, densi-

typlots, and heatmaps. 

Usage of this module is very similar to the merging step 

described before. The user has to choose from a listing of 

the database which experiment and data blocks should be 

visualized.  

Fig.31 Visualization menu 

Scatterplot 

The scatterplot is used to discriminate between two given set of values and calculate the 

degree of similarity. If the pattern of dots slopes from lower left to upper right, it suggests 

a positive correlation between the variables being studied. Following script is used to exe-

cute a R-script based function: 

 

 

 

 

As a result, MARSlap construct a plotfile which can be 

stored by pressing the space key. 

  

par<-commandArgs(TRUE) 
mat.1<-read.csv(par[1],header=TRUE, sep="\t", na.strings="NA", dec=".") 
jpeg(par[2],width=1024,height=1024) 
plot.new() 
plot(mat.1[,1:2],main="Scatter-Plot", cex=0.6) 
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MA-Plot 

The MA-Plot is very similar to the scatterplot, but it correlates A and M values. A values 

are calculated based on the major spot intensity whereas M values are logged fold changes. 

 

 

 

 

 

 

 

 

 

Histogramm/Densityplot 

Densityplots show the frequency of measured data of one or more bioassays. With this 

kind of plot, outlier and other irregularities can be identified. The function plotDensity 

from the R-library affy is used to create the main plot. For better differentiation it is possi-

ble to choose between a regular and a logarithmic plot. 

 

Fig.32 Regular density 

 

Fig.33 log10 density 

  

par<-commandArgs(TRUE) 
library("affy") 
dat<-read.csv(par[1],header=TRUE, sep="\t", 
na.strings="NA", dec=".") 
amat<-log(dat[,1]+dat[,2])/2 
mmat<-log(dat[,1]/dat[,2]) 
jpeg(par[2],width=1024,height=1024) 
plot.new(); 
ma.plot(mmat,amat,pch=20,cex=.6,main=c("MA-Plot 

",colnames(dat))) 

 
par<-commandArgs(TRUE) 
 
library("affy") 
 
dateimatrix<-read.csv( 
par[1],header=TRUE,sep="\t",row.names=1,dec=".", 
na.strings="NA") 
 
if(length(par)==3 && par[3]=="l10") 
{ 

datenmatrix<-log10(as.matrix(dateimatrix)) 
xl="log10 Intensity" 

} 
if(!(length(par)==3 && par[3]=="l10")) 
{ 

datenmatrix<-as.matrix(dateimatrix) 
xl="Intensity" 

} 
jpeg(par[2],width=1024,height=768) 
 
plotDensiy(mat=datenmatrix,xlab=xl,ylab="Density", 

main="Densities", 

na.rm=TRUE) 
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Heatmap 

MARSlab can create heatmaps based on the regulation of genes from

different bioassays. Genes can be clustered e.g. according to their relation or expression. 

  

par<-commandArgs(TRUE) 
dat<-read.csv(par[1],header=TRUE, sep="\t", 
na.strings="NA", dec=".") 
dmrows<-length(dat[,1]) 
dmcols<-length(dat[1,])-1 
xl<-colnames(dat) 
yl<-rownames(dat) 
dat<-dat[,2:length(xl)] 
dat<-as.matrix(dat) 
jpeg(par[2],width=1024,height=768) 
heatmap(dat,xlab="Label",ylab="Genes",labRo
w=yl,labCol=xl[2:length(xl)], 
col=heat.colors(dmrows),main=c("Heatmap 

",xl),na.rm=TRUE) 
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13.1.2  RNA sequencing workflow 

 

In order to cope with the massive amount of data emerge from NGS technologies, a new 

software called small noncoding RNA analysis suite (sncRAS) has been developed. This 

program connects several analysis steps such as import, quality control, mapping, statistics, 

analysis, visualization, and export for publication. In this project, the emphasis was placed 

on quality and flexibility, since the field of NGS undergoes major changes caused by the 

continually development of new technologies. 

 

Structure overview 

Since this workflow is under continuous development, no GUI based interface has been 

programmed yet. All interactions will be carried out via command line and config files.  

The workflow is currently grouped into twelve basically stand-alone modules, from which 

each module can be easily modified or extended since no dependences are made among 

themselves. 

 

 

Fig.34 sncRAS workflow overview 
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Import of raw sequence data 

Currently three different input formats are accepted. Regular FASTA format which com-

prises a description line and the sequence of the read itself. It should be noted, that this 

input format contains no quality information which may have a negative effect regarding 

mapping quality. 

 

FASTA format 

 

 

 

 

The standard input used in sncRAS is the FASTQ format which uses four lines to describe 

the sequence of a single read. The first line has to begin with a @ character and is used as a 

unique identifier for each read, because by default it describes run number and position of 

this specific sequence (format depends on used technology). Line two is the sequence of 

the described read. Line four start with a "+" character and is optional and is currently not 

used. The last line of the block encodes the quality scores (in ASCII code) of the sequence 

in line two. 

 

FASTQ format 

 

 

 

 

The SFF format is the standard sequence format from 454 Life Sciences and contains se-

quencing results with additional flowgrams. While this format is a binary format and most 

widely specific to 454 sequencing, sncRAS transforms SFF files with the help of sff2fastq 

to FASTQ files. 

 

 

  

>FTLMN9J02D5EI0 length=279 xy=1584_2618 region=2 run=R_2009_04_02_16_27_35_ 

TGGATCTCTTGTAAATGCGCAATGTATAGTTAAGTGACCATGTCTGTGTGTACTTATTAA 

ATATGAATTGGATGGGCTCCCTAGCCTAGTGTCCAGGCGTGGGGGTAGCTTGTCTGTGTG 

CAATTTTCCAACCATTTTGCCATTGAAGTAATCTATGTATAGATATTAGAACTGTAATTT 

TCCTCTTCACTTGATGTTTATTTATATTAAGATAATTTGTCATACTTGAAATATGATCTG 

TTTCTCAATTTCTCCCCACTTCGCAGTGAGTGACAGGCC 

@16_3_1_17374_944:0 

NNNNNNTCTCTGCGCCAATGGTAGTTGGGGGCTTCCCCCTGCGAGAGTAGGTCGCTGCCGGGCAAAAAAAAAAAAA 

+16_3_1_17374_944:0 

BBBBBBHKFHTQTQTYYYYYQHORL[[[[[_________YYYYYYVYYYY_____BBBBBBBBBBBBBBBBBBBBB 
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Central database 

For performance reasons, the central database is stored on a RAID 0 / SSD hardware com-

bination. This setup allows very rapid read-and-write rates of about 500 MB/s and almost 

instant access time which is crucial for searching in tables with plenty of entries. 

 

Since number of entries and size of tables is greatly depending on the particular experi-

ment, the database can easily have around 60 to 100 GB with 600 million to one billion 

entries. 

 

 

Fig.35 Database structure of sncRAS 

Several temporary tables will be created and deleted during a complete analysis run. These 

temporary tables have been designed to increase operation speed. Furthermore, the sole 

purpose of the concept of sncRAS database is justified to enhance operation speed. Disad-

vantages of this concept are usability, redundancy, and less complexity (e.g. it does not 

allow complex linkages to be depicted). 
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Mapping of sequence reads 

Currently, two different mapping methods are implemented in this workflow. The major 

differences between both algorithms are run time, number of tolerated mismatches and 

behavior in cases of insertions and deletions. 

The segemehl algorithm is based on suffix arrays to compute seeds for a mapping starting 

point. After an update, this method is more robust to errors and 5' and 3'-contaminations. 

Furthermore, the algorithm was improved in its matching performance for data sets with a 

higher number of insertions and deletions (as found 454 reads). Best results can be ob-

tained with short and medium reads, however it is not limited to a specific technology or 

read length. 

The main disadvantage of the segemehl algorithm is its run time which results of a higher 

sensitivity. In cases of very large datasets, sncRAS implements the bowtie algorithm. Its 

layout is similar to segemehl and focuses on mismatches while the performance in cases of 

insertions and deletions is not comparable to segemehl. However bowtie is at least ten 

times faster than running segemehl (k=1) on the same dataset. 

Since sncRAS was primarily developed for mapping transcriptomes of prokaryotes, the 

segemehl algorithm is favored for most of the processed mappings. 

 

 

Fig.36 Performance of several mapping algorithms demonstrating  

that segemehl is superior in terms of accuracy [12] 

Mapping sequenced reads against a reference genome with the segemehl algorithm can be 

performed in three steps. First, the input sequence file (reads) in FASTA format must be 

prepared. sncRAS assigns short but unique sequence identifiers and add the nucleotide 

sequence of each read. The next step is the build of an index structure for the reference 

sequence.  

 ./segemehl.x -x chr1.idx -d chr1.fa 
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Options: 

-x name of the returned index file 

- d path and name of the reference genome for indexing 

 

For indexing multiple FAST files, simply list them after parameter „d‟ 

 

 

To map sequenced reads against desired reference, execute following command: 

 

 

Options: 

-i  index of reference sequence 

-d  e.g. sequence of reference genome 

-q  sequenced reads 

--threads number of threads used (number of cores used) 

-k  (0 or 1) defines sensitivity 

>  write output into result file 

 

Result: 

Following table describes 2 lines of results.  

 

 

Table 10 segemehl output 

  

#"descr"

semi 

global

alignment

edist

seed

score

seed

Evalue

seed

qstart

seed

qend

semi 

global

alignment

matches

semi 

global

alignment

mismatches

>1_71_13864_19178:4:GGCG 0 71 0.0000 1 71 71 0

>1_10_5045_5967:4:GGCG 0 71 0.0000 1 71 71 0

semi global

alignment

insertions

semi 

global

alignment

deletions strand

start of 

semi

global

alignment

in 

subject

sequence

end of 

semi

global 

alignment

in 

subject

sequence sequenceidx cigar

0 0 - 1713118 1713188 >gi|57650036 M71;

0 0 - 1713084 1713154 >gi|57650036 M71;

./segemehl.x -x chr1_2_3.idx -d chr1.fa chr2.fa chr3.fa 

./segemehl.x -i chr1.idx -d chr1.fa -q myreads.fa –-threads 64 –k 1 > mymap.sam 
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Add locus information 

Adding additional informations such as promoters, terminators, predictions etc. is the basis 

for a comprehensive analysis. We tried to incorporate data from as many sources as possi-

ble. As a result of this, a regular data record contains up to 50.000 entries. 

 

 

 

 

 

 

 

 

A) CDS 

Coding sequence information were obtained from GenBank flat files from NCBI 

FTP server. (www.ncbi.nlm.nih.gov/Ftp/) 

B) Terminators 

Transcription terminator predictions were obtained from TransTermHP version 

2.09. This roh-independent terminator prediction was performed with a confidence 

score >= 30. (http://transterm.cbcb.umd.edu/) 

C) rbs 

Ribosomal binding sites were obtained from GenBank flat files from NCBI FTP 

server. (www.ncbi.nlm.nih.gov/Ftp/) 

D) trna 

Trnas were obtained from GenBank flat files from NCBI FTP server. 

(www.ncbi.nlm.nih.gov/Ftp/) 

E) rrna 

Rrnas were obtained from GenBank flat files from NCBI FTP server. 

(www.ncbi.nlm.nih.gov/Ftp/) 

F) sRNA 

Small noncoding RNAs were obtain from several prediction tools such as sipht [17] 

or sRNAscanner [18] as well as experimentally verified candidates from publica-

tions or cooperation partners. 

G) Promoters 

Promoter prediction was carried out with a HMM search from PPP server 

(http://bioinformatics.biol.rug.nl/websoftware/ppp) 

EGD-e;Giessen;CDS;318;1673;.;+;.;"locus_tag=lmo0001;product=replication protein;gene=CDS_lmo0001" 

… 

EGD-e;Giessen;terminator;3030;3062;.;+;.;"nSeq=TCCGTCTTGGTTTCAAGGCGGATTCTTTTTTTG;gene=HP_Term" 

… 

EGD-e;Giessen;rbs;305;310;.;+;.;"nSeq=AGGGGG;gene=RBS" 

… 

EGD-e;Giessen;trna;82705;82777;.;+;.;"locus_tag=lmot01;product=tRNA Lys;gene=trna_lmot01" 

… 

EGD-e;Giessen;rrna;237466;239020;.;+;.;"locus_tag=lmor01;product=16S ribo RNA;gene=rrna_lmor01" 

… 

EGD-e;Giessen;sRNA;876921;877173;.;+;.;gene=sRNA_sipht_Candidate_9 

… 

EGD-e;Giessen;promoter;108945;108972;.;+;.;gene=promoter_sigmaA_16bp 
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Visualisation 

Visualization has been realized via the integrated genomics viewer (IGV) developed by 

Broad Institute[19]. Advantage of this software is it‟s possibility to visualize multiple 

tracks at once to enable a direct comparative analysis. Furthermore, IGV can store plenty 

of information within the main memory, making it to the fastest viewer for high reads vis-

ualizations. Following input files are needed and will be generated by sncRAS: 

A) Genome fasta file 

This sequence file is used to display the reference sequence in the browser and 

forms the backbone of the visualization. 

B) GFF annotation file 

The gff file contains all informations added in the locus information step. Given da-

ta will be linked to the genome sequence and is displayed on the bottom of the 

viewer and is used for information and orientation purpose. 

C) SAM file 

The SAM (Sequence Alignment/Map) file contains the actual read / sequence in-

formation. 

 

After importing the reference genome, annotation and sequence files, IGV can be used for 

detailed manual inspection. Since IGV can incorporate all kind of information using gff 

formatted files, this viewer represents a comprehensive solution in analysing all kind of 

sequencing data. 

 

 

Fig.37 IGV screenshot with six lanes 
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Figure 20 shows a typical IFV view with four experiments loaded. Lane 1 indicates the 

actual position in the genome. Lane two to five represent the loaded experiments, divided 

in a Histogram and a read view. 

 

Fig.38 IGV screenshot with minimum zoom  

A very helpful feature of IGV is its progressive zoom. With minimum zoom, the user has 

the possibility to inspect a region of at least 50kb, whereas with the maximum zoom it goes 

down to the base pair level (Fig. 22). 

 

Fig.39 IGV screenshot with maximum zoom 
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Figures and tables 

Currently sncRAS provide data export for three different types figures. Additionally sever-

al lists can be created with informations about distributions and coverage of reads. sncRAS 

can provide data files for the import into GenomeViz [26] to enable the user to generate a 

circular representation of the respective genome with several features. 

 

Fig.40 Circular representation of transcriptomic informations using GenomeViz 

Furthermore, sncRAS provide data exports of calculated distributions and statistical com-

parisons. For example the user wants to compare a set of predicted small noncoding RNAs 

against three other e.g. published candidate lists. Therefore he has to provide the lists of 

candidates to compare with (List must include: identifier, start, stop, strand) and has to 

define an overlap cut off. 

 

Fig.41 sncRAS plots 



Appendix 

Intracellular survival of Listeria  Seite 102/238 

Export to public databases 

sncRAS provides several exports for the submission of experiment data to a public data-

base such as ArrayExpress or GEO. Four different categories of informations are needed: 

 

A) Mage-tab file 

The mage-tag file contains a summary about the whole experiment such as study 

investigation title, experiment description, growth conditions, contact informations, 

and a detailed description about submitted data sets. 

 

 

B) Normalized data 

The submitter has to provide all normalized sequence data sequence data in the fol-

lowing format (readId, mapping start, mapping stop, stand, and sequence): 
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C) Protocols 

Similar to the section Material & Methods of a regular publication, one has to sub-

mit the corresponding protocols of created data. Following protocol types are rec-

ommended: growth, extraction, sample treatment, and sequencing. 

D) Raw data 

Finally, the submitter hast to provide all raw data information of the current exper-

iment. File types depends on used technology (SFF, FASTq etc.). 
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13.2 Appendix publication 1 
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13.3 Appendix publication 2 
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13.4 Appendix publication 3 
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13.5 Appendix publication 4 
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