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Introduction

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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Introduction

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
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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.
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Fig.2 Novel information through RNA-Seq experiments [2]

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

regulatory regions (UTRs) at whole-genome scale depending on examined conditions.
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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. 2¢). 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-

regulatory RNAs [1]
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target mRNA which is cleaved by RNAseE. Currently only a few sSRNA <-> 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.
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S, PRRNNNNS | and nearly all archaea sequenced today. The
Cascads ol system consists of an approximately 500 bp

P
crRNAs C:ﬁs q __1?_1? B leader followed by an array of alternating re-

Jrergeting foreionona | peat and  highly specific spacer sequences.

_ ) Functional CRISPR arrays are flanked by sev-
| pegracation? eral CRISPR associated genes (Cas genes)

"""""""""" which are responsible for maintenance, pro-

Fig.4 Schematic overview of cessing, and targeting of foreign RNA and
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
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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
Fig.5 Probe preparation 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,
[llumina, Ton 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 lon
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,
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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:

Microarray Analysis Next Generation Sequencing
Pros Cons Pros Cons
. . . . low background, . .
relatively inexpensive low sensitivity . . relatively expensive
highly sensitive
simple sample complex sample
P ) p limited dynamic range | lage dynamic range . ) .
preparation preparation
minimal mRNA . . . - .
. not quantitative quantitative limited bioinformatics
preprocessing
. . detection of )
mature informatics & | only known sequence massive tech.
. completely present )
statistics detectable Infrastructure required
DNA/RNA
effectivity based on
) ty . less bias
quality of annotation
large amounts of only nanograms of
source source material
material needed required
competitive/cross
hybridisation
limitations in
reproducibility
(to many possibilities)

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
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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 prf4, 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.
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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
HotStar7ag 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 11
array scanner (GE Health Care) and signal intensities are quantified using Spotfinder soft-

ware from GE Health Care as well.

Automatic slide
‘ hybridisation systemwith Sonfocsl 1aser
twelve hybridisation

chambers

scanner forimaging
microarays

Generation of PCR Twelve neddle pen

products set for spotting
RNA purification from Reverse transcription
bacteria and cDNA labeling

Fig.6 In-house microarray workflow; wet-lab

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].
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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-

AFFYMETRIX, UE_MI
AN 1rousc B ed using sequential K-nearest
& ze-febit

neighbour (SKNN) imputa-

tion following an additional

normalization. Remaining

genes are analysed using

wrapped significance analysis

of microarrays (SAM) soft-

Fig.7 In-house microarray workflow; bioinformatics 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.
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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  S. pyogenes S. aureus E. faecalis C. difficile
1/2a EGD-e Nz131 coL V583 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-controlprabes 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.
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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. ¢) normalization of data by standard
quantile normalization d) statistical analysis to determine expression values €) 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 [llumina 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.
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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).

first path QC store in export
[clipping+trimming] central DB [diff. algorithms]

import of varying
technologies

454

SEQUENCING &Y [ \ “. b ‘ i \-l

calculate stats

, y .
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zation package analysis publication public DB
-’l.lntegrativeGenome\liewer\‘- ( __#“ﬂ P ‘- S e 3 [ q B
ﬂ

T fE
A e e ™ i

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 sSRNAscanner [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.
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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.

Blastlt

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

software tool called Blastlt was developed. Blastlt 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.
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Fig.12 Main interface of Blastlt

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

further investigation.

1. FFM_Contig_13 4646 2889 1758 1758 1758 121738 19 1.44408483793
2. plc_Set1A_Set1B_true FFM_Contig_75 5126 353 865 5630 4775 5630 5126 17 0062 84678134421 031525555080
3. aal FFM_Contig_4 11631 11060 82 653 577 726 27809 155 71.40 79476584022 206817448654
4. aggr FFM_Contig_78 1787 2584 1 798 798 798 3831 1 99.87 100 20.8300704777
5. aggaC FFM_Contig_4 10802 8431 88 2546 2481 2547 27800 649 7219 07.4087161366 8.80279185634
6. ealA_true FFM_Contig_7A 2310 3867 143 1606 1566 4005 12237 488 67.56 382417582418 12.797254229
7. sigA plus hypo true FFM_Contig 13 4646 780 1 3858 3858 3858 1217380 100.00 100 3.16910085504

Table 3 Tabular output of Blastlt
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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:
home KEGG mapper -

KeggMapper ...
Select organism: Fig. 13 General overview map composed of all classified

Listeria monocytogenes 4a
Listeria monocytogenes 4b
Listeria innocua

Listeria monocytogenes EGD-e
Mus Musculus

] »

genes mapped onto all metabolic pathways.

1

N Fig. 15 Standard KEGG pathway visualization, which
T 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.

[ submit ” add additional data ” reset ]

Fig.13 Main input screen
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Fig.14 KeggMapper; complex structure representation
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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 1.99.

2.2 Abstract and Introduction

Here we report the first comparative analysis of Listeria linage 1, 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 /ma 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 1.99 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 Clustal W 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 coefti-
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).

L. monocytogenes L. monocytogenes L. monocytogenes L. monocytogenes L.innocua

4aL99 4b CLIP80459 4b F2365 1/2a EGD-e 6a CLIP11262
Size of chromosome [bp] 2979198 2912690 2905187 2944528 3011208
G+C content [%] 38.2 38.1 38.0 38.0 374
G+C content of protein-coding genes [%] 387 385 385 384 378
Protein-coding genes (pseudogenes) 2925 (1) 2790 (24) 2821 (26) 2855 (9) 2981 (13)
Average length of protein-coding genes [aa] 301 311 303 306 300
Number of rRNA operons (165-235-55) 6 6 6 6 6
Number of tRNA genes 67 67 67 67 66
Percentage coding 88.9 89.4 88.4 89.2 89.2
Number of prophages (genes) 4 (191) 1(16) 1(16) 2 (79) 6 (322)
Plasmid 0 0 0 0 1
Number of strain-specific genes* 111 49 105 120 89
Number of orthologous genes* 2623 2725 2699 2656 2570
Number of transposons 0 0 0 1 0

‘Prophage genes excepted.

Table 4 General features of sequenced genomes in this study

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, 11, and 111

A sequence alignment of the VGC of the four studied strains showed a homogeneous pat-
tern. Closer analysis revealed a truncation of the act4 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 mp/ 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
(Imo0207), however it is unknown if this plays a role in virulence attenuation in 4a 1.99.
Interestingly, the 4a and both 4b strains display an identical deletion of act4 repeats, which

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

Loss of surface proteins in linage 111
Several genes encoding internalins or internalin-like proteins are absent in the L. mono-

cytogenes 4a 199 genome including the entire in/GHE cluster, InlJ as a PrfA-independent
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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 Imo1666, Imo02470, and Imo2821 are absent in the
4a 199 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 .99 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. Inll.

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 /isterial 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 199 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 tol/2a EGD-e.

The CRISPR system of Listeria

The L99 4a genome contains two regions with CRISPR-like structures, while only locus 11
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 |
(~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.

CRISPR locus | Imoda_0513 Imoda_0521
L g
L. monocytogenes 4a L99 - dmdm 4 -
& y
L. monocytogenes 4a HCC23 s  — ogmam @
6
L. monoeytogenes 4a M7 —) — mdm G
L. monoeytogenes 4c FSL J2-071 - p— 108 - o4 -
4
L. monocytogenes 1/2a EGD-e - —) 2 - 4 -
L. monocytagenes 4b GLIP80459 —p  — £= —— r
L. monocytogenes 4b F2365 —) E— s ©
15 A
L. innocua 6a Clip1 1262 —-— 'j—ﬁ_é};«-iﬁ-
CRISPR locus Il Imoda 0525 Imoda_ (0535
7
L. monocytogenes 4a 199 S —-— > <} — w—
: 27
L. monocylogenes 4a HCC23  -dem—m mmmmmpump- S b e —
L. monocytogenes 4a M7 < —s—

i < —-—)

ik

monocytogenes dc FSL J2-071

&

monocytogenes 1/2a EGD-e

-~

monocytogenes 4b CLIPB0459

~

. monocylogenes 4b F2365

i

~

. innpcua Ba Clip11262

CRISPR locus lll Imoda_ 2595 Imoda_2609

L. monocytogenes 4a L99 <4m - Gl { (Cemdamdumo-

monocylogenes 4a HCC23 = - G 4 e gEm -

L. monacytogenes 4a M7 <-4 mp— G4 emendn i

. monocytogenes 4c FSLJ2-071 dmmd-{—mp-4 - Jdmdmdmup- ~ =

monocytogenes 1/2a EGD-e <4m wp g adEdmdup  <$am-

monocytogenes 4b CLIPB0459  <fm<— mp« -dudmdmdmudp- dum 4

monacytogenes 4b F2365 4m  wp o mdmdmimap gmm

 innacua Ba Clip1 1262 ot —— Cc
Fig.16 CRISPR loci in Listeria monocytogenes

~

~

B

i

e

o=

Intracellular survival of Listeria Seite 27/238



Chapter I

Comparative genomics and transcriptomics of lineages I, 11, and 111 strains of Listeria monocytogenes

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 /ma operon and their surrounding phage genes including a conserved holin. The
most conserved locus is the /ma operon (excepting in L.99 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 L.99 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 AlmaB and AlmaD 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 (4lmaB, AlmaD) 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 fla4 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
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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 7/iB 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 Ima. 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 (i1)
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-y-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, ##pE 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 [FN-y 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
2). 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-y stimulation.
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Fig.17 Scatter diagram of intracellular expressed genes

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 H,O, protection [47]. A Na'*-
driven multidrug efflux pump (Imo0990) 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
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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 Imo0807, 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 Imo1445 (zurM) or Imo447 (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 sSRNAs (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. sSRNAs 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 sSRNA
was Hfg from E.coli. Hfg 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 sSRNAs, 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 GSFIx 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 sRNASs.

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 sSRNAs.
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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 52. cDNA sequencing read statistics

Iraw reads
100% 100%: 100% 100% 3 " linker +| raw reacds after average read
raw reads linker 5" linker 3" linker PaolyA clipping length
EC® 73223 G906 B2E11 499 274 73128 29
IC” 116158 108750 108452 299 161 113867 29
after mapping and removal of duplicates reads after mapping, including duplicates
cds tRMA rREMNA class | sRNA class Il sRNA class lll sRMA
mapped reads|  reads reads reads reads” reads® reads”
EC? 59218 24932 S46T 14923 10838 159 4555
Ic® 55241 31400 2958 4616 11889 475 2096

* EC = extracellular condition: ® IC = inraceliular condition: © candidate pradiction includes multiple hits

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

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 I 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 sSRNAs 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".
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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 7/i28 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 sSRNAs 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 sSRNAs, 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 sSRNAs 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 sSRNAs 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 7/iB 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 sSRNAs, 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 r/i31, 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 7/i3] could be the downstream gene /mo0559 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 7/i50*. Our analysis
revealed two partially overlapping sRNAs (#/i50 and rlil12) on different strands in the
IGR of Imo2709 and Imo2710, which was previously identified as 7/i50. The construction
of a mutant of »/i//2 tends to result in a double mutant which may be responsible for the
impaired virulence observed. Interestingly, a homolog with 94% similarity to »/il 12 exists
(rli78) but for some reason it is not able to compensate for the loss of 7/i50. 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.

Intracellular survival of Listeria Seite 45/238



Chapter 111

The intracellular sSRNA transcriptome of Listeria monocytogenes during growth in macrophages

The fact that three SRNAs (#/i28, 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 (#/i48, 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 7/iB, 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 111
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 sSRNA repertoires of
Listeria strains and serotypes enabling the use of small RNAs as diagnostic markers e.g.

rlil 12 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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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. 1t 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, sSRNAs 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 sSRNAs 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 sSRNA 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 sSRNAs 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 sSRNAs. 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.

SIPHT® Experimentally verified
Genus Species Chromosome Plasmid Chromosome Plasmid
Staphylococcus aureus 32-79 (12) 0-5 (9) 23 1°
epidermidis 116-127 (2) 04 (7)
haemolyticus 74 (1) =
saprophyticus 38 (1) 1(2)
Streptococcus agalactiae 29-34 (3) -
mutans 18 (1) -
pneumoniae 28-66 (3) - 59
pyogenes 18-29 (12) - 3
thermophilus 31-36 (3) 0(2)
sanguinis 34 (1) -
suis 23-24 (2) -
Enterococcus Clostridium faecalis 14 (1) 0-2(3) 2
acetobutylicum 18 (1) 2(1) 12
beijerinckii 31 (1) -
botulinum 54-68 (4) 0(2)
difficile 2(1) 0(1)
Kkluyveri 46 (1) 0(1)
novyi 26 (1) -
perfringens 14-18 (3) 0-2(3) 1
tetani 45 (1) 0(1)
thermocellum 6 (1) -
Listeria innocua 115 (1) 2(1)
monocylogenes 94-124 (2) - 27
welshimeri 100 (1) =
a. Livny et al. (2008).
b. Novick et al. (1993); Morfeldt et al. (1995); Pichon and Felden (2005); Geissmann et al. (2009).
c. Kwong et al. (2004; 2006).
d. Halfmann et al. (2007).
e. Kreikemeyer et al. (2001); Mangold et al. (2004); Roberts and Scott (2007).
f. Weaver (2007).
g. Fierro-Monti et al. (1992).
h. Shimizu et al. (2002).
i. Barmry et al. (1999); Christiansen et al. (2006); Mandin et al. (2007); Nielsen et al. (2008); Toledo-Arana et al. (2009).
The SIPHT columns show the minimum and maximum number of annotated sRNAs of each species.
The quantity of analysed strains is depicted in brackets.

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 sSRNAs, 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 sSRNA-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 RN As 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.
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Prediction and target identification of SRNAs

Prediction of small regulatory RNAs, especially cis-acting sSRNAs, 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 sSRNAs 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 PN As 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

Sample Port

Housing

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'[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, sSRNAs 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 sSRNAs (ii) to which extent are SRNAs involved in pathogenesis, (ii1) can sSRNAs
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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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.
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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 /ma 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

Intracellular survival of Listeria Seite 59/238



General Discussion

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-y 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 pg 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 MOT’s, the resulting amount of RNA 1is 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 sSRNA 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 11, in combination with
MARSIab, 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 199 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-y 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 iiber Tilingarrays bis hin zur RNA Sequenzierung ermoglicht neue
Einblicke in die Genexpression sowie Genregulation von bislang unerreichter Sensitivitét.
Diese Dissertation beschreibt chronologisch die Nutzung der jeweils aktuellen Technologie
zur Analyse des intrazelluldren Transkriptomes von gram-positiven Keimen, im speziellen
von Listeria monocytogenes EGD-e. Die hierfiir notwendigen Anpassungen und Neuent-
wicklungen der bioinformatischen Workflows ermoéglichten u.a. komparative Analysen
von extrazelluldren und intrazelluldren Transkriptionsprofilen, um spezifische Anpassun-
gen an das intrazellulire Uberleben von Bakterien zu identifizieren.

Zu diesem Zweck wurde zunédchst ein Arbeitsablauf, bestehend aus vorhandener
und eigens programmierter Software erstellt, um eine standardisierte Analyse von
Microarray Experimenten zu gewdhrleisten. Hierzu wurde weitere Software auf der Basis
der MARS Suite entwickelt, so dass MARS II in Kombination mit dem MARSIab alle
Funktionen von der Aufnahme der Rohdaten iiber Bearbeitung, Statistik und Analyse bis
hin zur Archivierung und Publikation der Daten zur Verfligung stellen kann. In diesem
Rahmen wurden bis heute mehrere Experimente erfolgreich publiziert.

Auf der Suche nach spezifischen Anpassungen an das Uberleben unter intrazelluli-
ren Bedingungen wurde als néchster Schritt die Transkription intergenischer Bereiche mit
Hilfe von Tilingarrays untersucht. Eine Neu- bzw. Weiterentwicklung des vorhandenen
Microarray-Arbeitsablaufs ermdglichte erste Einblicke in die Regulation der intergeni-
schen Bereiche von Listeria monocytogenes. Mit Hilfe dieser Technologie konnten erst-
mals kleine nicht-codierende RNAs, grof3e antisense Transkripte sowie lange UTRs unter
intrazelluldren Bedingungen nachgewiesen werden.

Bedingt durch die technische Unschirfe der Microarray-Ergebnisse wurde kurze
Zeit spéater das erste intrazelluldre Transkriptom von L. monocytogenes mit Hilfe der 454
Life Science Technologie sequenziert. Fiir 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, Qualititskontrollen
durchzufiihren und die Sequenzen mit Hilfe verschiedener Algorithmen gegen das Refe-
renzgenom auszurichten. Zusétzlich erlaubt sncRAS die Durchfiihrung 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 moglich, sowie der Export von Experimenten in 6ffent-
liche Datenbanken wie z.B. ArrayExpress um die Publikation der Daten zu vereinfachen.
Dieser Workflow wurde erfolgreich in der Publikation intrazelluldrer kleiner RNAs einge-
setzt. Mit Hilfe von genomischen und transkriptomischen Analysen von vier intrazellulédr
wachsenden Listerien aller drei Abstammungslinien, konnten die wesentlichen Unterschie-
de zwischen extrazellulirem und intrazellulirem Wachstum ermittelt werden. Zunichst
wurde hierzu das Genom des Stammes L. monocytogenes 4a 1.99 vollstindig sequenziert
und annotiert. Eine komparative bioinformatische Analyse zeigte, dass eine Reduktion
bzw. Verlust von sowohl Virulenz-Genen als auch Oberflachenprotein-kodierenden Genen
einen groBen Einfluss auf das intrazelluldre Uberleben hat. Des Weiteren konnte der Ver-
lust von Sequenzwiederholungen innerhalb des act4-Gens und eine somit einhergehende
Verschlechterung der Mobilitéit auf eine verminderte intrazellulire Uberlebensrate gezeigt
werden. Im Gegensatz dazu haben sich Vervielfiltigungen von PTS-Transportern und die
Anwesenheit unterschiedlicher Reste von Bakteriophagen positiv auf die intrazellulédre
Uberlebensrate ausgewirkt. Dariiber hinaus konnte ein Umschalten des metabolischen
Flusses von regulédrer Glykolyse hin zum Pentosephosphat Metabolismus beobachtet wer-
den, was zusétzlich, durch Herstellung von NADPH oxidativem Stress entgegen wirkt.

Eine Herausforderung bestand in der weiteren Untersuchung der Genregulation von
Bakterien, welche aus IFN-y 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 wihrend der Replikation.

Im weiteren Verlauf der Arbeit wurde erstmals mit Hilfe moderner RNA-Seq Techno-
logie das intrazelluldre intergenische Transkriptom von L. monocytogenes EGD-e ndher
untersucht. Als Ergebnis konnten 71 bis dato unbekannte SRNAs, von denen 29 spezifisch
intrazelluldr exprimiert wurden, identifiziert werden. Anhand von 12 hergestellten Deleti-
onsmutanten konnte, nach phénotypischen Untersuchungen, ein starker Einfluss von
sRNAs auf das intrazellulire Uberleben nachgewiesen werden.

Zusammenfassend ldsst sich also sagen, dass die in dieser Arbeit entwickelten Bioin-
formatischen Programme und Abldufe sowohl zur Analyse von Genomen und Transkrip-
tomen samtlicher Bakterien, als auch speziell fiir die Suche von neuen Strukturen wie z.B.

sRNAs verwendet werden konnen.
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13.1Bioinformatics 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 MARSIlab 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 MARSIab 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 MARSIab 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 MARSIab 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
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M ’7 Edit ‘
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TR VAT W VTR Rl F T R

Delete

EEEER R
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ﬁii&iﬂ.k&ﬂ e

Frgiplosa bost 308G, T & BATE Sankar 3 f23'Tagus 0 Sa el memirie

Fig.21 MARS interface
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
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user management module makes sure that only authorized people can view, modify or de-

lete data.

5 .
Subexperiment

_, Explorer
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Fig.22 MARS experiment view
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 MARSIab 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.
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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

MARSIab.
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MARSIlab

MARSIab 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 MARSIab 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.

<?xml version="1.0" encoding="utf-8"?>
<jnlp>
<codebase="file://lapache-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/MARSIab.conf.WIN</argument>
</application-desc>
</jnlp>

Fig.24 Example of a configuration file

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 MARSIlab module.
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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 MARSIab suite such as merging, QC,

normalization and imputation.
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Fig.25 MARS structure

Data export for statistical analysis

Import and graphical illustration of results

Analysis of data via external software (SAM &RankProducts)

Export in MAGE-ML format for submission to public databases such as ArrayEx-

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 (MARSIlab.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
USERMANAGEMENT | Username: usermanagement Password: usermanagament (change before first use)
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

0S 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:

RSCRIPT IMARS/R-2.7.0/bin/Rscript 2.7.0

RSCRIPT /IMARS/R-2.8.0/bin/Rscript 2.8.0
MARSDUMMY marsdummy marsdummy
USERMANAGEMENT usermanagement sermanagement
INFO /MARS/T2M-and-MARSIlab/images/Info.qgif

BANNERLEFT IMARS/T2M-and-MARSIab/images/jlu.png

BANNERRIGHT IMARS/T2M-and-MARSIlab/images/fh.png
LOG /MARS/T2M-and-MARSIlab/log

DBDRIVER  org.postgresql.Driver

DBURL jdbc:postgresql://127.0.0.1:5432/mars
SCRIPTS IMARS/T2M-and-MARSIab/scripts

QC /MARS/T2M-and-MARSIlab/qc.jar

OS  LINUX

TEMP /MARS/T2M-and-MARSIab/temp

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
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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

MetaRow Array row This combination describes a unique spot on the slide
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. 'atgcetgacctagtgateg', optional
Reporter Group [role] Data category e.g. 'Control' or 'Experimental’
Reporter ControlType Control type e.g. 'control lable'
MetaC olumn 1 MetaColumn 2
MetaRows 1 Row 1-8
MetaRow 2 Row 1-8
MetaRow 3 Rows 1-8
Column 1-18 Column 1-18

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
Imo1741 ebi.ac.uk:MIAMExpress:Feature: A-MEXP-752.1.1.26.6 1 1 26 6
Imo1768 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
2 F:A-MEXP-66:3.2.8.6 3 2 8
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1 F:A-MEXP-66:3.2.12.6 3 2 12

2 F:A-MEXP-66:3.2.13.6 3 2 13

Table 8 Description of a FRM matrix

The official MARS and MARSIlab 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.

surlacetmg
Cmillache
Tragars,

Coatedsupportbatch
Infeurnutionen 2o Arayprodubion

Crandlage fir v
Bk, Rt und
transormerie Daten

Molecule

t_rawbioassay2expclass
Linkar

Fig.27 Used tables for ArrayExpress upload to central MARS database

Import steps of the guided process of MARSIab:
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 MARSIab tool enables the user to perform different tasks on the data stored in the cen-
tral MARS database:

. - merge data of replicates

! Merging K - normalize data through different

! pormakzstion ‘ @ normalization algorithms

| mpmaon | © - impute missing values through the SKNN
| owiycomrol | @ algorithm

| Pt ‘ s - execute a three step quality control

| Export | @ - visualisation of data

|_tocour || aur | - export data into several formats

Fig.28 Main menu of MARSlab

To execute a statistical significance analysis with the SAM-Excel-Plugin, MARSIab 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 Merging
(Cy5). Both signals are merged and the Experiment; [sion -]
calculated mean value will be stored in the Subexperiment: [sis8 -]
database. [L1-e -]
Bioassayis): [ ]
Save as: meanmerged] |
Lo o

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.
MARSIab just provide the input files and is responsible for the uptake of normalized re-

sults.

Normalize data

Name Label RBA/Associated Type

O] Hz1 - ﬂ;:% Hybridization i
[ Hez - ﬂ§§$ Hybridization

] H23 . $§$ Hybridization

[] H24 i ﬂ§:$ Hybridization ol
[] H1C3H24C5mean cy3 IHEEaIIMean :ETransfurmed data :=
= . I T |_ E.JI
‘ Select all i [w] Mormalize over one [w] signal median CANCEL |

‘ Imvert selection | [ | Normalize over all selected [ | signal mean OK _

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

Rl 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, MARSIlab 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:

library(MASS)

library(SegKnn)

param<-commandArgs(TRUE)

infile<- read.table(file=param[1],sep="\t",header=param[2])
sknn5 <- SegKNN(infile,k=param[3])
write.matrix(sknn5,file=param[4])

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.

Qualty Contro 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

e TRUE oupait Filo of $1092:

SE outpu file of step?:

than 50% (default value) of measured sig-
nals over all conditions are missing. Fur-

T i e e =:| thermore, it must be ensured that all ex-

arme the FALSE culpa file of step3: browse

5, Set the ST fold [number]

pression values are greater than a given
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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 MARSIab as a separate Java application. MARSIab 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, MARSIab implements a visualisa-

tion module. This module is able to produce different

Select output type

| Scatter plot ! plots such as scatterplots, MA-plots, histograms, densi-

| perrs ‘ typlots, and heatmaps.

| HintogtarohisnsRicsiot | Usage of this module is very similar to the merging step

| Heatmap ‘ described before. The user has to choose from a listing of

| CANCEL ‘ 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:

par<-commandArgs(TRUE)

mat.1<-read.csv(par[1l],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)

As a result, MARSIap construct a plotfile which can be
stored by pressing the space key.
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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.

par<-commandArgs(TRUE)
library(“affy")

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();

dat<-read.csv(par[1],header=TRUE, sep="\t",

ma.plot(mmat,amat,pch=20,cex=.6,main=c("MA-Plot ; k'

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.

mmmmm

Fig.33 log10 density

par<-commandArgs(TRUE)

library("affy")

dateimatrix<-read.csv(
par[1l],header=TRUE,sep="\t",row.names=1,dec="."
na.strings="NA")

if(length(par)==3 && par[3]=="110")

{

datenmatrix<-log10(as.matrix(dateimatrix))
xI="log10 Intensity"

}
if(!(length(par)==3 && par[3]=="110"))
{

datenmatrix<-as.matrix(dateimatrix)
xlI="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
MARSIab can create heatmaps based on the regulation of genes from

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

xI<-colnames(dat)

yl<-rownames(dat)

dat<-dat[,2:length(xI)]

dat<-as.matrix(dat)
jpeg(par[2],width=1024,height=768)
heatmap(dat,xlab="Label",ylab="Genes",labRo
w=yl,labCol=xI[2:length(xI)],
col=heat.colors(dmrows),main=c("Heatmap

" xl),na.rm=TRUE)

LLLLL 5]

different bioassays. Genes can be clustered e.g. according to their relation or expression.
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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.

import of varying first path QC store in export

technologies [clipping+trimming] central DB [diff. algorithms]
S 454, E — " N e —— -
BEQUENTING I TR =) = §
NS T -
lumine ol | Goee 3"‘ ?;
NS o : o — 4 N
: Ten (R | - fastQ  SFF FASTA
ion torrent b \
complete locus re-import of read mapping via
falciilate stabs information mapped reads diff. algorithms
f = mh— | ————
A | — .i: = = ﬂz
| = Y —_—
[ PO ) (S | — :l" = %
&= | i <o g
€ ——=— ' .=z segemehl &
D —=—— | = w2 _ bowtie
generate visuali- ) figures for export to
zation package comparative publication public DB
Integrative Genome Viewer A’._. T ",-\ L i "r .

 ARRAYEXPRESS

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

>FTLMN9J02D5EIO length=279 xy=1584 2618 region=2 run=R 2009 04 02 16 27 35
TGGATCTCTTGTAAATGCGCAATGTATAGTTAAGTGACCATGTCTGTGTGTACTTATTAA
ATATGAATTGGATGGGCTCCCTAGCCTAGTGTCCAGGCGTGGGGGTAGCTTGTCTGTGTG
CAATTTTCCAACCATTTTGCCATTGAAGTAATCTATGTATAGATATTAGAACTGTAATTT
TCCTCTTCACTTGATGTTTATTTATATTAAGATAATTTGTCATACTTGAAATATGATCTG
TTTCTCAATTTCTCCCCACTTCGCAGTGAGTGACAGGCC

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

@16 3 1 17374 944:0

NNNNNNTCTCTGCGCCAATGGTAGTTGGGGGCTTCCCCCTGCGAGAGTAGGTCGCTGCCGGGCAAAAAAAAAAAAA
+16_3 1 17374 944:0

BBBBBBHKFHTQTQTYYYYYQHORL [ [ [ [ [ YYYYYYVYYYY BBBBBBBBBBBBBBBBBBBBB

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.
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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.
fastg -
W rld: VARCHAR Export Tables
¥ mNumber: VARCHAR
¥ mTag: VARCHAR
¥ ne: INT tmpTbl X :
< seqType: VARCHAR ¥ id: VARCHAR
@ seqCondition: VARCHAR — ¥ strand: CHAR
< source: VARCHAR W start: INTEGER
& rSeq: VARCHAR ¥ stop: INTEGER
< rQual: VARCHAR & cigar: VARCHAR
< sequence: VARCHAR
1:1
% tmpTbl_X -
Genome Informatior multiplexXcross  » searchTable » W id: VARCHAR
@ rid: VARCHAR @ start: INT |— @ strand: CHAR
@ miumber: INT @ stop: INT W start: INTEGER
¥ stop: INTEGER
genomeTable ik & cigar: VARCHAR
@ locusTag: VARCHAR & sequence: VARCHAR
& featureType: VARCHAR e s
@ start: INTEGER tmpThl_X =
< stop: INTEGER ¥ id: VARCHAR
& strand: CHAR @ strand: CHAR
& geneName: VARCHAR Tsn o mappedReads i ¢ start: INTEGER
% anno: VARCHAR ¥ readld: VARCHAR W § stop: INTEGER
¢ sgakdist: INT & cigar: VARCHAR
@ seedScore: VARCHAR @ sequence: VARCHAR
@ seedEval: DOUBLE
@ seedQstart: INT tmoThl X =
@ seedQend: INT 9 ﬁ: VARCHAR
< sgaMatches: IN.T ¥ strand: CHAR
@ sgaMismatches: INT | |9 start: INTEGER
@ sgalnsertions: INT  stop: INTEGER
< sgaDeletions: INT @ cigar: VARCHAR
@ strand: GHAR & sequence: VARCHAR
@ sgaStart: INT
< sgaStop: INT
4 cigarString: VARCHAR

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.

100 e - 100
Bowtie :
BWA 80 . 80
Maq ;‘E ‘-‘_ :\;
P 60 \ — ® 60
SOAP g E
® ®
PatMaN g 40 Bowtie g 40 Bowtie
x L +—-+wu 14 L +—~+Wm
_ ag aq
s (k=0) |TTTIEHTTITENE] SOAP SOAP
20- 8:8 PatMaN 201 E—E PatMaN
S (k=1) 4 — @ segemehl (k=0) | 4@ —@ segemehl (k=0)
@—@ segemehl (k=1) 49— segemehl (k=1)
01\1 1\0100 0, y | 0, i |
. o 3 0 1 2 3 4 0 1 2 3
Average running time (min) Number of mismatches Number of differences

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 chrl.idx -d chrl.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’

./segemehl.x -x chrl 2 3.idx -d chrl.fa chr2.fa chr3.fa

To map sequenced reads against desired reference, execute following command:

./segemehl.x -i chrl.idx -d chrl.fa -gq myreads.fa —-threads 64 -k 1 > mymap.sam

Options:

-1 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.

semi semi semi
global global global
alignment seed seed seed seed alignment alignment
#"descr" edist score Evalue gstart gend matches 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

start of end of

semi semi
global global
semi alignment alignment
semi global global in in
alignment alignment subject subject
insertions deletions strand Sequence sequence sequenceidx cigar
0 0 - 1713118 1713188 >gi|57650036 M71;
0 0 - 1713084 1713154 >gi|57650036 M71;

Table 10 segemehl output
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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.

EGD-e;Giessen;CDS;318;1673;.;+;.;"locus_tag=1mo0001;product=replication protein;gene=CDS_1mo0001"
;GD—e;Giessen;terminator;3030;3062;.;+;.;"nSeq:TCCGTCTTGGTTTCAAGGCGGATTCTTTTTTTG;gene:HP_Term"
;GD—e;Giessen;rbs;305;310;.;+;.;"nSeq:AGGGGG;gene:RBS"

EGD-e;Giessen; trna;82705;82777; .;+; .;"locus_tag=1lmot0l;product=tRNA Lys;gene=trna lmot0l1"
EGD-e;Giessen;rrna;237466;239020;.;+;.;"locus_tag=lmor0l;product=16S ribo RNA;gene=rrna lmor01"
;GD—e;Giessen;sRNA;876921;877173;.;+;.;gene=sRNAfsipht7Candidatei9
EGD-e;Giessen;promoter;108945;108972; .;+; .;gene=promoter sigmaA 16bp

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) tbs
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)
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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.
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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,

in a Histogram and a read view.
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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).

92hp

[200 b 1286210 bp 1.288.220 bp 1288230 bp 1,288,240 bp 1288250 bp 1.286.260 bp
| | | | 1 1 | | 1

ACCAGAAAACATCGTTGAAAAAATGGTGGAAGGACGTTTACGTAAATACTTACAAGAAATITTGTGCTGT

cds_tsi

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.

Extra / intracellular
transcriptional landscape
of regulatory RNAs of

L. monocytogenes EGD-e

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.

Toledo-Arana Oliver
O rRNA

Mobarak B tRNA
WIGRs
O AntiSense

(40,42%)

(8,75%)

Fig.41 sncRAS plots
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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)

B)

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.
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Normalized data

The submitter has to provide all normalized sequence data sequence data in the fol-

lowing format (readld, mapping start, mapping stop, stand, and sequence):

FTLMN9JO2D4ART 507119 507151 - tcgtgtaattattagtcaatggcCcgccgtcttt

FILMN9JO2EEZ97 531104 531187 + aataacgctttacagaaaaaattatccatgctatagttgggtctatgcgatgagectacaageaq
FILMNSJO02D19Y6 301094 301116 + catgataacgatacgagttgcca

FILMN9JO2DYRKN 237481 237542 + ttgatcctggctcaggacgaacgctggcggecgtgecct-aatacatgcaagtcgaacgaacgga
FILMN9JO2DYRKN 243502 243563 + ttgatcctggctcaggacgaacgctggcggcgtgeocct-aatacatgcaagtcgaacgaacgga
FTLMNSJO2DYRKN 1747744 1747805 - ttgatcctggctcaggacgaacgetggceggegtgect-aatacatgcaagtcgaacgaacgga
FILMN9JO2DYRKN 1853665 1853726 - ttgatcctggctcaggacgaacgctggcggcgtgcct—-aatacatgcaagtcgaacgaacgga
FILMNSJO2DYRKN 2442936 2442997 - ttgatcctggctcaggacgaacgctggcggegtgecct-aatacatgcaagtcgaacgaacgga
FTLMN9JO2DYRKN 2677945 2678006 - ttgatcctggctcaggacgaacgctggcggcgtgcct-aatacatgcaagtcgaacgaacgga
FTLMN9J02DJLBO 242274 242300 + tctggtagttatggcgagaaggtcaca

FILMN9J02DJLBO 248295 248321 + tctggtagttatggcgagaaggtcaca

FILMN9J02DJLBO 1742985 1743011 - tctggtagttatggcgagaaggtcaca

FILMN9J02DJLBO 1848906 1848932 - tctggtagttatggcgagaaggtcaca

FILMNSJ02DJLBO 2437927 2437953 - tctggtagttatggcgagaaggtcaca

FILMN9J0O2DJLBO 2672936 2672962 - tctggtagttatggcgagaaggtcaca

FILMNSJO2ECAAS 237473 237550 + aagagagtttgatcctggctcaggacgaacgetggecggegtgecctaatacatgcaag-tcgaacq
FILMN9JO2ECAAS 243494 243571 + aagagagtttgatcctggcetcaggacgaacgetggcggegtgectaatacatgecaag-tcgaacy
FILMN9JO2ECAAS 1747736 1747813 - aagagagtttgatcctggctcaggacgaacgctggcggcgtgecctaatacatgcaag-tcgaacy
FILMN9JO2ECAAS 1853657 1853734 - aagagagtttgatcctggctcaggacgaacgctggcggecgtgocctaatacatgcaag-tcgaacy
FTLMNOJO2ECAAS 2442928 2443005 - aagagagtttgatcctggctcaggacgaacgcectggcggecgtgoctaatacatgcaag-tcgaacy
FILMN9JO2ECAAS 2677937 2678014 - aagagagtttgatcctggctcaggacgaacgctggcggcgtgcocctaatacatgcaag-tcgaacy
FILMNSJO2EGXUR 2125422 2125507 - ggtgaagtctaatgttcatgggagaatatcaacacaaca-tcgatataaagggcagattaattqgy
FILMN9J02D6CR9 2622122 2622156 - actgcgatgagtgtgcatgaaattccaatttcocca

FTLMN9J02D8B2M 2346190 2346265 - cattggccgtgtagttcatgtctatgcctcatcccgttatgcataggcgecccgaacatgatgged
ETTMNQ.TAI NKMYT 21928422 219266801 - NFrArAATNTEAAT ArA-FtARAArArAA~B-_FANATATARS ANArrAAtrEArANccaA

Intracellular survival of Listeria

Seite 102/238



Appendix

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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Abstract

Background

Listeria monocytogenes is a food-borne pathogen that causes infections with a high-mortality
rate and has served as an invaluable model for intracellular parasitism. Here, we report
complete genome sequences for two L. monocytogenes strains belonging to serotype 4a (1L.99)
and 4b (CLIP80459). and transcriptomes of representative strains from lineages I, 11, and III,
thereby permitting in-depth comparison of genome- and transcriptome -based data from three
lineages of L. monocytogenes. Lineage III, represented by the 4a L99 genome is known to
contain strains less virulent for humans.

Results

The genome analysis of the weakly pathogenic 1.99 serotype 4a provides extensive evidence
of virulence gene decay, including loss of several important surface proteins. The 4b
CLIP80459 genome, unlike the previously sequenced 4b F2365 genome harbours an intact
iniB invasion gene. These lineage 1 strains are characterized by the lack of prophage genes, as
they share only a single prophage locus with other L. monocytogenes genomes 1/2a EGD-¢
and 4a L99. Comparative transcriptome analysis during intracellular growth uncovered
adaptive expression level differences in lineages I, II and III of Listeria, notable amongst
which was a strong intracellular induction of flagellar genes in strain 4a L99 compared to the
other lineages. Furthermore, extensive differences between strains are manifest at levels of
metabolic flux control and phosphorylated sugar uptake. Intriguingly, prophage gene
expression was found to be a hallmark of intracellular gene expression. Deletion mutants in
the single shared prophage locus of lineage 11 strain EGD-¢ 1/2a, the /ma operon, revealed
severe atlenuation of virulence in a murine infection model.

Conclusion
Comparative genomics and transcriptome analysis of L. monocytogenes strains from three

lineages implicate prophage genes in intracellular adaptation and indicate that gene loss and
decay may have led to the emergence of attenuated lincages.

Keywords

Listeria monocytaogenes, Lineage, Comparative genomics, Gene decay, Comparative
transcriptomics, Flagella, Prophage, Monocin, Isogenic deletion mutants, Murine infection

Background

Listeria monocytogenes is a Gram-positive, motile, non-sporulating, rod shaped bacterium. It
is the causative agent of listeriosis, a food-borne disease, which afflicts both humans and
animals. There are only eight species in the entire genus, L. monocytogenes, L. marthii, L.
innocua, L. seeligeri, L. welshimeri, L. ivanovii, I.. grayi and L. rocourtiae. L. menocytogenes
and L. ivanovii are the pathogenic species while the others are apathogenic [1.2]. In the genus
Listeria, non-pathogenic species have been hypothesized to have evolved through genome
reduction from pathogenic progenitor strains [3]. L. monocytogenes is able to invade and
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replicate in both phagocytic and non-phagocytic cells. The infectious life cycle has been
clucidated in detail, and several virulence factors, essential for each stage of infection have
been identified |4.5]. Pathogenic listeriae encode several virulence factors that are localized
in a virulence gene cluster (vge) or Listeria pathogenicity island-1 (LIPI-1) in the genome.
However, a number of genes required for virulence are not localized 1n this cluster, including
the two internalins /n/A and in/B. These encode proteins that are expressed on the surface of
the bacterium and facilitate the entry of the bacterium into the eukaryotic cell and their
incorporation into a membrane-bound vacuole [6,7]. Further pathogenicity islands present in
the genus Listeria code for multiple internalins and additional hemolysin genes in species L.
ivanovii (LIPI-2) [8] and a subset of strains of lineage I (LIPI-3) [9].

Within the four lineages of L. monocytogenes, sirains are generally classified by serotyping
or MLST [10,11], of which 1/2a, 1/2b and 4b are most commonly associated with human
listerial infections [2.12]. The first outbreak of L. monocytogenes was described for the strain
EGD-e, a serotype 1/2a strain of lineage II, following an epidemic in rabbits and guinea pigs
in 1926 by E.G.D. Murray [13]. This strain has become a model Listeria strain, and was the
first listerial strain to be completely sequenced. along with the non-pathogenic Listeria
innocua 6a CLIP11262 [14]. Subsequently, the first genome of a 4b serotype strain (F2363)
of lineage I was completely sequenced [14.15]. It was isolated from Jalisco cheese during a
listeriosis outbreak in California in 1985 and mainly associated with pregnancy-related cases.
However, it has been recently shown that this strain contains nonsense and frameshifi
mutations in several genes. Owing to a frameshift in iniB. F2365 is severely compromised in
Caco-2 invasion assays [ 16].

Here we report thus the genome sequence of a clinical isolate of the 4b serotype of lineage I,
the L. monocytogenes 4b strain CLIP80459 that was isolated in a clinical outbreak of
listeriosis in France affecting 42 persons [17]. We also present the complete genome
sequencing of L. monocytogenes strain 4a 1.99 of lineage I11. 1.99 was originally isolated
from food by Kampelmacher in 1950s in the Netherlands. This strain is attenuated in its
virulence properties and exhibits a restricted ability to grow within the liver and spleen of
infected mice [18]. The availability of the complete genome of L. monocytogenes EGD-e
serotype 1/2a has permitted analysis of the intracellular gene expression profile of this strain
[19-21].

The genome sequences of strains 4a 1.99 and 4b CLIP80459 presented in this work provide a
unique opportunity to delineate specific adaptations of these hneage representives both at the
genomic and at the transcriptional level.

Results

General features of complete genomes of three lineages of L. Monocytogenes

The overall features of the completely sequenced circular genomes of L. monocytagenes 4a
1.99, L. monocytogenes 4b CLIP80459, L. monocyiogenes 1/2a EGD-e, L. monocyiogenes 4b
2365 and L. innocua 6a CLIP11262 are given in Table 1. Computational multi-virulence-
locus sequence typing (MVLST) [22] analysis showed that strain 4b CLIP80459 belongs to
epidemic clone ECII and strain 4b F2365 to epidemic clone ECI as previously reported by
Nelson and colleagues [15], respectively. The L. monocytogenes genomes are remarkably
syntenic: genome size, G + C content, percentage coding and average length of protein-
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coding genes are similar among all four strains (which was previously reported for other
listerial genomes) [14,15]. All four L. monocytogenes genomes harbour 67 tRNA genes and
contain six complete copies of rRNA operons (16 S-23 8-5 8), of which two are located on

the right and four on the left replichore. The chromosomes of 4a 1.99 and 4b CLIP80459 are

devoid of mobile genetic elements and harbour no plasmid.

Table 1 General features of L. monocytogenes 1/2a EGD-e, L. monocytogernes 4a 1.99, L.
monocytogenes 4b CLIP80459, I.. monocytogenes 4b F2365 and L. innocua 6a

CLIP11262
L. monocytogenes L. monocytogenes L. monocyfogenes L. monaocytogenes L. innocua6a
4a 1.99 4b CLIP80459 4b F2365 1/2a EGD-e CLIP11262
Size of chromosome [bp] 2979198 2912650 2905187 2044528 3011208
G+ C content [%] 382 381 38.0 38.0 37.4
g;i(! content of protein-coding genes 387 385 385 384 378
Protein-coding genes (pseudogenes) 2925(1) 2790 (24) 2821 (26) 2855(9) 2981 (13)
.[:;]'rugc length of protein-coding genes 201 311 303 306 300
Number of rRNA operons (16 8-23 S-58) 6 6 6 6 6
Number of iRNA genes a7 67 67 67 66
Percentage coding 88.9 89.4 88.4 89.2 892
Number of prophages (genes) 4(19D) 1(16) 1(16) 2(79) 6 (322
Plasmid 0 0 0 0 1
Number of strain-specific genes® 111 49 105 120 59
Number of orthologous genes* 2623 2725 2699 2656

Number of transposons
*Prophage genes excepted.

4]

0

2570
0

Core and specific genes were analyzed using orthologous pairs excluding prophage genes as

described previously [3]

We observed four different prophage regions in the genome of the 4a 1.99 and only one in the
4b CLIP80459 strain (see prophage region II). L. monocytogenes 4a 1.99 prophage I is
located at position 71438 bp (Imoda 0064-Imoda_(1115), prophage 11 at (Imoda 0148-Imoda
0153, prophage-remnant: /malJC; 4b ClIIP80459 L.m4b 00117b-L.m4b00134 or monocin
region). prophage IIT at 1224779 bp (Imo4a 1221-Imoda 1293) and prophage IV at 2668913
bp (Imoda 2589-Imoda_2658). Two prophage regions, I and III, are located adjacent to
tRNAs. Prophage region I is flanked by tRNA™* and prophage region III is inserted within the
region between the gene for tRNA and ydel compared to L. monocytogenes 1/2a EGD-e. At
this very chromosomal location in L. welshimeri 6b SLCC3334 there is an insertion of a
prophage [3.23,24]. while L. ivanovii harbours the species-specific Listeria pathogenicity
island 2 (LIPI-2), which contains a sphingomyelinase C (SmcL) and also a cluster of
internalin genes [&]. These findings confirm previous observations [3] indicating that tRNAs
represent genetic “anchoring elements™ for the uptake of listerial prophage DNA by
transduction processes and thus contributing to evolutionary genome diversity of listeriae.
Pseudogenes were detected for both 4b 2365 (24 pseudogenes) and 4b CLIP80459 (26
pseudogenes) genomes respectively. which is a higher number compared to that seen in L.
monocytogenes 1/2a EGD-e (9 pseudogenes), L. monocytogenes 4a 199 (one pseudogene)
and L. innocua (13 pseudogenes).

When comparing the two L. monocytogenes 4b genomes (CLIP80459 and F2365) 1135 genes
are specific for strain 4b CLIP80459 with respect to strain 4b F2365. The dominant functions
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encoded by these genes are related to sugar metabolism as they comprise five PTS systems
and five sugar permeases or sugar transporters. Furthermore, four transcriptional regulators
and four surface anchored proteins are specific to 4b CLIP80459 indicating differences in
regulation, sugar metabolism and surface characteristics between the two strains. Of the 146
genes found to be specific for strain 4b F2365, the majority were of unknown function, apart
from a PTS system and a specific surface protein. Most interestingly, iniB although it is
reported to be important for virulence of L. meonocytogenes has a frameshift mutation in this
strain [15].

When comparing the genomes of different lineages at the nucleotide sequence level a number
of genomic differences were revealed (Figure 1). Surface proteins showed the highest number
of single nucleotide polymorphisms (SNPs). Even in the comparison of the two closely
related 4b genomes, two LPXTG-motif containing proteins were identified as encoding a
large number of SNPs. One of these, Im4b (01142 shares substantial similarity to internalins.
Comparison of the 4a 199 and the 1/2a EGD-e genomes reflected larger evolutionary
divergence, but once again involved surface proteins, such as the LPXTG-motif containing
protein /mol799, internalin Imo0409 (inlF), autolysin ImolZ215, as well as proteins involved
in surface antigen biosynthesis like lmo2552 (murZ) and imo2549 (gtcA). Further analysis
identified genes that are most divergent in the three lineages and classification of the most
divergent orthologous gene groups was performed (Additional file 1: Table S1). Thus,
distribution of SNPs in Listeria suggests considerable evolutionary adaptation among
surface-associated genes.

Figure 1 Comparative SNP analysis of five listerial strains From outside to inside:
genome of L. monocytogenes 1/2a GD-e colored according to COG categories (two strands
shown separately). Number of SNPs normalized by gene length in the comparison of 1/2a
EGD-¢ and L. innocua 6a CLIP11262. 1/2a EGD-¢ and 4a L.99, 1/2a EGD-e and 4b
CLIP80459, 1/2a EGD-¢ and 4b F2365, and the two 4b strains (4b F2365 and 4b
CLIP80459). The innermost circle shows the location of phage genes (blue) and virulence
genes (black) in the 1/2a EGD-e genome. Line graphs indicate the number of SNPs/gene
length reflecting loci in the genome having a disproportionate number of SNPs. However, if a
gene is specific to a certain genome, this will also be shown as a peak indicating a region of
divergence within the two genomes under comparison. This analysis was performed using the
MUMmer package [25] and SNPs were mapped to coding regions using PERL scripts. Data
were visualized by GenomeViz [26]. For each pairwise comparison of strains, percentage of
SNPs per gene length of surface- and non-surface-associated genes, as well as the ratio of
these values is given in the table. The latter was named “nucleotide divergence ratio” and
denotes the relative amount of difference between those two classes of genes, in order to
identify more (positive value) or less (negative value) abundant mutation in surface-
associated than in non-surface-associated genes

Comparison of the virulence genes cluster of lineage I, IT and TI1

All genes of the virulence gene cluster are present in the four studied strains [27]. We
performed a nucleotide sequence alignment of the entire virulence genes cluster, using the
EGD-e sequence as a reference. As shown in Figure 2 we identified a truncation in the aciA
sequence of the 4b and the 4a genomes. In addition, a small truncation upstream the mp/ gene
and a truncation of a short repeat region distal to the PrfA binding box of mp/was present in
the 4a genome. However, the Prf'A binding site was not affected. Moreover, the alignment
identity decreased slightly in the latter half of the cluster, with differences most prominently
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visible in the regions containing /mo0207 and lino0209. imo0207 encodes a lipoprotein and
was 1dentified as one of the most divergent genes of the LIPI-1 when comparing three
lineages.

Figure 2 Alignment of the virulence gene cluster of representatives of three .
monocyftogeneslineages L. monocytogenes 1/2a EGD-¢ was used as reference genome,
Nucleotide sequence identity of compared genomes is visualized. The top panel indicates
location and direction of virulence genes

Interestingly, both the L. monocytogenes 4b strains (CLIP80459 and F2365), and the L.
monocytogenes 4a 1.99 strain, have an identical repeat truncation in the ActA protein
compared to ActA of the 1/2a EGD-¢ (Additional file 2: Table S2 Additional file 3: Table
S$3). Such truncations in actA have been reported previously for strain 4a 1.99 and affect the
speed of movement of intracellular bacteria [28]. We surveyed sequenced actA alleles
present in GenBank and discovered that the truncation in the ActA protein is far more
frequent in 1/2b and 4b strains (77% and 51% respectively) than in 1/2a strains (7.5%).

Loss of surface proteins in lineage 111

Several genes encoding internalin-like proteins are absent in the L. monocytogenes 4a 1.99
genome in comparison to the 1/2a EGD-e and the 4b strains (Additional file 4: Table S4) as
previously reported for lineage III strains [27.29]. The entire inlGHI cluster [30] is absent in
the 4a 1.99 genome (Additional file 5: Table 853) [27.30]. The corresponding loci in both 4b
genomes are identical to each other, but different to strain 1/2a EGD-e. Another PrfA-
independent internalin (InlJ) that has been shown to be specifically expressed only in vivo
[31] is also absent from the 4a 1.99 genome. Similarly, Internalin C [27], involved in cell-to-
cell spread and innate immune response in the vertebrate host [32-35], is absent in 4a .99 but
is conserved in both 4b strains and 1/2a EGD-¢, A comparable situation was identified for
internalin F [27]. however deletion mutants have not been shown to be reduced in invasion
into non-phagocytic cells [36]. Apart from the absence of these characterized internalin
genes, several other internalin-like genes (Imol 666, Imo2470 and ImoZ821, Additional file 4
Table S4) are present in the 1/2a EGD-e and 4b genomes, but are absent from the 4a 1.99
genome. In addition, we analysed the repertoire of genes encoding surface proteins for
recently published 4a genomes of strain HCC23 [37] and M7 [38] as well as 4¢ FSL J2-071
(Listeria monocytogenes Sequencing Project, Broad Institute of Harvard and MIT;
http://www.broad.mit.edu) (Additional files 4: Table S4, Additional file 6: Table S6
Additional file 7: Table S7 Additional file 8: Table S8 Additional file 9: Table S9 Additional
file 10: Table 810 and Additional file 11: Figure S1). We confirmed by comparative
genomics that these 4a genomes lack a similar number of surface proteins (Additional files 4:
Table S4. Additional file 6: Table S6 Additional file 7: Table S7 Additional file 8: Table S8
Additional file 9: Table $9 Additional file 10: Table S10 and Additional file 11: Figure S1).
These findings were independently verified by additional PCR analysis to confirm the
absence of genes encoding surface proteins for four 4a strains and three 4c¢ strains,
respectively. Half of the inspected chromosomal loci differed by PCR analysis among 4a and
4¢ genomes (Additional file 11: Figure S1). Some non-internalin like cell-wall proteins that
have been shown to be important for invasion are also absent, e.g. auto a GW-motil
containing (Additional file 6: Table S6). PrfA-independent, surface autolysin. Previous
studies revealed an essential role for auto in the entry into non-phagocytic eukaryotic cells
[39]. The vip gene product, a PrfA-dependent LPX'TG protein (Additional file 7: Table S7),
described as a receptor for the eukaryotic Gp96 surface protein and important for late stages
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of infection [40]. is also absent from the 4a 1.99 genome. In addition to these missing genes,
InlI 1s slightly truncated. However Ami (Additional file 6: Table S6), an important listerial
adhesion protein seems to be present in a shorter version in both 4b strains [41,42], whereas
the number of lipoproteins (Additional file 8: Table §8), LysM- and (Additional file 9: Table
S9) NLPC/P60-motif containing proteins (Additional file 10: Table S10) was comparable
among the four strains under study.

Overall, in comparison to 1/2a EGD-e and the two 4b genomes, 4a 1.99 strain has lost a
number of crucial determinants required for listerial invasion. The selective loss of genes
primarily responsible for the first steps of infection may contribute to the poor invasion
ability and the attenuated nature of the 4a 199 strain.

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

The 1/2a EGD-e genome contains 79 prophage genes in two different loci, the 4a 1.99
genome includes 193 phage genes at four loci, while the 4b genomes encode with 16, for the
smallest number of prophage genes limited to a single locus (also called the monocin-locus)
at the same position in the chromosomes.

This monocin locus, a cryptic prophage region, is conserved in all L. monocytogenes lineages
and includes the fma genes [43]. Although previously thought to be specific to L.
monocytogenes, it was shown that Imal)JCBA is also present in several apathogenic L.
innocua strains, However, not all genes of the operon are present in all L. monocytogenes
strains. The 4a 199 genome lacks ImaA and Imal3 (Additional file 12: Figure $2). The entire
locus in 1/2a EGD-¢ and the two 4b genomes has 16 genes, but only five of these genes are
present in the 4a 1.99 genome. ImaA and ImaB are absent in L. welshimeri Interestingly, the
structure of this prophage locus in strain 4a 1.99 and other lineage III strains is more similar
to L. welshimerithan to other pathogenic listeriae (Additional file 12: Figure S2).

The CRISPR system of Listeria

The L. monocytogenes 4a L99 genome was found to contain two adjacent CRISPR loci (I and
II) with CRISPR repeats (Figure 3A and 3B). Both loci contain sequences of length 35 bp
separated by repeat sequences of length 29 bp. However, they differ considerably in the
number of repeat copies (6 in locus I, and 29 in locus II, respectively). While locus I is highly
conserved in the 4b strains, 1/2a EGD-e and L. innocua, locus II was exclusively present in
4a genomes of 1.99, HCC23, M7, but not in another lineage III genome of 4c FSL J2-071
(Figure 3 A-C). It is not known whether the CRISPR system is functional in the 4a .99
genome. However, by sequence similarity searches using the spacers to detect possible
prophage DNA traces, we were able to identify the PSA prophage that is known to infect
serotype 4 strains. Assuming a functional CRISPR system in 4a .99 suggests a resistance to
the PSA bacteriophage (Additional file 13: Figure S3).

Figure 3 Overview of CRISPR (clustered regularly interspaced short palindromic
repeats) loci in L. monocytogenes 1/2a EGD-e, L. monocytogenes 4a 1.99, L. monocytogenes
4a HCC23, L. monocytogenes 4a M7, L. monocytogenes 4¢ FSL J2-071, L. monocytogenes
4b CLIP80459, L. monocytogenes 4b F2365 and L. innocua 6a CLIP11262. (A): CRISPR
locus I is shown for all five listeriae, black boxes indicate complete CRISPR repeats, red
boxes represent incomplete or truncated (¥) CRISPR repeats. No cas genes were found to be
associated with this locus. Flanking genes are conserved in 1/2a EGD-¢ and both 4b

Intracellular survival of Listeria Seite 113/238



Appendix

genomes. Comparison of the intergenic sequences with the 4a L99 genome revealed a
sequence footprint of decaying repeat elements (2 repeat copies in both 4b genomes, and 1
copy in L. innocua 6a CLIP11262), indicating loss of the CRISPR repeats. (B): Locus II
shows 29 copies of repeats and is associated with several cas genes (casZ, casJd, casd and
casf. casl is partially detectable, but seems to be truncated. (C): L. innocua 6a CLIP11262
harbours the CRISPR locus III at position 2.77 Mb in the genome, which is neighboured by a
single casZ gene. No other CRISPR repeats nor any cas gene homologs were found in the 4b
genomes

Gene duplications in the Listeria genomes expand metabolic systems

We found substantial evidence for a minimum of 231 to a maximum of 296 gene duplications
in the Listeria genomes (Additional file 14: Figure S4 and Additional file 15: Figure 85). It is
evident that the majority of these duplications are ancient events as they are shared among all
species and the number of gene pairs with a very high percentage identity is very low (1-12%
per strain). Functional classification of the duplicated genes revealed that many of these have
important implications in metabolic pathways, like the pentose phosphate pathway, fiructose
and mannose metabolism, carbon fixation, glycolysis and pyruvate metabolism.

While several duplicated genes could be mapped to central metabolic pathways from the
KEGG database, this was not possible for horizontally transferred genes (Additional file 16
Figure 86 and Additional file 17: Figure 87). However, not all duplicated genes seem to have
arisen from true duplications, but some may have been transferred horizontally, like some
PTS system genes that are [.. monocytogenes EGD-e strain-specific genes. The number of
genes classified into known metabolic pathways or systems was significantly higher for
duplicated genes, while several horizontally transferred genes could not be mapped.

Comparative intracellular transcriptomics of four L. Monocytogenes strains of
the three major lineages

Comparative transcriptome analysis of Listeria monocytagenes strains of the two major
lineages revealed differences in virulence, cell wall, and stress response [44]. Here we
performed intracellular gene expression analyses using whole genome microarrays between
four L. monocytogenes strains belonging to the three major lineages to investigate eventual
differences. P388D1 murine macrophages were infected and total RNA was 1solated four
hours post infection and hybridized to bioarrays.

In order to determine the core intracellular response of .. monocytogenes we created a dataset
of core-syntenic homologous genes for all four genomes and the expression data for these
genes were compared. We found that in all strains studied the entire virulence genes cluster,
(priA. plcA. hly, mpl actA, plcB and orfX) was highly induced within the infected host cells.
Furthermore genes known to be important for bacterial survival, such as hpt, cIpE, bill:A and
two LRR domain-containing proteins (Imo0514 and Imo2445) were upregulated in all strains.

Interestingly, three mannose transporting PTS systems (Imo0021-Imo0024, Imo0781
Imo0784, Imol8997-Ino2002), two fructose specific systems (Imo2335 and Ino2733), two
galacitol specific systems (Imo0503. Imo0507, Imo0508 and ImoZ665-ImoZ667), two beta-
glucoside systems (the partial system Imo0373-Imo0374 and Imo0874-Imo0876), and two
cellobiose specific systems (the partial system Imo0901 and Imo(914-Imo0916) were
commonly upregulated in all strains. These possibly represent the most frequently used
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substrates of listeriae in the cytosol. Only one mannose specific PTS system. (Zmo(}096-
Imo0098) is downregulated by all studied strains (Additional file 18 Figure S8 and Additional
file 19: Text S1).

Most surprisingly, all Listeria strains studied expressed the genes of the /ma operon and
surrounding prophage genes of the monocin locus, including a conserved holin (Imo0112,
Imo0113, Imo0115, Imo0116, imo0128) during intracellular growth. However, the functions
of several of these genes are not defined. The only locus that is conserved in all three lineages
(albeit with some deletions in 4a 1.99) is the monocin /ma locus. The ImaA gene product has
been shown to provoke a delayed type hypersensitivity reaction in mice immune to L.
monocytogenes. It is also secreted at 20°C but much less [45] at 37°C. The Ima operon
produces two transeripts, a 2100 bp ImalDCBA transcript expressed both at 20°C and 37°C,
and a 1050 bp ImaBA transcript induced at lower temperatures [43]. Additional prophage
genes were highly expressed in the individual strains (Figure 4). Taken together, high
intracellular prophage gene expression, despite several differences in prophage gene content,
is one of the most striking observations across all Lisieria lineages.

Figure 4 Comparative transcriptomics of four L. monocytogernes genomes: L.
monocytogenes 1/2a EGD-e, L. monocytogenes 4a 1.99, L. monocytogenes 4b CLIP80459, L.
monocytogenes 4b F2365 (from outside to inside). There are two tracks per strain: the first
one shows the coding sequences (gray), phage genes (blue) and virulence genes (black). The
second one visualizes increase (red) or decrease (green) of intracellular gene expression (log
fold changes). Phage and virulence genes are clearly upregulated intracellularly. Data were
illustrated using GenomeViz [26]

All strains showed induction of the eut operon suggesting that ethanolamine may be used as a
carbon and nitrogen source in intracellular conditions. The zinc transporters were also
commonly upregulated indicating a role of zinc in intracellular survival as well as the
spermidine/putrescine ABC transporters (potB, pot( and potl)). Furthermore, the non-
oxidative branch of the pentose phosphate pathway was utilized by all listeriae, possibly to
generate NADPH for countering oxidative stress in intracellular conditions. The upregulation
of genes of the pentose phosphate pathway has been shown previously [19,20,46] and it has
been speculated that it is important for generation of erythrose-4-phosphate for aromatic
amino acid biosynthesis or for generation of pentose sugars. Accordingly; we observed a
downregulation of several genes involved in pyrimidine and purine biosynthesis from pentose
sugars (¢.g. Imol463,. Imol497, mol565. Imol832. Imol836. Imal856, Imal 929, moll 54,
ImoZ155, ma23890 and [mo2559).

Downregulated genes included the agrlocus (/mo0048-Imo0051) as demonstrated previously
[20.46] and several genes of the tryptophan biosynthesis operon (irpA, irpB, trpl”and trpl)),
and some tRNA synthetase genes (ileS. vals, giyS and gly(J). Diminished energy generation
was indicated by decreased expression of the cytochrome genes cluster cytABCD. With
respect to the pentose phosphate pathway, we detected downregulation of the phosphoribosyl
pyrophosphate synthetase (prs, Imo0199) gene, which is required for the production of PRPP
(phosphoribosyl pyrophosphate) that links the pentose phosphate pathway to the biosynthesis
of purines and pyrimidines. While several genes of the glycolytic operon, and several
individual genes were downregulated by 1/2a EGD-e, 4b CLIPB0459 strain or 4a 1.99. the 4b
F2363 strain showed increased expression (Additional file 20: Text S2).
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Differences in flagellin expression are the most prominent differences among
strains

To address the observation that strain 4b CLIP80459 grows more efficiently inside the host
than strain 4b F23635, we performed a direet comparison of the transcriptome data derived
from these two strains. Most important differences were found in the regulation of flagellar
genes. While intracellular bacteria of strain 4b F2365 upregulated a substantial number of
fagellar genes, including /S, flil, fIhA, fiiF, HIE, figB. figC, fgG, f1iD as well as the
transcriptional regulator degl/ (Imo2515), in the 4b strain CLIP80459 only fliR was
upregulated. When comparing the intracellular transcriptome of sirain 4a L99 1o the 1/2a and
4b strains the most striking difference was again the expression of the flagellar operon. We
observed a strong induction of nearly all flagellar genes in the operon, including flagellin
(Additional file 21: Text $3) (homologues of Imo0675, mo0676, Imol681, Inol685,
Imo0686, Ime0690-imo0696, Imo0698-1mo0701, Imo0703-1mo0706, Imo708, Imol709,
Imo0712. Imo0714 and Imo0715) in strain 4a L.99. Strong expression of these genes is
counterproductive within infected cells. because it probably enables the host to efficiently
detect bacterial presence and the formation of an inflammasome.

Apart from genes that are important for pathogen recognition mechanisms by the host, a
concerted expression profile (Additional file 22: Figure 89) involving genes of cell wall
synthesis, host cell invasion, response to oxidative stress, utilization of host carbohydrates
and propanediol, which are crucial for intracellular survival as well as virulence and surface
proteins were identified.

Differential growth of the three lineages and AlmaB and AlmaD isogenic
mutants in 24 mouse infection and cell infection models

We observed a severe deficiency in entry of strain 1.99 in Hel.a and Caco-2 cells as well as
poor cell-to-cell transmission with macrophages and 1.929 fibroblasts when compared to 1/2a
EGD-e (data not shown). Impaired invasion ability of host cells may be due to lack of several
internalin genes in the genome of strain 4a 199, It is likely that both, decreased invasive
ability and strong intracellular expression of flagellar genes contribute towards the rapid
clearance of the 4a 1.99 strain in in vivo experiments in mice. Upregulation of several DNA
repair genes was also seen in strain 4a L99 compared to the other strains, ¢.g. (recf”. recN,
radA and mutl), suggesting genomic damage during the infection process.

To further assess the virulence potential of the three lineages, we performed mouse infection
experiments with each of the four strains (1600 cfu/mouse), and measured bacterial loads in
spleens and livers at different time points (Figure 5A and 5B). The 4a 1.99 strain was cleared
rapidly from the mice and was not detectable after five days of infection, in accordance with
previous results [ 18], indicating that the 4a .99 strain is attenuated in its pathogenicity.
However, the other three strains were able to survive in both spleens and livers of infected
mice. Interestingly. while they could comparably replicate in the spleen, the 1/2a EGD-e and
the 4b F23635 bacterial loads in liver were significantly lower than the 4b CLIP80459 strain
whose counts remained significantly higher even on days five and eight post-infection.
Isogenic mutants of AlmaB and Almal) showed similar counts in mice spleens and livers.
However, both mutants have shown a significantly lower level of growth than 1/2a EGD-¢ on
days 3 and 5 post-infection (Figure 3C and 3D).
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Figure 5 Murine infection studies with three different Listeria serotypes and two
chromosomal deletion mutants of Almab and AlmaD of L. monocytogenes 1/2a EGD-e
Mice were infected i.v. with 2000 cfu of L. monocytogenes serotypes 1/2a EGD-¢ (filled
circles), 4b F2365 (open circles), 4b CLIPR0459 (filled triangles), and 4a 1.99 (open
triangles). On days 1, 3, 5, and & afier infection, the numbers of viable bacteria in spleens (A)
and livers (B) of three animals per group were determined (P <0,05 and P <0,001 of 4b
CLIP80459 vs. 1/2a EGD-e and 4b F2363 vs. 1/2a EGD-e in spleen and liver respectively).
Bacterial load in mice organs were also determined following i.v. infection with 2000 cfu of
L. monocytogenes 1/2a EGD-e wild type strain (filled circles) as well as its isogenic mutants
AlmaB (open circles), and AlmaD (filled triangles). On days 1, 3, and 5 after infection, the
numbers of viable bacteria in spleens (C) and livers (ID) of three animals per group were
determined (P <0,05 and P <0,01 of 1/2a EGD-e versus AimaB and AlmaD in spleen and
liver respectively). Data presented are representative of three independent experiments. An
asterisk indicates means that are significantly different from the wild type. Significance
analysis was performed with student rtest

Discussion

We sequenced and analysed the genomes of representatives of three major lineages of species
L. monocytogenes to correlate gene content with (1) its wide spectrum of pathogenic abilities,
(11) its differing properties for survival in the hosts, and (iii) its adaptive properties during
growth under extracellular conditions.

Decay of surface proteins in the virulence attenuated L. Monocytogenes 4a
strain

Analysis of the 4a L99 genome revealed extensive loss of a large number of internalins,
internalin-like proteins and other surface proteins important for invasive ability. For strain 4a
L99, which was 1solated from contaminated food in the 1950°s, 1t might be possible that
mutations have taken place over this lengthy time of storage under n vitro conditions.
Surprisingly, a previously known actA truncation in the 4a genomes of L.99, HCC23 and M7,
was also found in a higher number of lineages I strains compared to lineage II. but not in the
actA gene of another lineage III strain of 4¢ FSL J2-071 indicating a serotype-specific
heterogeneity of ActA sequences within the genus Listeria. The loss of this proline-repeat in
ActA is correlated with lowered actin-based motility in the cytosol. In addition, comparative
nucleotide analysis indicated that the latter half of the LIPI-I pathogenicity island in strain 4a
L.99 has diverged significantly from that of the 4b and 1/2a strain leading to a loss of the open
reading frames Imo0206to Imo0208. Loss of Imo0206 (orfX) has been shown to confer a
severe growth effect on survival in macrophages, [20] while loss of Imo0207 has a small
effect on growth in macrophages and no data are presently available for /mo0208 and
Imo02089 and their role in virulence.

Differential regulation of intracellular flagella gene expression by strains of
different lineages

Highly sensitive and widely distributed host microbe-associated microbial pattern receptors
(TLRs and NLRs) continuously patrol the cell surface, endosomes and the cytosol for signs
of microbial presence by sensing cell wall components, bacterial DNA, lipoproteins and
flagellin. Ligands may be shared between the surface and the cytosolic receptors, e.g. cell
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wall components and flagellin may be sensed both by TLRs and also by cytosolic receptors.
We detected the intracellular expression of the flagellin gene in 1/2a EGD-e [20]. Recently, it
has been shown that cytosolic flagellin, expressed by L. monocytogenes strain 10403 S
(serotype 1/2a) is detected by multiple Nod-like receptors, including IPAF and NALP3, and
also by a pathway involving the adaptor protein ASC and the cytosolic DN A sensor AIM2,
which is required for the formation of the inflammasome [47-49]. Detection of flagellin in the
cytosol via these pathways leads to caspase-1 mediated cleavage of pro-IL-1B and release of
active IL-1B. Mice lacking caspase-1 or ASC are unable to mount active IL-1B response to
intracellular pathogens such as Shigella flexneri and Francisella tularensis [50,51]. All
strains investigated in this study were found to express flagellar genes in the cytosol, except
for strain 4b CLIP80459. The ability to successtully downregulate flagellar (flaA) gene
expression is probably critical for evading host detection and promoting bacterial intracellular
growth. In line with this observation, a 1/2a EGD-e chromosomal deletion mutant of the gene
displayed increased survival in mouse infection assays [32].

In keeping with this finding, both strains 4b F2365 and 4a 1.99 displayed strong induction of
several flagellar genes during intracellular growth and were more readily cleared from the
host. This suggests strain-specific differences in the ability to avoid host recognition can lead
to large differences in virulence manifestation, despite several commonalities in the
adaptations of the lineages to the intracellular lifestyle. Although all the strains investigated
in this study were able to induce all genes of the virulence genes cluster intracellularly, it is
likely that there are a multitude of effects including differences in virulence gene expression,
uptake of carbohydrates, membrane protein expression and flagellar biosynthesis, all of
which contribute to the observed phenotypic properties.

Effects of gene duplication events on metabolic adaptation and survival within
the host

The processes of gene duplications, horizontal gene transfer and gene loss influence the
short- and long-term evolution of prokaryotic genomes. The benefits of gene duplications in
the short term can be seen clearly in conditions of antibiotic treatment [53,54], toxin exposure
[55], heavy metal stress [56,57], extreme temperatures [38], nutrient limitation [59,60] and
even parasitic and symbiotic lifestyles [54,61]. Duplications found in all Listeria genomes
seem to have been ancient i.e. precede species differentiation. with only the exception of the
recent prophage duplication in L. innocua 6a CLIP11262. Classification of duplicated genes
revealed several paralogous genes in metabolic pathways, while very few horizontally
transferred genes could be classified at all.

The highest numbers of gene duplications were 1dentified in the following categories: ABC
transporters, PTS systems, pentose phosphate pathway, starch and sucrose metabolism,
fructose and mannose metabolism, and carbon fixation. Surprisingly, we found a high
number of duplicated gene paralogues involved in the regulation of the non-oxidative branch
of the pentose phosphate pathway and in the generation of ribose-5-phospate from ribulose-5-
phosphate. Under conditions of intracellular growth, we observed differences in the ability of
the lineages to express horizontally transferred genes. 1/2a EGD-e was most successful in this
regard (17 genes), followed by 4a L99 (10 genes), 4b F2365 (6 genes) and 4b CLIP80459 (2
genes). Apart from the horizontally transferred genes, differences in the expression of strain-
specific genes in the cytosol were apparent (1/2a EGD-e: 45; 4a 1.99: 49; 4b F2365 11: 4b
CLIP80459: 3).
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PTS systems enable listeriae to utilize host carbohydrates, a mechanism that is essential for
the intracellular survival. PTS systems (EII) for the utilization of fructose and beta-
glucosides, mannose and cellobiose were most frequently observed in the investigated
Listeria genomes. Although the numbers of PTS systems are comparable among the
investigated genomes (Additional file 18: Figure S8), even a slight difference in
presence/absence of a PTS system available as an additional carbohydrate utilization
mechanism may have dramatic effects on listerial survival inside the host cytosol [61-63],
specifically on the master regulator PrfA [61,62.64,65]. For instance, the pentitol PTS system
in 1/2a EGD-e is not present in either the 4b or the 4a 199 genomes. A transposon insertion
mutant of this system (/ma1971) has been shown to have significantly attenuated growth in
epithelial cells [46]. Several partial PTS systems are also present in the genome (Additional
file 19: Text S1). These are independently expressed intracellularly, and represent broadly
shared and commonly regulated systems. In accordance, the pathogenic strain 4b CLIP80459
was found to upregulate more PTS systems than strain 4b 2363, which may contribute to
better intracellular survival of 4b CLIP80459.

In addition to phosphorylated sugars. there are other nitrogen and carbon sources available to
mtracellular bacteria, such as ethanolamine. Ethanolamine is used as substrale and an energy
supply by Salmonella enterica grown under anaerobic conditions and is suggested to be used
by other bacteria [66]. A locus homologous to that of the ethanolamine operon of S. enterica
has also been described in Listeria [67]. The gene organization of the locus is not identical to
the Salmonelia cluster, but all the genes of the cluster have homologous sequences in Listeria
(Additional file 23: Figure §10). Previous studies identified genes of the locus to be
upregulated intracellularly during infection and were shown to play a critical role for
intracellular survival [46]. Our data support this observation and further demonstrate
upregulation of several genes of this locus across all three pathogenic lineages of Listeria,
suggesting that the functions of the locus are conserved. However, since the locus is also
present in the apathogenic . innocua strain 6a CLIP11262, it may exemplify a general
requirement of Listeria to cope with nutrient rather than a specific virulence adaptation.
Furthermore, degradation of the phagosomal membrane that traps intracellular listeriae,
results in the release of ethanolamine as a byproduct and may serve an energy source in the
host cytosol.

Not only the efficient recruitment of carbohydrate substrates, but also the differential
channeling through different pathways represents an important adaption within the host
cytosol. It has been shown that an essential mechanism to counteract oxidative stress 1s to
reroute carbohydrate flux via the pentose phosphate pathway, which is required for the
biosynthesis of reductive substrates rather than through glycolysis pathway [68]. Indeed. we
observed that all lineages prefer to channel carbohydrate flux via the pentose phosphate
pathway, rather than glycolysis. In contrast to the other strains, only strain 4b F2365 was
unable to downregulate glycolysis, suggesting that the inability to route sugars efficiently via
pentose phosphate contributes to the poor intracellular growth of this strain.

The CRISPR system in Listeria reveals expansion and atrophy

A CRISPR (Clustered, regularly interspaced short palindromic repeats) locus, associated with
several cas genes was identified in the 4a .99 genome. CRISPRs are highly divergent loci
found in genomes of all archaea and several bacteria [69]. A CRISPR system is composed of
the cas (CRISPR-associated) genes, a leader sequence and arrays of direct repeats separated
by non-repetitive spacer sequences resulting in a RNA-interference like innate phage-
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resistance mechanism [70]. A recent study in Streptococcus thermophilus demonstrated how
bacteria are able to integrate new spacer sequences derived from infecting phages, directly
into the CRISPR arrays, and that this ability confers phage-resistance [71]. The mechanism of
resistance has also been elucidated [70]. Among the genomes compared in this study, only
the 4a 199 genomes of 1.99. HCC23 and M7 possesses cas genes and several CRISPR
repeats. There are only two repeats in each 4b genome, five in 1/2a EGD-e a single one in L.
innocua 6a CLIP11262, but none of these strains harbour identifiable cas genes. In addition,
a small SRNA 1/iB3 is located in the repeat region of 1/2a EGD-¢ and contributes to virulence
in mice [72]. We were also able to detect a DNA sequence of a potential prophage (PSA)
using the spacers from the 4a genome. As prophages evolve quite rapidly, it is likely that this
acquisition is a recent event.

Distinct role of intracellularly upregulated phage genes in virulence of listerial
strains

The four L. monocytogenes strains have different numbers of prophage genes (1/2a EGD-e:
79; 4a 1.99: 191: 4b CLIP80459: 16 and 4b F2365: 16) distributed in different loeci.
Regardless of location and lineage, all strains expressed several prophage genes within the
infected host cell. However, only a single locus, the /ma locus is conserved across the three
lincages and 1s also induced during infection. The role of prophage genes in the virulence of
Listeria has not been examined in detail. We show that chromosomal deletion mutants of two
genes in this locus (ImaB and ImaD) resulted in growth reduction of 1/2a EGD-¢ in a murine
infection model. Although the underlying mechanisms leading to the attenuated phenotypes
remain unclear, a recent study revealed that prophage diversification represents an essential
mechanism for short-term genome evolution within the species L. monocytogenes [73.74] and
15 subject of further investigation.

Conclusion

Listeria monocytogenes is arguably one of the best characterized pathogens and has been
established as an unparalleled model microorganism in infection biology. Detailed
understanding of differences in virulence of the three major lineages of Listeria provides us
with invaluable information about evolutionary adaptation of this pathogen. Here we used
comparative genomics and whole-genome based transcriptome analysis of strains from all
lineages to obtain a comprehensive view as to how these strains have evolutionarily diverged.
This approach suggests that (i) reductive evolution of strains of serotype 4a such as 1.99,
HCC?23 and M7 is the major force driving the attenuated phenotype, (i1) acquisition and
adaptation of prophage genes and metabolic systems, respectively, identify novel virulence-
associated factors of listeriae and (iii) listeriae avoid detection and subsequent immune
response of the host via downregulation of surface structures and by differences in
intracellular expression of flagellar genes.

Methods

Strains and growth conditions

Four L. monocytagenes strains were used in the study. /.. monecytogenes 1/2a EGD-e [14], L.
monocytogenes 4a 199 (18], L. monocytogenes 4b CLIP804359 [17], L. monocytogenes 4b
F2365 [15] and chromosomal deletion mutants of L. monocytogenes 1/2a EGD-e AlmakB and
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Almal). Bacteria were grown in brain heart infusion (BHI) broth (Difco) at 37°C with
shaking. For further comparative genomic analysis L. monocytogenes 4a HCC23 [37] L.
monocytogenes 4a M7 [38] and L. monocytogenes 4¢c FSL J2-071) (Listeria monocytogenes
Sequencing Project, Broad Institute of Harvard and MIT; http://www.broad.mit.edu) was
used.

Genome sequencing and annotation

In brief, genome sequencing L. monocytogenes 4a 1.99 was performed on ABI PRISM 3100
or 3730x1 Genetic Analyzers (Applied Biosystems). Whole genome shotgun sequencing was
performed by LGC (Berlin, Germany). Sequence data were analysed and assembled using
Phred/Phrap/Consed [75,76]. A total number of 27,637 sequences of shotgun libraries, 1684
fosmid and 671 PCR gap closure sequences were assembled by the Phrap software resulting
mn a ~6.7-fold coverage. Genome annotation was performed as previously described [3].

Genome sequencing of L. monocytogenes 4b CLIP80459 was performed using the
conventional whole genome shotgun strategy [77,78]. One library (2-3 kb inserts) was
generated by random mechanical shearing of genomic DNA and cloning into pcDNA-2.1
(Life technologies) and recombinant plasmids were used as templates for cycle sequencing
reactions. Samples were loaded on capillary automatic 3700 and 3730 DNA sequencers
(Applied Biosystems). In an initial step 35,610 sequences were assembled into 361 contigs
using the Phred/Phrap/Consed software [75.76]. CAAT-Box [79] was used to predict links
between contigs. 379 PCR products amplified from L. monocytogenes CLIP80459
chromosomal DNA as template were used to fill gaps and to re-sequence low quality regions.
Final assembly resulted in a ~7.8-fold coverage. Genome annotation was performed as
previously described [14].

Alignment of the virulence gene cluster

The alignment was performed using MAVID [80] afier extracting the virulence gene cluster
of all genomes. The plot was created using VISTA [81].

ActA repeat analysis

Available ActA protein sequences for all L. monocytogenes strains were retrieved from
GenBank (http://www.ncbi.nlm.nih.gov/Genbank/). Only sequences that contained at least
500 amino acids (reference strain 1/2a EGD-e ActA: 639 amino acids) were downloaded
(774 sequences). It was possible to assign a lineage to only 386 ActA sequences. Duplicates
with identical length, strain and sequence were also removed, leaving a total of 218
sequences for the analysis. These were aligned using ClustalW and the alignment of repeat
regions was examined manually.

Single nucleotide polymorphisms
Single nucleotide Polymorphisms (SNPs) were detected by the MUMmer [25] and SNPs

were mapped to coding regions using PERL scripts. The SNP-density per gene normalized by
gene length was calculated and the data were visualized in GenomeViz [26].
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CRISPR repeats analysis

Comparative visualization of the CRISPR related genome loci was performed by GECO [82].
CRISPR repeats were identified using the PILER-CR software [83]. Subsequent analysis and
visualization of repeat footprints was performed using BLAST and ACT [84].

Horizontal gene transfer and gene duplications

Horizontally transferred genes were detected using SIGI [85] and SIGI-HMM [86].
Duplicated genes were identified using BLAST cut-offs of at least 40% identity and 80%
coverage considering both sequences.

Cell culture and infection model
All cell culture experiments were performed as described by Chatterjee and colleges [20].
Microarrays

For each of the four strains of the study. a genome-wide custom microarray chip was
designed and implemented using the Geniom One platform from Febit Biomed GmbH,
Germany. All transcriptome studies were performed with this platform. Complete details of
the protocols are provided in the ArrayExpress database (http://www.ebi.ac.uk/microarray-
as/ae/). Data were background corrected and then normalized using quantile normalization
|87]. Pearson’s correlation coefficients were used to assess reproducibility within at least two
technical and three biological replicates (r* > =0.94 in all cases). The significance analysis of
microarrays (SAM) program was used to analyze the data [88] as an unpaired response.

Construction of the deletion mutants AlmaB and AlmaD

Chromosomal in frame deletion mutants of L. monocytogenes 1/2a EGD-e AlmaB and Almal)
were constructed by generating the 5’ (with primers P1 and P2) and the 3’ (with primers P3
and P4) flanking region of the gene concerned. Primers used to generate the flanking regions
are shown (Additional file 24: Table S11). The purified PCR fragments of 53’ and 3’ flanking
regions were amplified using primer P1 and P4, ligated into pCRII (Life technologies) and
transformed into £. coli InvaF’ electrocompetent cells (Life technologies). Subsequently, the
vector was digested with restriction enzyme EcoRI and ligated into the temperature sensitive
suicide vector pAUL-A which was digested with the same enzymes and transformed into F.
coli InvaF’ electrocompetent cells. Plasmid DNA of pAUL-A bearing the fragment was
isolated from the recombinants and used to transform L. monocytogenes EGD-e to generate
the chromosomal deletion mutants as described in detail by Schaeferkordt et al. [89]. The
deletion in the gene concerned was identified by PCR and confirmed by sequencing the PCR
fragment using primers P1 and P4.

Murine infection assay

Primary infection with L. monocytogenes serotypes and mutants was performed by
intravenous injection of viable bacteria in a volume of 0.2 ml of PBS. Bacterial growth in
spleens and livers was determined by plating 10-fold serial dilutions of organ homogenates
on BHI after several days. The detection limit of this procedure was 10> CFU per organ.
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Colonies were counted after 24 h of meubation at 37°C. Six- to eight-week-old female
BALB/c mice, purchased from Harlan Winkelmann (Borchen, Germany), were used in all
experiments.

Ethics statement

This study was carried out in strict accordance with the regulation of the National Protection
Animal Act (§7-9a Tierschutzgesetz). The protocol was approved by the local Committee on
the Ethics of Animal Experiments (Regierungsbezirk Mittelhessen) and permission was given
by the local authority (Regierungspraesidium Giessen, Permit Number: GI 15/5-Nr.63/2007).

Statistical data analysis of infection experiments

All infection experiments were performed a minimum of three times. Significant differences
between two values were compared with a paired Student’s #test. Values were considered
significantly different when the p value was less than 0.05 (p<0.05).
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The genome sequences have been deposited in the EMBL database with accession numbers
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accession number E-MEXP-1947,
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IFN-vy-activated macrophages are considered to be the primary effector cells in host defense against Lis
teria monocytogenes infections. However despite the induction of the complex host defense mechanisms,
survival of L. monocytogenes in activated macrophages is still observed. Here we used a whole genome
based transcriptome approach to examine for bacterial genes specifically induced in IFN-v-activated
macrophages. We demonstrated thar cells activared by IFN-vy had elevared oxidative and nitrosative
stress levels in both the acrivared macrophages as well as in the intracellular replicaring bacteria isolared
from these infected cells. We found that a subset of 21 rranscripts were specifically differentially regu-
lated in bacteria growing in cells pretreated with IFN-v. Bicinformatics and functional analysis revealed
that many of these genes have roles involved in overcoming oxidative stress and contribute to bacterial
survival within activated macrophages. We detected increased transcription of the putative trpC gene of
L monocytogenes, encoding an anthranilate synthase, in bacteria growing in IFN-v cells indicating host
cell metabolic restriction of bacterial growth. Indeed we found enhanced activation of host cell genes
involved in the kynurenine pathway indicating an increased need of L monocytogenes for tryptophan
during replicarion in IFN-y-activared macrophages.

@ 2011 Elsevier GmbH. All rights reserved.

Introduction

Listeria monocytogenes, the causative agent of listeriosis, is an
important pathogen that has been involved in numerous outbreaks
due to contaminated food (Schuchat et al., 1991; Swaminathan and
Gerner-Smidt, 2007). The intracellular pathogen invades and multi-
plies in many cell types including epithelial cells and macrophages
and can hreach the intestinal, fetoplacental, and blood-brain barri-
ers. As a result infection with Listeria is often associated with severe
disease in pregnant women, neonates, the elderly, and immuno-
suppressed individuals (Vazguez-Boland et al., 2001).

L monocytogenes is an established model [or evaluation of
crucial cellular interactions such as initiation of the host T-cell
response which plays an important role ininnate immunity (Pamer,
2004). Macrophages are the key actors for innate immune response
during infection with L. monocytogenes as they are the majortargets
for intracellular replication and they are essential [or mediat
ing clearance ol bacteria during infection. Inlected macrophages
secrete TNFa and [L-12 (Havell, 1987; Tripp et al., 1993; Hsieh
et al.,, 1993)which in turn lead to the production of IFN- by natural

* Corresponding author. Tel: +49 641 99 41257; fax: +49 641 99 41259,
E-mail address: Mobarak Mraheik®mikrobio.med.uni-gieszen.de (M.A. Mraheil).

1438-4221/% - see front matter © 2011 Elsevier GmbH. All rights reserved.
doi: 10.1016/j.ijmm.2011.05.001

killer cells and T-cells resulting in activation of macrophages and
increase of their bactericidal activity. Cytokines such as IFN-y acton
macrophages and enhance their antimicrobial properties by target-
ing genes including those encoding inducible nitric oxide synthase
(Bogdan et al., 2000), an enzyme that generates nitric oxide (NO)
radicals. Other targets of [FN-v are the subunits of the NADPH
phagocyte oxidase, which generate superoxide (03 ) radicals, and
gene products that starve intracellular pathogens by depleting the
levels of tryptophan, such as indoleamin-2,3-dioxygenase (Decker
et al., 2002).

Recently, we cataloged genes required for intracellular repli-
cation of L monocytogeries in macrophages by comparing the
expression profiles of bacteria grown in the cylosol of P388D1
macrophage cells with that of bacteria grown extracellularly in
rich medium using whole genome microarrays (Chatterjee et al.,
2006). Subsequent studies using bacterial mutants provided insight
on how L monocylogenes adapts to growth in the vacuolar and
cylosolic compartments ol infected macrophages by remodeling
transcription through the coordinated expression of regulatory,
metabolic, stress, and virulence genes, However to date, there is no
information on those bacterial genes specifically regulated in IFN-
y-activated macrophages. Also, the role of IFN-+ in the resistance
to infections with facultative intracellular bacteria still remains
unclear as various studies have been shown to be contradictory
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(van Dissel et al., 1987; Langermans et al., 1992; Herskovits et al.,
2007).

In view of the above we used whole genome-based microar-
rays with L. monocytogenes within [FN-+v-activated macrophages to
gain a better understanding of the genes involved in adaptation
to the host innate immune response. We identified listerial genes
specifically regulated in IFN-y-activated cells and found many of
them to be associated with counteracting increased oxidative and
metabolic stress.

Materials and methods
Strains and growth conditions

L. monocytogenes EGD-e (Glaser et al., 2001 ) was grown in brain
heart infusion ( BHI) broth ( Difco) at 37 °C with shaking at 180 rpm
(Unitron, Infors). All experiments in the present study were per-
formed with bacterial cultures growing to mid-exponential phase
(optical density of 1.0 at 600 nm).

Cell culture infection assay

P388D1 murine macrophage cells were cultured and infected
as described by Chatterjee et al. (2006). Tryptophan-free RPMI
medium was purchased from PAN Biotech, Germany).

IFN-y activation of macrophages

P388D1 macrophage cells were activated by incubating a
cell monolayer with recombinant murine IFN-y (100U/ml;
Sigma-Aldrich) for 18 h before and during infection.

Reagents

Catalase, NG—Monomethyl—L»arginine acetate salt (L-NMMA),
Spermine-Nitric oxide complex hydrate (Spermine NONOate),
hydorogen peroxide (H;0;) and ethanol were obtained from
Sigma-Aldrich. Catalase and L-NMMA were added to cultures at
final concentrations of 100 pg/ml and 100 .M, respectively. Gen-
tamicin solution (50 mg/ml) used in the study was procured from
Gibco and 3/-(p-hydroxyphenyl) fluorescein (HPF) was purchased
from Invitrogen.

RNA isolation

Total bacterial RNA was extracted as previously described by
Chatterjee et al. (2006). Briefly, overnight cultures of L. monocyto-
genes EGD-egrownin BHIbrothwere diluted 1:50in 20 ml fresh BHI
broth in 100-ml Erlenmeyer flasks and were incubated at 37 °Cwith
shaking at 180 rpm until the optical density of 1.0 at 600 nm was
reached (Unitron, Infors). The RNA isolation from L monocytogenes
grown in media was performed as follows: Bacterial aliquots of
0.5ml were preincubated with 1 ml RNAprotect (Qiagen) for 5min
and centrifuged for 10 min (8000 x g) at 20 °C. Pellets were stored
at —80°C until usage. RNA isolation from intracellularly grown bac-
teria at 4 h post infection was carried out as previously described
(Chatterjee et al., 2006). Briefly, macrophages were lysed using a
cold mix of 0.1% (wfv) sodium dodecyl sulfate, 1% (v/v) acidic phe-
nol and 19% (v{v) ethanol in water. Bacteria were harvested by
centrifugation for 10 min (8000 x g) and stored at —80 °C. RNA was
extracted from bacteria using the RNeasy Mini kit (Qiagen) and
stored at —80°C. The quantity of the isolated total RNA was deter-
mined by absorbance at 260nm and 280 nm, and the quality was
assessed using the Agilent 2100 Bioanalyzer. cDNA was generated
and labeled with CyDyes (both Cy3 and Cy5 for each probe) from
3 pg of total RNA using the CyScribe Post-Labelling Kit (GE Health

Care). Quantification of cDNA was measured at the absorbance of
550nm and 650nm for Cy3 and Cy5 dyes, respectively, using an
ND-1000 Spectrophotometer (NanoDrop Technologies, Inc., USA).
Eucaryotic RNAwas isolated from macrophage cells as described
here: RNA was extracted from P388D1 macrophages using the
RNeasy Mini Kit (Qiagen). To synthesize cDNA, 1 ug of total RNA,
SuperScript Il Reverse transcriptase, QuantiTect Primer Assays, and
RNAseOUT ribonuclease inhibitor (Invitrogen) were used.

Transcriptome analysis

The whole genome microarray for L monocytogenes EGD-
e was performed as previously described by Chatterjee et al.
(2006). Briefly, hybridization of cDNA was carried out in ASP
base Hybridizer (GE Health Care) for 12h at 42°C. The compar-
ative experiment layout was as follows: (i) Bacteria grown in BHI
versusintracellularly grown bacteria at 4 h postinfection from non-
activated P388D1 cells and (ii) EGD-e grown in BHI versus EGD-e
grown intracellularly for 4 h in IFN-vy-activated P388D1 cells. For
eachconditionthree independent biological experiments were per-
formed. Also cDNA samples from each time-point were hybridized
as dye swap experiments. The fluorescent signal intensities from
each spot on the microarray were quantified using Spotfinder soft-
ware from ImaGene version 7.5 (GE Health Care).

The identification of differentially expressed genes using Signif-
icance Analysis of Microarrays (SAM) was performed as described
in the manual (Tusher et al., 2001). Briefly, data analysis was con-
ducted with intra- and inter-slide normalization (Chatterjee et al.,
2006; Beissbarth et al., 2000), log,-transformed data using the one
class method in SAM 2.0 for the comparison of 2 experiments:
Firstly, bacteria grown in BHI versus intracellular grown bacteria
for 4 hin non-activated P388D1 cells and secondly, bacteria grown
in BHI versus bacteria isolated from [FN-+v-activated P388D1 at4h
postinfection. The resulting two gene lists were then filtered for
genes with a false discovery rate (FDR) of <1.0% and a fold change
of 22,

Microarray data have been deposited to ArrayExpress, accession
number: E-TABM-663 (http://www.ebi.ac.uk/ArrayExpress/).

Quantitative PCR analysis

Bacterial genes: Quantitative real-time PCR was performed on
the ABI Prism 7700 sequence detection system (PerkinElmer). For-
ward and reverse primers ( purchased from eurofins MWG operon)
(Table S3) were designed to produce an amplicon length of about
150 bp. Total RNA was isolated as described above with an addi-
tional treatment with the DNase free kit (Ambion). Isolation was
followed by production of ¢cDNA from 3 pg RNA, SuperScript Il
Reverse Transcriptase (Invitrogen), and the probes were subjected
to quantitative real-time PCRin a final volume of 25 p.l using Quan-
tiTect SYBR Green PCR kit (Qiagen) according to the manufacturer’s
instruction.

A standard curve was generated for each primer pair using dif-
ferent copy numbers of genomic DNA from EGD-e. For each primer
pair a negative control (water), RNA sample without reverse tran-
scriptase (to determine genomic DNA contamination)and asample
with known amount of copy numbers (to test the efficiency of the
reaction) were included as controls during cDNA quantification. All
samples after real-time PCR were run on a 1.5% agarose gel to verify
that only a single band was produced.

The expression level of each gene was calculated by normal-
izing its MRNA quantity to the quantity of the mRNA of 165 rRNA
(Tasara and Stephan, 2007) for the same sample using a mathemat-
ical model for relative quantification in real-time PCR published by
Pfaffl (2001).
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Eukaryotic genes: Quantitative real-time PCR was performed in
the same ABI Prism detection system used for bacterial real-time
PCR. RNA was harvested from macrophages using RNeasy Mini kit
(Qiagen). Tosynthesize cDNA 1.0 pg of total RNA, SuperScript (SS) 11
reverse transcriptase (Invitrogen), random primer, and RNaseOUT
ribunuclease inhibitor (Invitrogen) were used. For PCR analysis, we
used QuantiTect SYBR Green PCR kit (Qiagen)toamplify cDNA, after
1:10 dilution, in a final volume of 25 pl with specific primers. The
used QuantiTect Mus musculus primers (Nos2, Indo, Kmo, Haao,
Kynu, and Arbp) were obtained from Qiagen. For each indicated
gene, as well as for the reference gene ArBP (acidic ribosomal
phosphoprotein), a standard curve was generated to calculate the
quantity of mRNA as a function of the Ct value. The expression level
of each gene was calculated by normalizing its mRNA quantity to
the quantity of the ArBP mRNA for the same sample using the same
mathematical model mentioned above for bacterial genes.

ROS measurement by HPF

Measurement of ROS (reactive oxygen species) forma-
tion was carried out in [FN-y-stimulated and untreated
P388D1 macrophages using a fluorescent reporter dye, 3'-(p-
hydroxyphenyl) fluorescein (HPF). For measurement of ROS,
P388D1 macrophages were washed, centrifuged at 1200 rpm and
resuspended in phosphate-buffered saline (PBS). Macrophages
were incubated with HPF (10 M) for 30 min at room temperature
in the dark. Thereafter, macrophages were washed with PBS and
analyzed on the FACSCalibatur flow cytometer (Becton Dickinson).
Measurement of ROS formation in L. moenocytogenes grown intra-
cellularly in IFN-y-activated and non-activated P388D1 cells was
carried out after lysing the infected macrophages with ice cold
water. The bacterial cells were centrifuged at 8000rpm and the
pelletincluding the bacteria was washed with PBS and used for ROS
determination by flow cytometry. ROS formation was determined
using a 488 nm argon laser and a 515-545nm emission filter (FL1)
at low flow rate. Data was analyzed using Cell-Quest Software
(Becton Dickinson). At least 10,000 cells were collected for each
sample.

Results and discussion
IFN-y stimulation of P388D1 macrophages

Upon bacterial infection, macrophages of the host are acti-
vated when IFN-vy is secreted by cytokine-induced T lymphocytes
and natural killer cells (NK). To mimic this host response, we
analyzed two macrophage cell lines (P388D1 and |774) for basal
expression of iNOS (inducible nitric oxide synthase), a marker
for IFN-y-mediated macrophage activation (Bogdan et al., 2000).
Our experiments revealed that IFN-vy stimulation of the murine
macrophage cell line P388D1 induced higher levels of iINOS mRNA
than ]774 cells (data not shown). We also found that J774 is more
sensitive to killing by [. monocytogenes EGD-e infection. Based on
these results we chose to use P388D1 cells for our further studies.
The amount of IFN-y necessary for optimal activation of P388D1
macrophages (measured by levels of INOS mRNA) was assessed by
performing a dose-dependent quantitative real-time PCR experi-
ment. As shown in Fig. 1 the optimal dose of IFN-vy for activation of
P388D1 cells was observed with 100 U/ml.

In addition to iNOS, IFN-y-mediated oxidative stress exhib-
ited by macrophages by targeting subunits of phagocyte NADPH
oxidase, was detected using the fluorescent reporter dye 3'-(p-
hydroxyphenyl) fluorescein (HPF). It has been shown that HPF is
oxidized by ROS and NOS with high specificity (Setsukinai et al.,
2003). Also superoxides generated due to oxidative damage of Fe-S
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Fig. 1. Relative expression of iNOS (inducible nitric oxide synthase) in P388D1
macrophages after 18 h activation with different concentrations of IFN-y (50, 100,
and 200U). The mRNA levels of iNOS were quantified by real-time RT-PCR and nor-
malized to the quantity of the mRNA of ArBP (acidic ribosomal phosphoprotein) of
the same sample. Dotted line denotes an expression ratio of 1=no change.

clusters and iron leaching play a critical role in the generation of
hydroxyl radicals by the Fenton’s reaction (Imlay et al., 1988). Thus,
using flow cytometry we compared untreated macrophage cells
with IFN-vy-activated macrophages for production of ROS and NOS.
A significant increase of oxygen and nitrogen radicals was exhib-
ited by IFN-vy-activated macrophages, aswe found elevated levels of
HFP fluorescence that are generated by oxidization of HPF in com-
parison to untreated cells (Fig. 2). These findings were confirmed
by addition of catalase (100 p.g/ml) and L.-NMMA (100 p.M) which
resulted in strong reduction of ROS and NOS levels. The effect of
catalase which decreases oxidative stress by degradation of hydro-
gen peroxide to water and oxygen (Makino et al., 2005) was slightly
stronger than that of L-NMMA. .-NMMA reduces the intracellular
nitrosative stress by inhibiting NO generation from arginine. These
data together with induction of iNOS indicate that P388D1 cells
undergo IFN-y dependent activation.

Intracellular expression profiling of Listeria monocytogenes in
IFN-y-activated macrophage cells

To study the whole-genome transcription profile of L. morno-
cytogenes, total RNA was prepared from L monocytogenes grown
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Fig. 2. Detection of reactive oxygen and nitrogen species (ROS and NOS) in non-
activated and IFN-y-activated P338D1 murine macrophages either without or
following treatmentwith catalase (100 p.g) and L-NMMA (100 .M ). Measurement of
ROS and NOS was carried out using a specific fluorescent dye 3'-{p-hydroxyphenyl)
fluorescein (HPF). The intensity of fluorescence was determined by flow cytometry.
Data are obtained from one experiment representative of three.
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Fig. 3. Scatter diagram displaying genes whose intracellular expression changed >2-fold. Additionally, genes with a ratio (fc + [FN-y/fc— [FN-y) >2 were emphasized. Filled
black circles indicate up regulated genes while empty circles represent down regulated genes with ratio >2-fold. The filled grey circles in the middle of the figure represent
the rest of the genes with a ratio <2, Some representative genes with ratios >2 are named.

intracellularly for 4h. A two-color microarray hybridization
method was employed to compare the expression profile of bacte-
ria cultivated in BHI broth at exponential phase with that of bacteria
grown in either IFN-vy-activated or non-activated macrophages (4 h
postinfection). Each data set represents the average result of three
independent biological replicates.

Comparative transcriptomic analysis of EGD-e grown in BHI
broth versus EGD-e isolated 4h post infection (p.i.) from [FN-
vy-activated P388D1 produced a total of 524 genes that were
differentially regulated with a fold change =2 (Table S1). This
accounts for ~18% of the whole genome representing the genes
involved in intracellular survival of L monocytogenes within
macrophages. Among the genes 363 were induced and 161 were
repressed. Fig. 3 displays a scatter diagram of all genes differen-

tially regulated intracellularly with a fold change >2. Additionally
the diagram also displays those genes with a differencein their ratio
(fc+ IFN-y/fc — IFN-y) of =2.

To reveal the effect of macrophage activation by IFN-y on
the intracellular transcriptome of the bacterium, we compared
the expression profiles of bacteria residing in non-activated
macrophages to those grown in IFN-y-stimulated macrophages 4 h
postinfection. Of the 524 identified genes in activated macrophages
only 21 genes were found to exhibit an expression profile that
was significantly regulated in response to IFN-vy-stimulation while
the remaining 503 genes showed no difference between the acti-
vation states of the macrophages (Table 1). Out of these 21
IFN-+-specifically regulated genes, six were induced and 15 were
repressed.

Table 1
IFN-y-specific intracellularly regulated genes of L monocytogenes 4h post infection.

Gene fc Gene name Gene annotation

Specificup regulated genes

Imo0655 | similar to phosphoprotein phos phatases

Imo0807 2,95 similar to spermidine/putrescine ABC transporter, ATP-binding protein

Imo0990 441 conserved hypothetical protein

Imo1485 486 similar to unknown proteins

Imo1633 392 trpE highly similar to anthranilate synthase alpha subunit

Imo1702 576 fosX similar to glutathione transferase - fosfomycin resistance protein

Specific down regulated genes

Imo0042 -47 similar to E. coli DedA protein

Imo0111 -48 Imo0111 protein

Imo(478 -4.7 putative secreted protein

Imo0490 -6.5 arof similar to shikimate 5-dehydrogenase

Imo0532 -37 Imo0532 protein

Imo0578 -85 putative conserved membrane protein

Imo0618 =51 similar to protein kinase

Imo0823 —4.6 similar to oxydoreductases

Imo0856 -35 murF UDP-N-acetylmuramoylalanyl-p-glutamyl-2,6-diamino
pimelate-p-alanyl-p-alanyl ligase

Imo1201 =55 similar uroporphyrinogen-IIl methyltransferase/uroporphyrinogen-IIl
synthase

Imo1363 -46 similar to geranyltranstransferase

Imo1669 -47 some similarity to hypothetical proteins

Imo1925 -4.1 hisC similar to histidinol-phosphate aminotransferase and
tyrosine/phenylalanine aminotransferase

Imo2164 -35 lapB similar to transcriptional regularor (AraC/XylS family)

Imo2340 -38 similar to Erwinia chrysanthemi IndA protein
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Fig. 4. Validation of microarray data with quantitative real-time PCR analysis. The
fold changes of transcripts of 12 IFN-y-specific regulated genes 4h postinfection
were log transformed, and the values were plotted against each other to evaluate
their correlation. Each point represents an individual gene that was analyzed by
microarray and real-time PCR respectively.

Confirmation of microarray resuits using real-time quantitative
PCR

Real-time PCR analysis of I[FN-y-specific regulated genes was
performed to validate the microarray profiling data. The genes
analyzed in this study include six up-regulated genes (Imoe0655,
Imo0807, Imo0990, Imo1485, Imo1633, and ime1702) and six down-
regulated genes (Imo0042, Imo0490, Imo0532, Imo1201, lmoel1363,
and Imo1669). Fig. 4 represents the results of real-time PCR which
strongly correlates with microarray-derived expression profile data
(r=0.80). The primers used for these experiments are listed in
Table S3.

Differentially regulated genes of L. monocytogenes grown in
[FN-y-activated macrophages

Evaluation of the 21 IFN-vy-specific differentially regulated
genes for their presence or absence of a homolog innon-pathogenic
Listeria strains such as Listeria innocua CLIP11262 (Glaser et al.,

[ + 1P
.
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Fig. 5. Detection of ROS formation in L. monocytogenes EGD-e isolated 4 h postin-
fection from IFN-vy-activated and non-activated P338D1 murine macrophages
(control). ROS concentration was measured using 3’-{p-hydroxyphenyl) fluorescein
(HPF). Fluorescence intensity was determined by flow cytometry. Data are obtained
from one experiment representative of three.
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Fig. 6. Effect of .-NMMA (100 p.M) and/or catalase (100 p.g/ml ) on the expression of
IFN-yspecifically regulated L. monocytogenes genes predicted tobe involved instress
response. The mRNA levels were quantified by real-time PCR. Quantified mRNA was
normalized to the quantity of the 165 rRNA of the same sample. Dotted lines denote
an expression ratio of 1 (no change). For the calculation of statistical significance we
compared the values (IFN-y + L-NMMA, IFN-v + Catand IFN-y + L-NMMA + Cat)to the
values obtained after IFN-yactivation. Values represent means + SD of 5 different
experiments (P<0.05; paired Student’s t-test).

2001)and Listeria welshimeri (Hain et al., 2006), revealed that all of
the genes were present in both strains. These data suggest that the
genes might be involved in environmental niche-specific response
and contribute to intracellular survival of the pathogenic Listeria
monocytogenes under various conditions.

The 21 IFN-v-specific regulated genes were distinct and
were absent in the list of previously identified genes contribut-
ing to intracellular replication of L monocytogenes grown in
non-activated P388D1 macrophages (Chatterjee et al., 2006). Addi-
tionally, when we compared our data to another study performed
with epithelial Caco-2 cells, only three of 21 specific regulated
genes (Imo0578, Imo0618, and Imo1485) were observed (Joseph
et al.,, 2006).

Genes involved in oxidative stress adaptation
We examined the function of the genesinvolved in the adaption

to macrophage activation using bioinformatical analysis. Previous
studies showed, that upon in vitre stimulation of macrophages
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Fig. 7. Effect of H,0,, ethanol and NONOate on the expression of specific [FNy-
regulated genes of L. monocytogenes predicted to be involved in stress response was
assessed. Bacterial cells were incubated for 2 h with Hz0; (0.05%), ethanol (5.0%)
and NONOate (250 uM) separately during exponential growth in BHI broth. Val-
ues represent means of relative mRNA expression+ SD for 3 different ex periments
(P<0.05; paired Student’s t-test).
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Fig. 8. Analysis of relative expression of the kynurenine pathway in non-activated
and IFN-y-activated murine macrophages P388D1 at 2 h and 4h postinfection with
L monocytogenes EGD-e. Total RNA was isolated from infected macrophages and
the mRNA levels of genes involved in the kynurenine pathway were quantified by
real-time PCR. Quantified mRNA was normalized to the quantity of the ArBP (acidic
ribosomal phosphoprotein) mRNA of the same sample. A dotted line denotes an
expression ratio of 1 (no change). Data shown here are representative of three
independent biological experiments. Values represent means = SD of 4 different
experiments (P<0.05; paired Student’s t-test).

with macrophage-activating factors such as IFN-y the produc-
tion of reactive oxygen intermediates is enhanced (Nathan et al.,
1983; Martin and Edwards, 1994), nitric oxide is induced (Nathan
and Hibbs, 1991) and phagosome fusion with lysosomes is facil-
itated (Xu et al., 1994). Interestingly, we found that a number
of genes play a crucial role in overcoming the oxidative stress
response during the intracellular life cycle of bacteria, including
three up-regulated genes (lmo0807, Imo0990, and lmoi485) and
three down-regulated genes (imo0042, Ime1201, and Imo0490).
The orf Imo0807 is homologous to the ABC transporter complex
potABCD involved in spermidine/putrescine import. A study with
polyamines such as spermidine and putrescine revealed their par-
ticipation in many cellular processes including modulation of gene
expression, signal transduction, protein synthesis and regulation of
cell growth (lgarashi and Kashiwagi, 2000). In addition, the abnor-
mal growth of a polyamine-deficient Escherichia coli mutant has
been attributed to oxidative stress-induced damage resulting in
the requirement of the mutant strain for antioxidant or specific
nutritional amino acids during growth (Jung et al., 2003). Fur-
thermore, it has been documented that polyamines are the key
factor in mediating resistance to nitrosative stress in uropathogenic
E coli (Bower and Mulvey, 2006). Putrescine and spermidine have
been demonstrated to be involved in SOS induction and protection
against Hy0; in E. coli (Oh and Kim, 19994, b). Thus, induction of the
imo0807 gene is probablyrequired to overcome the oxidative stress
bacteria are exposed to during stimulation of macrophages with
IFN-y.

Another important gene that was highly induced was Ime0990
encoding a gene product that has similarity to a Na*-driven mul-
tidrug efflux pump (NorM). This transporter system has been
described to work as a drug/sodium antiport mediating resistance
to a wide range of cationic dyes, fluroquinolones, aminoglycosides
and other structurally diverse drugs (Morita et al., 2000; Huda et al.,
2001). More recently, several other listerial multidrug resistance
transporters (MDRs) were demonstrated to control the magnitude
of a host cytosolic surveillance pathway, leading to the production
of several cytokines, including type I IFN (Crimmins et al., 2008).

The third IFN-y-specific up regulated gene Imo1485, encoded a
putative protein with predicted SAM-methyltransferase function.
Methyltransferases play a role in DNA methylation, protein-protein
signaling, and biosynthesis of cellular components (Kolosova
et al, 2001; Rando, 1996; Urnov, 2002). The involvement of
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SAM-methyltransferases with oxidative stress has been shown pre-
viously with the disruption of a gene, Imo0581, encoding a putative
SAM-methyltransferase in L. monocytogenes EGD-e. The mutation
resulted in extreme sensitivity to ethanol which is a potent inducer
of oxidative stress (Rea et al., 2004).

Among the IFN-y-specific down-regulated genes is Imo0042
whose gene product shares homologies to the E. coli DedA inte-
gral membrane protein. Phenotypic characterization of the dedA
mutants and selenite consumption experiments in E. coli strongly
suggest that DedA is involved in the uptake of selenite, which has
been demonstrated to directly promote oxidative stress through a
reaction with cellular reduced thiol-containing compounds such
as glutathione (Kramer and Ames, 1988; Ledgham et al., 2005).
Another IFN-vy specific down-regulated gene is Imo1201 encod-
ing a protein with similar function to the uroporphyrinogen-III
methyl-transferasefuroporphyrinogen-lil synthase. This enzyme
is believed to be involved in heme biosynthesis in bacteria. In
prokaryotes, cytochromes are the most abundant heme-containing
proteins and act as electron transfer proteins during the reduction
of oxygen in aerobic respiration, which is one of the main sources
of oxidative stress in bacterial cells. The intracellularly decreased
expression of cytochrome d genes (Imo2715-2718) supports this
finding (Table S1). An additional IFN-vy specifically down-regulated
gene is Imo0490 (AroE) encoding 5-enolpyruvylshikimate-3-
phosphate synthase, an enzyme involved in aromatic amino
acid biosynthesis which catalyzes the conversion of shikimate to
5-dehydroshikimate. The down-regulation of Imo0490 gene is sup-
ported by findings of Stritzker et al. (2004) showing that an aroE
mutant of L monocytogenes is deficient in oxidative respiration due
to lack of menaquinone.

In the same context we observed the down-regulation of
1mo0532, a gene encoding a methylase involved in ubiquinone
and menaquinone synthesis. Based on the functions of the [FN-
vy-regulated genes discussed above, it is clear that overcoming
oxidative stress is crucial for adaptation of the bacteria to survive
within IFN-+v-activated macrophages.

To ascertain whether the differential regulation of genes after
stimulation with [FN-y was due to oxidative stress we isolated
intracellular growing bacteria from non-activated macrophages
and IFN-vy-stimulated macrophages and measured bacterial ROS
levels using HPF and flow cytometry. The results revealed a sig-
nificant increase of luminescence caused by higher ROS levels in
bacteria grown in activated macrophages in comparison to those
isolated from non-activated cells (Fig. 5).

Impact of reduced oxidative- and nitrosative stress conditions on
intracellular expression levels

The differential expression of the six genes (ino0042, Imo0490,
1Imo0807, Imo0990, Imo1201, and Imo1485), presumed to be
involved in oxidative stress adaptation in [FN-y-stimulated
macrophages was further investigated. The mRNA levels of these
genes in L monocytogenes EGD-e were evaluated at 4 h postinfec-
tion in activated macrophages by quantitative real-time RT-PCR
under the four following conditions: (i) IFN-vy activation; (ii) [FN-
4 activation plus L-NMMA: (iii) IFN-v activation plus catalase; (iv)
IFN-+ activation plus L-NMMA and catalase. Analysis of the rel-
ative expression ratios of the six IFN-y-specific regulated genes
revealed that they are IFN-y dependent as their mRNA levels were
reduced (P<0.05) in the presence of catalase andjor L-NMMA, with
the exception of Imo0490 after addition of L-NMMA (Fig. 6).

Additionally, we addressed the relevance of these genes under
oxidative and nitrosative stress conditions. Bacterial cells were
incubated for 2h with 0.05% H;03, 5% ethanol or 250 p.M sper-
mine NONOate during exponential growth in BHI broth. The
most significant results were obtained for the ABC transporter
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(lmo0807), which showed increased expression with all three
reagents (Fig. 7). The strongest effect was achieved with NONOate.
Lmo0807 seems to play an important role in mediating resis-
tance to stress in general and especially to nitrosative stress in
L. monocytogenes. To our knowledge, this is so far the first evi-
dence indicating the role of Ime0807 in intracellular resistance
of L. monocytogenes determined by IFN-vy activation. The genes
1mo0490, Imo0990, Imo1201 and Imo1485 did not indicate signifi-
cant changes in their expression levels. Ethanol treatment led to
increased down regulation of Ime0042 whose gene product shares
homologies to the E. celi DedA integral membrane protein. These
results confirm the impact of [FN-y activation on both oxidative and
nitrosative stress leading to expression of bacterial genes that help
intracellular bacteria to overcome stress induced by activation of
macrophages.

Enhanced tryptophan degradation by IFN-y

We noted the specific induction of Ime1633, a gene encoding the
anthranilate synthase (trpE) which is located in the operon respon-
sible for tryptophan synthesis in L. monocytogenes. Generally, [FN-vy
stimulation induces indoleamin-2.3-dioxygenase (IDO) (Bogdan
et al., 2000), an enzyme that catalyzes the conversion of trypto-
phan to N-formylkynurenine which is the first and rate-limiting
enzyme in the kynurenine pathway. IDO causes the depletion
of tryptophan and thereby mediates starvation of intracellular
bacteria (Popov et al., 2006). In order to investigate the impact
of IFN-v activation on tryptophan catabolism in the host cell,
we analyzed the expression of the kynurenine pathway enzymes
Indo (IDO), Kmo (kynurenine 3-monooxygenase), Kynu (kynureni-
nase), and Haao (3-hydroxyanthranilate 3,4-dioxygenase) (Fig. S1)
Quantitative real-time PCR was performed with isolated mRNA
from IFN-+y-activated and non-activated P388D1 macrophage cells
infected with L. monocytogenes for 2 h and 4 h. All four tested genes
showed elevated mRNA levels during infection (Fig. 8). In non-
activated cells the expression of the tested genes was increased at
4 h postinfection with the exception of the gene for Haao. However,
the up-regulation of genes involved in the kynurenine pathway
was even more pronounced in activated macrophages and supports
data from other studies suggesting that tryptophan depletion may
be a host cell defense response resulting in metabolic restriction of
intracellular bacterial growth (Popov et al., 2006).

To assess the expression of trpE upon addition of an excess
amount of tryptophan to activated cells during infection, we
used tryptophan-free RPMI medium infection experiments with
macrophages. Three different tryptophan concentrations were
tested: at 5pg/ml which is equal to the tryptophan concentra-
tion in “normal” tryptophan-containing RPMI 1640 medium, and
with higher tryptophan concentrations i.e. at 10 and 20 pg/ml,
respectively. The results presented in the supplementary Fig. S2
show decreased expression levels of trpE upon addition of different
tryptophan concentrations. These results are in accordance with
a previous study that showed that Indo is one of the most sig-
nificantly up regulated genes in cells following infection with L
monocytogenes (Popov et al., 2006). They confirmed the correla-
tion between increased production of host Indo concentrations and
tryptophan depletion in infected cells.

In addition to those listerial genes involved in oxidative stress
response and tryptophan synthesis, our data revealed other specif-
ically regulated genes that are listed in Table 1. For many of
these genes their putative gene products are uncharacterized with
respect to their function. Further studies would be required to
determine their role in bacterial life cycle during its adaptation in
activated macrophages.

553

Additional genes of L. monocytogenes involved in adaptation to
IFN-y-activation

In addition to IFN-y-specifically regulated genes we also looked
for genes that were highly induced or repressed in IFN-vy-activated
and non-activated macrophages by =2-fold change (Table S2).
The orf Ime2376 which was expressed at 4-fold higher in IFN-
vy-stimulated cells was found to encode a protein similar to the
universal stress protein (UspA). In E. coli, UspAis an autophosphory-
lating serine and threonine phosphoprotein (Freestone et al., 1997)
that has been shown to be involved in oxidative stress response
(Nystrom and Neidhardt, 1994; Nachin et al., 2005).

In addition, a strong up-regulation was also observed for
Imo1446 (zurM) and Imo1447 (zurA) encoding proteins involved
in zinc (Zn) uptake and Imo1445 which encodes the transcrip-
tional regulator (zinc uptake regulator, zurR). The gene zuiR is
essential for zinc-specific repression of the operon zurRMA. Ear-
lier studies have implicated the zinc uptake system in protection of
Bacillus subtilis against peroxide-induced oxidative stress (Gaballa
and Helmann, 2002). Furthermore, inhibition of bacterial DNA
replication of Salmonella enterica during nitrosative stress was
accompanied by zinc mobilization suggesting that DNA-binding
zinc metalloproteins are critical targets of NO-related antimicro-
bial activity (Schapiro et al., 2003). We analyzed the expression
levels of imoi445, Imo1446, and Imo1447 in the presence of NO-
inhibitor L-NMMA to test if the increased expression of proteins of
the zine uptake system correlates with heightened NO concentra-
tions in activated macrophages. We found no changes in the gene
expression of lmo1445, Ino1446, and Imo1447 despite reduced NO
amounts measured by .-NMMA (data not shown) which suggests
that elevated expression of zinc uptake proteins is not connected
to NO formation.

Another well known virulence gene of L. monocytogenes that
was highly up-regulated (3.3-fold) upon activation of macrophages
is actA, encoding a surface protein required for recruitment of
host cytoskeletal proteins (Kocks et al., 1992; Pistor et al., 1994).
Results from recent studies have shown that elevated actA expres-
sion levels are required for bacterial evasion of autophagy in the
cytosol at 4h postinfection (Yoshikawa et al., 2009). Thus, an
increase of actA expression in IFN-vy-activated macrophages would
be expected to increase decoration of the bacterial cell surface with
host cytoskeleton proteins thereby preventing it from being tar-
geted for destruction by the host cell.

Finally, we note that the 503 commonly regulated genes of
L monocytogenes irrespective of activation of macrophages with
IFN-+ represent genes that enable L. monocytogenes to survive
and replicate within the eukaryotic host cells (Table S1; see also
Chatterjee et al., 2006; Joseph et al., 2006).

Conclusion

This study aimed to reveal the transcriptional consequences
of IFN-y stimulation on intracellular growth of L. monocytogenes.
The major effects triggered by IFN-y were increased oxidative
and nitrosative stress levels in both P388D1 cells as well as in L
monocytogenes replicating within the activated macrophages. Out
of 21 IFN-v-specifically regulated genes five (Imo0042, Imo0807,
1mo0990, Imo1201, and lmo1485) were implicated in resistance
against oxidative- and nitrosative stress. Regulation by IFN-y was
confirmed by quantitative real-time RT-PCR as these genes showed
reduced mRNA levels in presence of catalase and /or L-NMMA. Addi-
tionally, we observed increased ROS levels in bacteriaisolated from
activated macrophages in comparison to those derived from non-
activated cells. Here we show that increased expression of the
putative listerial trpE gene is associated with concomitant catabolic
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degradation of tryptophan by host cell enzymes including IDO. Thus
our data provide specific insight to bacterial defenses invoked to
cope with the host cell stress responses induced in [FN-+y-activated
macrophages.
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ABSTRACT

Small non-coding RNAs (sRNAs) are widespread
effectors of post-transcriptional gene regulation in
bacteria. Currently extensive information exists on
the sRNAs of Listeria monocytogenes expressed
during growth in extracellular environments.
We used deep sequencing of cDNAs obtained
from fractioned RNA (<500nt) isolated from
extracellularly growing bacteria and from
L. monocylogenes infected macrophages to
catalog the sRNA repertoire during intracellular bac-
terial growth. Here, we report on the discovery of
150 putative regulatory RNAs of which 71 have not
been previously described. A total of 29 regulatory
RNAs, including small non-coding antisense RNAs,
are specifically expressed intracellularly. We
validated highly expressed sRNAs by northern
blotting and demonstrated by the construction and
characterization of isogenic mutants of rfi37, rli33-1
and rli50* for intracellular expressed sRNA candi-
dates, that their expression is required for efficient
growth of bacteria in macrophages. All three
mutants were attenuated when assessed for
growth in mouse and insect models of infection.
Comparative genomic analysis revealed the
presence of lineage specific sSRNA candidates and
the absence of sRNA loci in genomes of naturally
occurring infection-attenuated bacteria, with add-
itional loss in non-pathogenic listerial genomes.
Our analyses reveal extensive sRNA expression as

an important feature of bacterial regulation during
intracellular growth.

INTRODUCTION

The availability of an increasing number of complete bac-
terial genome sequences along with recent technical
advances in DNA sequencing has led to an explosion in
the identification of numerous small, non-coding RNAs
(sRNAs) (1 3) and this number is constantly growing
(2,4 6). A combination of both computational and novel
experimental approaches have demonstrated the ubiquity
of sSRINAs and has led to the description of many func-
tionally important sSRNAs in organisms ranging from
eubacteria to humans (7 12).

The majority of sSRNA candidates identified to date are
thought to regulate gene expression by hybridizing with
target mRNA thus modulating its stability and/or trans-
lation activity. In addition, some sRNAs bind to proteins
and modulate their activity or build functional complexes
(13,14). In bacteria, the main function of sSRNAs are in
coordinating adaptation to environmental changes and
signals by controlling target gene expression and
includes, for example, responses to iron limitation, oxida-
tive stress and low temperature (4,13 15).

The role of SRNA in controlling virulence and patho-
genesis has been demonstrated for a number of
Gram-negative bacteria including Escherichia coli,
Pseudomonas aeruginosa, Salmonella typhimurium, Vibrio
cholerae, Chlamydia frachomatis and Helicobacter pylori,
as well Gram-positive bacteria such as Staphyiococcus
aureus, Streptococcus pneumoniae and  Clostridium
perfringens (16 18).
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An initial approach to sSRNAs detection was the char-
acterization of those RNAs which bind to Hfq, a protein
originally identified as a host factor needed for Qp bac-
teriophage replication in E. coli (19,20). In E. coli, Hfg
modulates the activity of several sSRNAs and acts as an
RNA chaperone to promote sSRNA mRNA duplex for-
mation (21,22). Analysis of /ifg mutants of P. aeruginosa,
V. cholerae, Legionella pneumophila and Brucella aborius
revealed attenuated growth in macrophages or mice
(23 26).

In the Gram-positive, facultative intracellular pathogen
bacterium L. monocytogenes, it was shown that Hfq con-
tributes to pathogenesis in mice (21,27). Presently, three
sRNAs have been identified by co-immunoprecipitation
using Hfq (28). Additional studies have led to the descrip-
tion of further 12 sRNAs including the o®-dependent
SrbA transcript (29,30). Recently a genome-based tiling
array study provided a catalog of sSRNA candidates ex-
pressed under different physiological growth conditions
(31). These data have largely been confirmed by a study
in which L. monocytogenes and its isogenic SigB mutant
strain were grown under stationary growth conditions and
the repertoires of RNA produced examined by deep RNA
sequencing (32).

Listeria monocytogenes is the causative agent of listeri-
osis, a severe human infection with a high mortality rate.
The bacterium inhabits numerous ecological niches, it can
multiply at high salt concentrations (10% NaCl) and
broad ranges of pH (4.5 9) and temperature (0 45°C)
(33). A hallmark of this human pathogen is its ability to
invade and survive inside vertebrate and invertebrate host
cells, wherein the bacterium can freely multiply within the
cytosol and can induce actin-based movement. Actin-
based movement allows the bacterium to spread from
cell-to-cell which leads to fatal outcomes of listerial infec-
tion. Prior to infection, internalin A and B induce the first
step of the infection process in non-phagocytic cells by
interacting with the eukaryotic host cell and promote the
intracellular uptake of the pathogen after binding with the
E-Cadherin and c-Met receptors in mammals. However,
the main virulence genes, responsible for the intracellular
life cycle of L. monocytogenes are clustered in a ~9kb
chromosomal region. This virulence cluster encodes the
genes viz., listeriolysin O (LLO) and phosphatidylinositol
phospholipase A (PlcA), which are responsible for the
escape of bacterium from the primary vacuole. Another
phospholipase (PlcB) is required for bacterial cells to
escape from the secondary vacuole and is processed with
the assistance of the metalloprotease (Mpl). To facilitate
actin recruitment for intracellular movement, the bacter-
ium modulates components of the host cell machinery
with the surface protein ActA, which is anchored within
the cytoplasmic membrane. Finally, the regulation of the
virulence gene cluster is dependent on the master regulator
PrfA, a Crp/Fnr-like transcriptional regulator (34,33). In
this context it is reasonable to assume that SRNAs may
play a versatile role in the adaptation mechanisms of
L. monocytogenes to these different environments.

Currently, there is extensive information available re-
garding the transcriptome of L. monocyiogenes when
grown under conditions that are external to the host

cell (31,32). These include data for bacteria grown
extracellularly in broth (exponential and stationary
growth) under different conditions of stress, including
low oxygen, low temperature (30°C), in blood and the
lumen of the infected gut as well as analysis of several
isogenic mutants such as Aprfd, AsigB and A#hfq.
However, information as to whether specific SRNAs are
expressed during intracellular growth and their respective
roles are largely unknown (11).

Here we describe a genome-wide search for sSRNAs ex-
pressed in the wild-type of L. monocytogenes during extra-
cellular and intracellular growth. Extracellular cultures
were grown until exponential phase like previous studies
(31,32). Intracellular cultures were grown in P338Dl1
murine macrophages. RNA was collected 4h
post-infection and size-fractioned to <500nt. cDNA
generated from size-fractioned RNA was deep sequenced
and provided a comprehensive view of listerial sSRNA can-
didates preferentially induced following infection in
murine macrophages. We report on the discovery of 150
putative regulatory RNAs of which 29 are specifically ex-
pressed intracellularly. Analysis of several sSRNA candi-
dates highly expressed during intracellular growth
revealed that these loci are highly conserved in pathogenic
L. monocytogenes strains. Isogenic mutants lacking these
loci exhibit attenuated virulence in in vive models of
infection.

MATERIALS AND METHODS
Bacterial strains and growth conditions

The strain L. monocytogenes EGD-e (36) and its chromo-
somal deletion mutants (Supplementary Table S1A) were
used in this study. Bacteria were grown in BHI broth
(VWR) overnight at 37°C with shaking at 180 r.p.m.
(Unitron, Infors) until mid-exponential phase (ODgpo nm
1.0). Overnight cultures were diluted 1:50 in 20ml fresh
BHI broth using a 100ml Erlenmeyer flask and were
incubated at the same conditions mentioned above until
ODgoo nm 1.0.

RNA isolation

For RNA isolation from L. monocytogenes grown
extracellularly in BHI broth (VWR) until mid-exponential
phase, aliquots of 0.5ml bacterial culture were treated
with 1.0 ml RNA protect (Qiagen) for S5min, the bacterial
cells were collected by centrifugation for 10min (8000g)
and subsequently stored at —80°C until use. RNA extrac-
tion from intracellularly grown L. monocytogenes in
macrophages 4h post-infection was performed as
described previously (37). Briefly, infected host cells were
Iysed using cold mix of 0.1% (w/v) sodium dodecyl
sulfate, 1.0% (v/v) acidic phenol and 19% (v/v) ethanol
in water. The bacterial pellets were collected by centrifu-
gation for 3 min (16 000g).

Total RNA was extracted using miRNeasy kit (Qiagen)
with some modifications. The collected pellets were
washed with SET buffer [SOmM NaCl, 5mM EDTA
and 30mM Tris HCI (pH 7.0)]. After centrifugation at
16000 g for 3min pellets were resuspended into 0.1 ml
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Tris HCI (pH 6.5) containing 50 mg/ml lysozyme (Sigma),
25U of mutanolysin (Sigma), 40U of SUPERase
(Ambion), 0.2mg of proteinase K (Ambion) and
incubated at 37°C for 30min at 350r.p.m. QIAzol
(Qiagen) was added, mixed gently and incubated for
3min at room temperature. An additional incubation at
room temperature was done after adding 0.2 volume
chloroform followed by centrifugation at 16000g at 4°C
for 15min. The upper aqueous phase, containing RNA,
was transferred to a new collection tube and 1.5 v of 100%
ethanol was added and mixed thoroughly. The probes
containing RNA and ethanol were transferred into
columns supplied with the miRNeasy Kit (Qiagen) and
treated according to the manual including an on-column
DNase digestion (RNase-Free DNase, Qiagen). RNA was
eluted by RNase-free water and stored at —80°C until
needed. The quantity of the isolated total RNA was
determined by absorbance at 260 and 280 nm, and the
quality was assessed using Nano-chips for Agilent’s 2100
Bioanalyzer. For detection and estimation of the small
RNA fraction within the isolated total RNA, a small
RNA-chip (Agilent) was used, which visualizes RNAs
with sizes ranging from 20 to 150 nt.

RNA sequencing and data analysis

The fraction of the total RNA <500bp was used for
RNA-Seq as described below. The solubilized RNAs
were first treated with tobacco acid pyrophosphatase
(Epicentre) as recommended by the manufacturer. This
treatment allows discriminating primary 5'-ends generated
by transcription initiation from ¥-ends generated by RNA
processing. Then the small RNAs were poly(A)-tailed
using polv(A) polymerase followed by ligation of a
RNA adapter to the 5-phosphate of the RNA.
First-strand cDNA synthesis was performed using an
oligo(dT)-adapter primer and M-MLV reverse transcript-
ase (Promega) assay. The resulting cDNAs were
PCR-amplified in 20 cycles to a concentration of 20 ng/
pl using a high fidelity DNA polymerase. For size frac-
tionation PCR-amplified cDNA was run on a preparative
6% PAA-gel. PCR products containing small RNA se-
quences of 20 500nt were isolated from PAA-gel. The
cDNAs were purified using the Macherey and Nagel
NucleoSpin Extract IT kit. 454 pyrosequencing using GS
FLX Titanium series chemistry (Roche) were carried out
by Eurofins MWG Operon (Germany).

A sequence file was created for each condition, respect-
ively. In total 189381 reads with approximately 31 million
bases were analyzed. After clipping of 5-linker and
poly(A)-tail all reads shorter than 16nt were removed.
Resulting reads were further processed via a hitherto un-
published software sncRAS (A. Billion, manuscript in
preparation) which in general requires no clipping,
which makes no significant difference during the
mapping step, except for short reads combined with a
poly(A)-tail which may lead to a deletion of this
sequence. The remaining reads were mapped with NCBI
BLASTN 2.2.17 (38) against L. monocytogenes EGD-e
genome (GenBank Accession: NC_003210) with an
e-value of 0.001, default word size and rewards for a
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nucleotide match had been set to 2. Additionally, nucleo-
tide identity was required to be >60% combined with
coverage of 80% between query and subject sequence.
Sequencing reads which did not fulfil these requirements
were not taken into account. Reads ranged in size from
21 to 521 nt and averaged in length in both conditions
around 74nt. 28 49% of used reads matched perfectly
to the genome. An additional 4 9% of remaining reads
contain one mismatch.

SRNA detection

sRNA detection was carried out by the software sncRAS
as well. The first step removes transcripts of rRNA and
tRNA, plus all reads from intergenic regions (IGR) of
rRNA and tRNA genes. The second step identifies loca-
tions for potential sRNAs. Regulatorv RNAs were
grouped in three general classes: sRNAs, antisense
small non-coding RNAs {(asRNAs) and riboswitches
including cis-regulatory RNAs (Supplementary Table
§3). Valid reads, which mapped within an IGR and
fulfilled the cut-off criteria, were used to identify a
pile-up of sequences which combined have a minimal
length of 50nt and do not overlap with adjacent genes.
Furthermore putative sSRINA candidates were required to
have >10 reads in one condition. For asRNA detection
similar criteria were applied, however a 3- or 3-overlap
of its possible target gene was allowed. The resulting
candidates  from  automatic classification  were
re-gvaluated by visual inspection with the Integrative
Genomics Viewer (IGV) version 1.4.2 (http://www.
broadinstitute.org/igv). Detection of cis-regulatory
RNAs was performed with manually evaluated candi-
dates by searching against the Rfam 9.1 database (39).
All hits with a covariance model score of more than 50
were classified as cis-regulatory  RNAs including
riboswitches.

Transcription factor binding site analysis

In order to identify putative regulatory motifs within regu-
latory RNAs candidate promoter regions, a list of known
consensus binding boxes was compiled from the literature
(Supplementary Table S4). For each putative regulatory
sRNA, a region of 50nt upstream was scanned for tran-
scription factor binding sites. Most binding sites were
detected using regular expression search (FUZZNUC,
EMBOSS package) allowing one mismatch. Sigma70 pro-
moters were identified using HMMER3 (40) on six differ-
ent HMMs from the prokaryotic promoter prediction site
(http://bioinformatics.biol.rug.nl/websoftware/ppp/).

Terminator identification

Terminators were identified using a pre-calculated predic-
tion of TransTermHP2.0 (41). All terminator-like hairpins
with confidence score >30 were taken into account.
Sliding windows of +10nt around the 3-end of each
putative regulatory RNA were used to annotate putative
terminators which additionally required at least one base
overlap with this defined area. If several candidates within
the search window were found, the one located closest to
the 3-end was used.
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Small open reading frame detection

Small open reading frame (ORF) detection for
L. monocytogenes (36) was based on predictions from
GenDB (42) as described previously for L. welshimeri
(43) and L. seeligeri (44) applying a lowered ORF detec-
tion cut off (=10 amino acids).

Data visualization

For visualization BLAST results were pre-processed by
SAMtools package version 0.1.7 (45) and uploaded into
the IGV version 1.4.2 (http://www.broadinstitute.org/igv)
for further manual inspection. Circular chromosomes
were precalculated and visualized by GenomeViz 1.3
(46). Venn diagrams were drawn by VENNY (http://
bioinfogp.cnb.csic.es/tools/venny/index.html).

Northern blot analysis

For northern blotting, 15 nug of total RNA was separated
on 10% polyacrylamide gels containing 7M urea. RNA
was transfered to Biodyne nylon transfer membrane
(VWR) via electroblotting and UV cross linked.
Oligodeoxynucleotides (Supplementary Table S1B) were
end-labeled with y”-P-ATP (Hartmann Analytik) using
T4 polynucleotide kinase as recommended by the
manufactured protocol (Fermentas). Pre-hybridization
was performed for 3 h in DEPC-treated water containing
0.1 mg/ml salmon sperm DNA, 6 x SSC, 0.5% SDS and
2.5 x Denhardt’s solution. Hybridization was performed
overnight after adding v*>-P-ATP end-labeled oligodeox-
ynucleotide probes to northern membranes under the
same conditions used for pre-hybridization. The hybrid-
ization temperature for oligodeoxynucleotides ranged
between 50 and 65°C. Membranes were exposed on
phosphor imaging screens (GE Health Care) and
analyzed with Typhoon 9200 (GE Health Care). To
evaluate the sizes of sSRNAs we constructed a ladder con-
taining different PCR fragments between 150 and 550 nt
(Supplementary Table S1B).

sRNA mutant construction

To investigate the role of SRNA in intracellular survival
in vitro and in vivo, chromosomal deletion mutants were
generated. Primer sequences used to generate the isogenic
mutants are presented in Supplementary Table S1B.
Chromosomal deletion mutants were constructed by
generating the 5 (with primers ‘1-for’ and “2-rev’) and
the 3’ (with primers ‘3-for’ and ‘4-rev’) flanking regions
of the sSRNA concerned. Construction of the fusion con-
struct was achieved by SOEing as described earlier (47).
Generation of the deletion mutants was performed as
described previously (48). The deletions in the targeted
genes were confirmed by PCR with according primer
*5-for” and ‘6-rev’ after verifying the sequence by auto-
mated DNA sequencing.

The complementation of the Arfi3l, Arli33-1 and
Arli50* deletion mutants was carried out using the
L. monocytogenes site specific phage integration vector

pPL2 (49). Primer sequences used for the complementa-
tion of the deleted genes are listed in Supplementary Table
SIB.

In vitro infection experiment

Infection experiments with L. monocytogenes EGD-e and
its SRNA deletion mutants were performed using P388D1
murine macrophage as described previously (37).

Galleria mellonella infection model

Bacterial inoculums of wild-type L. monocytogenes EGD-e
and its sSRNA deletion mutants were injected dorsolateral-
ly into the hemocoel of last instar larvae using 1ml dis-
posable syringes and 0.4 x 20 mm needles mounted on a
microapplicator as described previously (50). After injec-
tion, larvae were incubated at 37°C. Larvae were con-
sidered dead when they showed no movement in
response to touch. No mortality of Galleria larvae were
recorded when injected with 0.9% NaCl. For each experi-
ment 20 animals per sSRNA deletion mutant were used and
three biological replicates were performed independently.

Murine infection model

Six- to 8-week-o0ld female BALB/c mice, purchased from
Harlan Winkelmann (Borchen, Germany), were used in all
experiments. [n vivo growth kinetic and survival of
wild-type L. monocytogenes EGD-e and its sRNA
mutants were tested in a mouse infection model.
Infection was performed by intravenous injection of ap-
proximately 2000 viable bacteria in a volume of 0.2ml of
PBS. After 3 days, bacterial growth in spleens and livers
was determined by plating 10-fold serial dilutions of organ
homogenates on BHI. The detection limit of this proced-
ure was 10? CFU per organ. Colonies were counted after
24 h of incubation at 37°C.

Ethics statement

This study was carried out in strict accordance with the
regulation of the National Protection Animal Act (§7-9a
Tierschutzgesetz). The protocol was approved by the local
Committee on the Ethics of Animal Experiments
(Regierungsbezirk Mittelhessen) and permission was
given by the local authority (Regierungspraesidium
Giessen, Permit Number: GI 15/5-Nr.63/2007).

Statistical data analysis of infection experiments

All infection experiments were performed a minimum of
three times. Significant differences between two values
were compared with a paired Student’s #-test. Values
were considered significantly different when P < 0.05.

Comparative genomics

In order to assess the dissemination of regulatory
RNAs across the genus Listeria the GenBank
formatted files of four pathogenic (L. monocytogenes 1/
2a EGD-e, L. monocytogenes 4b F2365, L. monocytogenes
1/2a  08-5578, L. monocytogenes 1/2a  08-5923,
L. monocytogenes 4a HCC23) and three apathogenic
strains (L. imnocua 6a Clipl1262, L. welshimeri 6b
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SLCC5334, L. seeligeri 1/2b SLCC3954) were retrieved
from the GenBank repository (http://www.ncbi.nlm.nih
.gov/genbank/index.html). These genome data as well as
all candidate regulatory RNAs were then introduced to
the sRNAdb database (J. Pischimarov, manuscript in
preparation) which employs BLASTN to find sequence
similarity. Using a cutoff of 60% nucleotide identity and
80% coverage homologs of all candidate regulatory
sRNAs were identified in the aforementioned genome
sequences.

RESULTS
RNA sequencing

To investigate the intracellular sRNA transcriptome
profile of L. monocyiogenes EGD-e, total RNA was
isolated from bacteria grown extracellularly in BHI
or from the cytosol 4 h post-infection in P388D1 murine
macrephages. Following size-fractionation, cDNA with a
size <500 nt was used for the cDNA sequencing studies.
Samples were subjected to 454-based pyro-sequencing and
base-called reads from two cDNA libraries generated
from total RNA of either extracellularly (EC) or intracel-
lularly (IC) grown L. monocytogenes were analysed in this
study. These libraries generated a total 189 381 reads of
which 116158 (61%) were derived from RNA isolated
from intracellular bacteria and 73223 (39%) from
bacteria grown in broth cultures. An overview of the
filtered and mapped sequencing reads is given in
Supplementary Table S2.

Sequencing reads were mapped to the genome of
L. monocytogenes using BLASTN with an e-value of
0.001 and default word size with rewards for a nucleotide
match that had been set to two. Additionally nucleotide
identity was required to be >60% combined with coverage
of 80% between query and subject sequence. Reads that
did not fulfil these requirements were removed from the
dataset. After clipping, additional linker removal, quality
control and mapping against the genome of
L. monocytogenes EGD-e, 114459 unique reads with at
least 80% sequence identity with 80% coverage and a
minimum length of 21 nt remained for detailed analysis.
We observed that ~49% of the IC reads perfectly match
the genome with 100% sequence identity compared with
only 28% of the reads from the EC cDNA library. The
‘intergenome’ of L. monocytogenes, 1.e. the non-coding
sequence between annotated ORFs, comprises ~10%
(~300000bp) of the entire genome. In the intergenome
fraction we observed expression of nearly one-third
under intracellular condition which additionally shows
the importance of the intergenome (Figure 1A).
Approximately 60% of all sequence reads mapped to
annotated rRNA and tRNA genes (Figure 1B and C).

Identification of sSRNAs, asRNAs and cis-regulatory
RNAs including riboswitches

Bicinformatics analysis using previously described
methods (‘Materials and Methods’ section) for analysing
RNA-Seq data for sSRNAs in L. monocytogenes EGD-e
identified 150 putative regulatory RINAs expressed under
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either or both growth conditions (Figure 1A and
Supplementary Table S3). The putative candidates were
placed into three different classes: class T comprises
sRNAs, which are located within IGRs without
overlapping adjacent genes; class II includes antisense
RNAs, referred as asRNAs, located antisense to an
annotated ORFs and class Il comprises cis-regulatory
RNAs including riboswitches.

A total of 121 regulatory RNA elements were mapped
within IGRs of the L. monocytogenes chromosome and
included 88 sRNA and 33 cis-regulatory RNAs including
riboswitches. In addition, we detected 29 putative asRNAs
(Figure 1A and Supplementary Table §3). Of the 150 can-
didates determined, 142 were intracellularly expressed and
121 were transcribed extracellularly (Figure 1A and
Supplementary Table S3). A common set of 113 regula-
tory RNAs are detected in both conditions. Of the 142
candidates expressed intracellularly ~20% (29 candidates)
were specific for intracellular growth and 35% (50 candi-
dates) showed enhanced expression which was evident
through an increased ¢cDNA read number (IC/EC ratio
=2) under intracellular growth conditions. In contrast
~7% (8) of the 121 extracellularly expressed transcripts
were specific for extracellular growth, while 49% (60)
showed enhanced expression which was evident through
an increased ¢cDNA read number (EC/IC ratio >2) under
extracellular growth conditions. The sizes of the putative
regulatory RNAs ranged from 50 to 517nt with a
minimum of 10 reads and a maximum read count of
1603 in at least one growth condition.

Of the 88 class I sSRNAs, 85 showed intracellular, and 77
extracellular, expression. Eleven sRNAs are specific for
intracellular growth whereas only three sRNAs are
specific to the extracellular lifecycle. The overall
numbers of reads covering the 11 intracellular specific
sRNAs was in general at least 25% higher than that of
the 113 common regulatory RNAs which were found in
both conditions.

The class IT asRNA family revealed an even higher vari-
ation in expression than the sRNAs. Of a total of 29
asRNAs detected, approximately twice that number ie.
25 asRNAs were expressed intracellularly as compared
with only 11 extracellularly. Of these 18 were specifically
expressed intracellularly as compared with only 4 for the
extracellular growth.

The third class of sSRNAs showed no major differences
in occurrence between the growth conditions. We
identified 33 cis-regulatory RNAs in total (32 IC versus
33 EC) with only one candidate being specifically ex-
pressed extracellularly. The latter one was identified as a
lysine riboswitch and is located upstream of a gene
encoding an amino acid permease. However it was re-
markable that the geometric mean of extracellularly ex-
pressed cis-regulatory RNA is at least twice as high as
the one of those expressed under intracellular growth
conditions.

Identification of eight major transcription factor
binding sites (Supplementary Table S4) in the candidate
pool suggests regulation of 24% of all candidates. A
putative housekeeping promoter was found for 36 of 142
intracellular and 39 of 121 extracellular transcripts.
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extra- / intracellular
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of regulatory RNAs of
L. monocytogenes EGD-e
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(29:22%)

Toledo-Arana Oliver

Figure 1. Discovery of the intracellular sSRNome of L. monocytogenes using RNA-Seq. (A) Extracellular and intracellular transcriptional landscape
of L. monocytogenes is represented using GenomeViz (46). Circles display following information from outside to inside: (1) COG categories;
(2) rRNAs and tRNAs (blue), a prophage-like locus (light brown) and the virulence gene cluster (red); (3) intracellular regulatory RNAs (outer
circle) and extracellular regulatory RNAs (inner circle); (4) intracellular asRNAs (outer circle) and extracellular asRNAs (inner circle); (5) intracel-
lular cis-regulatory RNAs including riboswitches (outer circle) and extracellular cis-regulatory RNAs including riboswitches (inner circle): (6) regu-
lation of intracellular sSRNAs: (7) regulation of intracellular asRNAs and (8) intracellular cis-regulatory RNAs including riboswitches; (B and C)
Distribution of mapped sequence reads used for extracellular and intracellular transcriptome analysis; (D) Comparative analysis of SRNA transcrip-
tome data using ‘cumulative” values which can be summarized since SRNA candidates would not be counted multiple times (see Supplementary
Figure SI for a ‘non-cumulative” version). Comparison of our RNA-seq results, whole genome tiling array from Toledo-Arana and coworkers (31),
RNA-seq data of L. monocytogenes 104038 (32) and in silice regulatory RNA predictions (1).

The vast majority of the putative promoters were ac-
counted for by the sigma70 promoter which was identified
preceding 28 intracellular and 34 extracellular regulatory
RNAs, respectively. For six intracellular and four extra-
cellular candidates a SigB box was detected in the
upstream region suggesting an involvement in the
general stress response. The PrfA regulator which is
involved in virulence (51,52), putatively binds to the
upstream region of two intracellular and one extracellular
candidates. We used a pre-computed rho-independent
transcription terminator prediction from TransTermHP
(41) to identify transcriptional units. For 55% of the
sRNAs we were able to define a putative terminator
(Supplementary Table S3).

Chromosomal distribution of regulatory RNA

We used GenomeViz (46) to visualize the location
and distribution of the regulatory sRNAs on the
L. monoeytogenes EGD-e genome. We found that they

are neither located within specific chromosomal clusters
nor do they exhibit a specific strand prevalence
(Figure 1A).

Comparative analysis with whole genome tiling array
data, RNA-seq and in silico predictions

We compared 103 putative sSRNAs previously published
by Toledo-Arana and colleagues to our 150 identified
regulatory RNA candidates (53). The comparison
revealed 75% of previously published sSRNA candidates
by Toledo-Arana (31) to be overlapping with the candi-
dates of the current study (Figure 1D and Supplementary
Table S3). Of 26 candidates identified by Toledo-Arana
but not identified in our study no expression was observed
for 12 candidates, 12 regulatory RNAs failed to reach
predefined cutoffs and two were either expressed on the
opposite strand or were found in the same [IGR but
without any overlap.
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Comparison of our data to that of Toledo-Arana (31)
from bacteria grown in BHI, revealed an overlap of 68%
of all sSRNAs. A comparison of sSRNAs expressed when
grown in blood by Toledo-Arana to the intracellular
sRNA repertoire detected in our study showed consider-
able overlap of detected regulatory RNAs (72%). In some
cases such as for sRNA candidate r/i33, which is 534 nt in
size and represents the longest SRNA in the published
work (31), our analysis vielded two different sSRNA can-
didates. In order to avoid confusion we designate them
rli33-1 and rli33-2.

In addition we compared I[llumina deep sequencing
results previously reported by Oliver et al. (32) and
detected an overlap of 69% with our work (Figure 1D
and Supplementary Table S3). Computational analysis
using the SIPHT workflow has previously predicted 100
regulatory RNAs for L. monocytogenes EGD-¢ (1). Of
these, only 33% could be recovered by our experiment
(Figure 1D and Supplementary Table S3) whereas the re-
maining 77 predicted candidates show no expression or
failed to attain the desired cutoffs.

For 14 regulatory RNA candidates we predicted small
ORFs (Supplementary Table S3) applying a gene calling
cutoff more than 10 amino acids, which may not be rep-
resented in the current version of the L. monocytogenes
genome annotation (36).

We reanalyzed the rliB locus which is involved in viru-
lence (31) using the RNA-seq data described herein. This
locus harbors five small copies of expressed CRISPR
repeats (29 nt long) and spacers (36nt long) sequences
(crRNA) predicted by the CRISPR prediction software
PILER-CR (54) and could be confirmed by data present
in this study and which was originally noticed by Mandin
et al. (29). However, no homologous of CRISPR-
associated (CAS) genes were detected in the flanking
regions. The predicted CRISPR spacer and repeats have
a range of between 24-47bp and 26-72bp, respectively,
and are currently the smallest predicted sRNAs for
L. monocytogenes.

Verification of selected SRNA candidates

To verify the transcription of SRNA candidates at the lo-
cations indicated by deep sequencing, we used northern
blot analysis. Four sRNA candidates namely rli31,
rli33-1, rli50 and rlil12 were selected for verification ac-
cording to their high read numbers revealed by sequencing
results.

The results of the northern blotting, shown in Figure 2,
demonstrate signals corresponding to small transcripts
from each of the candidates. According to the signals in
the northern blot analysis, some of the SRNA candidates
were differentially expressed under the tested conditions.
rli31 and rii33-1 showed variation in transcript concentra-
tion during extra- and intra-cellular growth. Both sRNA
candidates exhibited significantly higher transcript
numbers during intracellular growth. The northern blot
results correlate with read-numbers from transcriptome
deep sequencing (Supplementary Table S3). The
determined size of r/i33-1 by northern blot analysis of
~140nt confirms the read length (144nt) assessed by
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Figure 2. Northern blots of SRNA candidates. Validation of RNA-seq
data with northern blot analysis of extracellularly expressed sRNAs
from bacteria at mid exponential growth phase in BHI (EC)
compared with intracellularly expressed sSRNAs at 4h post-infection
in murine macrophages (I1C) of #/i31, rli33-1, rli50 and rlili2.

RNA-seq. rli33-1 showed two bands in the northern blot
at ~200 and 130 nt in length, that probably originate from
processing of the larger co-transcript. Both fragments
were also detected by transcriptome sequencing excluding
the possibility of cross-hybridization (Figure 2). rli50
appears to be longer than predicted by sequencing
(306nt) and has a size of ~350nt as determined by
northern blot. We observed with an r/i/ 12 specific probe
strong northern blot signals (~140nt) under extra- and
intra-cellular conditions indicating high RNA abundance
of this new unpublished putative sSRNA.

Noteworthy is the observation that a homolog of r/il12,
rli78, is highly expressed under extracellular growth con-
ditions compared with intracellular growth. To exclude
effects of cross hybridization in the northern blot
analysis, qRT-PCR was conducted with isogenic
mutants lacking r/i78 and rlill2, respectively, using a
primer pair that binds to the homologous region in the
same location. The results confirmed higher expression
levels of #/i78 under extracellular growth conditions
(data not shown). This result correlates with the transcript
numbers determined by RNA sequencing and reflect
higher c¢cDNA reads extracellularly as indicated by
sequencing data (Supplementary Table S3). Additionally,
six sSRNA candidates including three so far new unpub-
lished sRNAs (#/i80, rli9] and rlil05) were confirmed
(Supplementary Figure S2). Generally, northern blotting
confirmed the existence of these sSRNA candidates and
showed that sizes, except r/i9], correlate with those pre-
dicted by RNA-seq. Quantitation based on sequencing
frequently differs significantly from that observed on
northern blots which is exemplified by r/i80 and rlil05
(Supplementary Figure S2). Further investigations are
required to investigate the basis of these differences.
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Figure 3. Survival of L. monocytogenes sSRNA mutants in P388D1
murine macrophage cells. The macrophages were infected with the
wild-type L. monacytogenes EGD-¢ and its isogenic deletion mutants,
#li31, vli33-1 and rfi50*, with an MOI of 10 in 24-well plates and bac-
terial CFU counts were measured on agar plated following lysis of the
P388D1 cells after 4h post-infection. # = 5; error bars indicate standard
deviations (*P<0.005, **P <0.05).

Moreover, our study provides the first experimental
evidence for the presence of two antisense RNAs,
anti2394 and anti2095, in L. monocytogenes EGD-e
(Supplementary Figure S3).

Mutants lacking rki31, rli33-1 and rli50* are attenuated
for infection

Due to an overlap between #/i50 (minus strand) and #/i772
(plus strand) of ~43% in the IGR between mo2709 and
Imo2710 we decided to delete the distal end of #4712 to
create the mutant Ar/i50* (Arfi50* refers to the deletion
mutant and /50 to the sSRNA). We generated isogenic
deletion mutants of the sSRNA candidates i3/, rii33-1
and rfi50* with the highest intracellular transcription
levels (Supplementary Figures S4 and S5). Additionally,
these sSRNA candidates had higher intracellular cDNA
read numbers in comparison to extracellular growth con-
ditions. A schematic overview of Ar/i50* and Arfi33-1 and
is presented in Supplementary Figure S4.

We assessed the mutant strains’ capability to grow in
P388D1 murine macrophages together with the wild-type
strain. Whereas the mutants Arli3/, Arli33-1 and Arli50*
were significantly mmpaired in their abilities to proliferate
intracellularly in macrophages as compared with the
wild-type strain (Figure 3), no differences were observable
in their in vifre growth in BHI (Supplementary Figure S6).

We investigated the survival of larvae from Galleria fol-
lowing injection with different sRNA mutants of
L. monocytogenes. Bacterial cultures grown to exponential
phase were injected dorsolaterally into the hemocoel at 10°
CFU/larva. We observed significant attenuation in the
mortality rates of larvae when injected with Arli3],
Arli33-1 and Arli50* in comparison to wild-type EGD-¢
(Figure 4A C).

We used the mouse infection model to assess the viru-
lence properties of the sSRNA mutants Ar/i31, Arfi33-1
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= "
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e "
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Figure 4. Survival of Galleria mellonella larvae after inoculation with
different L. monocytogenes SRNA mutants and L. innocua. Time course
of survival of the larvae varies with the type of sRNA mutants
employed for inoculation. Inoculation with 10° CFU/larvae EGD-e
resulted in significantly higher killing rate of larvae in comparison to
(A) #li31, (B) #li33-I and (C) #li50*. The non-pathogenic L. innocua
showed no mortality. Values represent means of at least three inde-
pendent experiments + standard deviations for 20 larvae per treatment
(*P < 0.005).
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Figure 5. Mice infection studies with SRNA deletion mutants and of
L. monraocytogenes. Bacterial load in mice organs were also determined
following in vitro infection with 2000 CFU of L. monocytogenes EGD-e
wild-type strain as well as its isogenic SRNA mutants #/i37, #/i33-1 and
pli50*, On day 3 after infection, the numbers of viable bacteria in
spleens (A) and livers (B) of three amimals per group were determined
of wild-type EGD-e versus #li3], #li33-1 and #li50* in spleen and liver,
respectively (z =4). Brror bars indicate standard deviations
(*P <0.005, **P<0.05).

and Arfi50* to that of wild-type L. monocytogenes EGD-e.
For all three mutants, survival and/or growth in the
spleen, and in particular in the liver, were significantly
reduced at day 3 post-infection when compared with
wild-type (Figure SA and B).

To exclude that the phenotypes of the deletion mutants
were due to polar effects on flanking genes, we generated
complemented strains of the Ar/i31, Arii33-1 and Arfi5G*
sRNA deletion mutants and examined their abilities to
proliferate intracellularly in P388D1 murine macrophage
cells. The complementation largely restored the intracel-
lular growth impairment in macrophages (Supplementary
Figure 87, see also Figure 3). Additionally, we
checked the expression of the flanking genes by quanti-
tative real time PCR under both conditions used in the
experiment (extracellular versus intracellular). The re-
sults presented in Supplementary Figure S8 show
clearly that the deletion of the putative sRNA candi-
dates has no consequences on the expression of the
flanking genes.
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Comparative analysis of putative regulatory RNAs
among members of the genus Listeria

Finally, we compared our RNA sequencing identified
regulatory RNA to the genomes of four human pathogen-
ic strains of L. monocytogenes (36,53,54), an attenuated
L. monocytogenes 4a strain (HCC23) (56) and the three
apathogenic species of L. innocua, L. welshimeri and
L. seeligeri (36,43,44) to investigate the regulation of viru-
lence. Here we detected that the number of regulatory
RNAs among the L. monocytogenes serotypes 4b and
1/2a belonging to Lineage I and II were highly similar
compared with L. monecytegenes 1/2a EGD-e as reference
(IT> 1> III), but decreased rapidly, when listerial species
were more distantly related (Figure 6).

DISCUSSION

In this study, we identified that a total of 150 putative
regulatory RNAs were expressed during growth of
L. monocytogenes in extracellular and intracellular envir-
onments. The putative regulatory RINAs can be divided
into three groups including 88 putative sRNAs, 29
asRNAs and 33 cis-regulatory elements including
riboswitches which are expressed during growth of
L. monocytogenes in extracellular and intracellular
environments.

Previously, Toledo-Arana used genome-wide tiling
arrays and reported a total 103 sRNAs expressed by
L. monocytogenes growing under a wide range of condi-
tions from broth culture to blood and the intestinal lumen
(31). In this study we detected 79 of the regulatory RNAs
previously described suggesting good correlation of the
data, given the inherent differences in comparing
sequencing-based technologies with that of hybridization
analyses. Nevertheless, even though we have only
compared two growth conditions using deep sequencing
of cDNA derived from size-fractionated RNA (<500 nt),
our data revealed 71 new candidates, none of which have
been previously described. Our findings suggest that diver-
sity of regulation at the post-transcriptional level is an
important component of adaptation to niche specific
growth.

For functional analysis we focused on the intracellularly
up-regulated sRNA candidates Ar/ii37, Arfi33-1 and
Arlis0*. Isogenic deletion mutants of these sRNA loci
resulted in reproducibly reduced growth properties follow-
ing infection of P388D1 murine macrophages and in viru-
lence attenuation in both insect and mice models of
infection. Because G. miellonella is a model for innate
immunity responses, it is likely that #/i37, #fi33-1 and
HiS0* represent sSRNA loci required for adaptation to
intracellular growth in vertebrate and invertebrate hosts.

The gene /mo0559 located downstream of rfi3]
encodes a putative transporter of the CorA superfamily
involved in magnesium and cobalt uptake. Intracellular
transcriptomic analysis of L. monocytogenes has previ-
ously indicated that the host cytosel is a rich source of
ions as suggested by the down-regulation of several ion
transport systems (37). An involvement of the 5-UTR in
the regulation of mgrd, a magnesium transporter, has

Intracellular survival of Listeria

Seite 154/238

L10Z '6 Alenigad uo ¥ayiolqiasiaelisiaaiun je B1o°s|eunolpioxo ey Woly papeojumoq



Appendix

10 Nucleic Acids Research, 2011

L monocytogenes 1/2a EGD-e
L. monocytogenes 1/2a 08-5578
L. monocytogensas 1/2a 08-5923
L. monocytogenaes 4b F2365

L. monocytogenes 4a HCGC23

L innocua Ba Clipi1262

L. wefshimeri 8b SLCC5334

L. seeffgert 1/2b SLCC3954

L. monocytogenes 1/2a EGD-e
L. monocytogenes 1/2a 08-5578
L monocytogenes 1/2a 08-5923
L. monocytogenss 4b F2365

L. monocytogenes da HCC23

L innocua Ba Clip11262

g

%Qj [+3
sH88

J|E/IE/E/IE/E/

=
=

Tox
s8s
E/l

m 178
— 1§89
— sbrA
m rf42

— antioroes
— antioo43
o anmilo45

o antio977

o antit457
— antit478
— antit758
o 2095
— antigz224
m antiZgen

L wafshimari 8b SLCC5334

L seeligeri 1/2b SLCC3954

o
1=y [ Y & -~
SRIIRRZEREEIEREE
ES2S8Z2SZaERE8EE
EEEEEEEEETEEEEES
LA B A B A A B B A
| LENL | | | E | ENEAEEN 1 | |

L monocytogenes 1/2a EGD-e
L monocytogenes 1/2a 08-5578
L. monocyregenss 1/2a 085923
L. monocytogenes db F2365

L. monocytogenes 4a HCC23

L innocus Ba Clip11262

L wefshimerj 8b SLCC5334

L seeligerf 1/2b SLCC3954

AR = Emee’ = | - Ml <=ta= Q<o Up<eSe
=+ regulatory RNA > = - - -
; Bm === Fm = Jm == NE <= Rix <= Vi <=
=8 overlapping gene i o - - - <+~
CH = w=p GH - KM O - S - Wi T -
= = flanking genes - - - =
DE = H Lm &= P & T X -

Figure 6. Comparative overview of known and putative regulatory RNAs of L. monocytogenes EGD-e. EGD-e was compared with
3 L. monocytogenes serotypes (3 » 1/2a, 1 x4b and | x #a) and three non-pathogenic Listeria species (L. innocua, L. welshimeri and L. seeligeri).
To determine the distribution of regulatory RNA inside the genus a BLAST analysis was conducted using sSRNAdE (unpublished software).
Candidates were considered present inside a strain in the case of a sequence identity of 60% and a coverage of 80%. Smce the surrounding
locus 1 often important for the function of the regulatory RNA, information about the conservation of adjacent genes was included using the
same cutoff. Possible cases for direction, presence and absence of each regulatory RNA and its flanking genes was color-coded below. A white square
indicates the absence of the regulatory RNA. As a reference for this analysis the relevant loci of L. monocytogenes EGD-e were chosen, The small
black arrow depicted in the legend indicates the regulatorv RNA, while larger arrows in black and white symbolize the left and right flanking gene,
respectively. A large gray arrow denotes a gene overlapping the regulatory RNA in sense or antisense direction. The arrow direction is not
representative for the strand but for the relation to the locus in the reference genome of L. monocytogenes EGD-e. (E) indicates extracellular

and (I) intracellular expression of the regulatory RNA.

been reported gareviously in Salmonella enterica (57),
where high Mg™™ concentration induced the formation
of a stem loop structure leading to the transcriptional ter-
mination of mgiA.

Interestingly, a putative sSRNA located in the intergenic
region between /mo0671 and Imo0672 was previously
reported as rli33 encoding a transcript of 534nt in
length (31). However, our RNA-seq revealed two
smaller fragments of 186nt (#/i33-1) and 274 nt (#/i33-2)
in this region. In support of this observation, northern
blot analyses confirmed the presence of r/i33-/ and
rli33-2 suggesting either the presence of an internal start
site within the larger transcript or an unknown RNA pro-
cessing mechanism of the transcript under the experimen-
tal conditions used. r/i33 is highly induced in the
stationary growth phase and in blood indicating a poten-
tial role in virulence (31). This has been shown by in vitro

and in vivo experiments with the isogenic deletion mutant
rli33-1 which completely removes the 5-end of #/i33.

The #fi50* deletion mutant showed the strongest effect
in the insect model and in the liver of mice. Interestingly,
our RNA-seq data revealed two sRNA candidates in the
chromosomal region between /mo2709 and /mo2710, a
new one on the sense (#/i7712) and the other on the anti-
sense strand (#/i50), which was detected by Toledo-Arana
and coworkers (31). As mentioned above the isogenic
mutant for r/i50*, removes the distal end of the rfi712
sRNA candidate resulting in a double mutant that may
be responsible for the impaired virulence effects obtained.
A homolog of r/il12 with 94% similarity is located within
the intergenic region between the genes /mo0470 and
imo0471, designated as sSRNA candidate r/i78, which has
higher extracellular expression than intracellularly.
However, this sSRNA is clearly not able to compensate
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for the loss of SRNA #/i50 in the isogenic mutant of #/i50*.
Northern blot analysis of r/i29 and r/i78 confirmed the
presence of the sense and antisense strand transcripts
(Supplementary Figure S2). This indicates different regu-
latory roles of these homologous sSRNAs in their environ-
mental niche.

Similar examples for the existence of several copies of
sRINA were reported for V. cholerae, which harbours four
redundant copies of the regulatory RNA Qrr (Qrrl-4)
interacting with two feedback loops and which promotes
gene dosage compensation among Qrrl-4 for proper
control of quorum-sensing processes (58,59). Also,
multiple copies of other listerial sSRNAs are currently
known for the Hfg-dependent LhrC (28) with five copies
in total and present at two different chromosomal loca-
tions. We find that LhrC is up-regulated in our intracel-
lular data, but the role of these intracellularly induced
sRNAs has still to be elucidated. Surprisingly, the
chromosomal locus of #no0459 Imo0479, including rli28,
#ii29 and rli78, revealed a lower GC-content suggesting
horizontal gene transfer events. An inspection of the sur-
rounding loci indicated a gene encoding a transposase of
the IS3 family (/mo0464) in this region. Thus, we speculate
that horizontal gene transfer (HGT) caused by transpos-
ition might be involved in chromosomal spreading of
listerial regulatory RNAs.

Our data also indicate differential regulation of sSRINA
candidates within the A118 prophage-like regions (#/iG,
rli48, vlic2, rli98 and rli99). Bacteriophages play an im-
portant role for horizontal gene transfer to shape their
microbial host genomes with new genetic functions
including sRNA, such as has been described for ipeX
which is responsible for OmpC porin regulation in
E. c¢oli (60). Transcriptional activation of phage-related
genes has been previously reported from different groups
by in vive transcriptomic studies (37,61,62). Further inves-
tigation is required to understand the contribution of these
phage-related SRNA transcripts to the infection process of
L. monocytogenes.

In addition, CRISPR systems, responsible for microbial
phage defense, are elements that have been described in a
large number of prokaryotic genomes (63). We have con-
firmed as originally noticed by Mandin et al. (29) that r/iB
is related to CRISPR elements, but CRISPR-associated
CAS genes were absent suggesting that these transcripts
are produced by a novel endonucleclytic mechanism.

An emerging class of regulatory RNAs are antisense
RNAs which have been observed in different bacteria
and archaea (17,64 67). This class of molecules was pre-
viously known only for transposons, plasmids and phages
(68 70). Transcriptome analysis of E. coli and H. pylori
indicated antisense transcription across the entire genome
(17,71). In addition, several long and short antisense
RNAs were previously reported for Lisieria (31). We
have identified a number of novel short antisense RNAs
in our experiments {Supplementary Table S3). The vast
majority of these were intracellularly up-regulated,
although there was no strict correlation to down-
regulation of their potential targeted genes when inspect-
ing microarray-based intracellular transcriptome studies
(37.61). Studies of individual plasmid-encoded and
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chromosomally encoded asRNAs in a variety of bacterial
species have demonstrated that asRNAs can regulate gene
expression at the level of translation, mRNA stability or
transcription (68).

We were able to demonstrate, for the first time, the ex-
istence of two asRNAs (an#i2095 and anfi2394) with
increased intracellular expression using northern blots.
Both asRNAs were previously reported to have short
and long variants (31). Due to RNA-seq using RNA
fraction <500nt, only the short asRNAs were confirmed
in our study (Supplementary Figure S3). The genes
transcribed from the opposite strand encoding a hypothet-
ical protein (fmo2394) and a phosphofructokinase
(Imo2095) did not show significant expression changes
after shifting from extra- to intra-cellular conditions
(37,61). Also a genome-wide COG analysis of asRNA
mRNA targets revealed no obvious correlation to
specific classes of genes suggesting that asRNAs might
be used to control general processes within the bacterial
cell.

Riboswitches are cis-acting RINA structures responsible
for downstream regulation of gene expression in bacteria
(13). In B. subtillis 2% of the genes are regulated by these
RNA elements (72). Out of 42 known listerial riboswitches
in the RFAM database, 33 were detected in our study and
the majority of them were down-regulated intracellularly.
Interestingly, the lysine riboswitch (31) was not expressed
during intracellular survival of bacteria indicating a lysine
restricted intracellular environment for the bacterial
pathogen.

Loh and colleagues have reported on the ability of two
S-adenosylmethionine (SAM) riboswitches, SreA and
SreB, to act in frans to modulate the expression of the
critical listerial virulence regulator PrfA (73). We have
observed that the SreA and SreB are down-regulated
within the host cytosol indicating that the decreased copy
number of SreA and SreB allow an intracellular induction
of the PrfA regulator. The T-box class of riboswitches rep-
resents the largest class of riboswitches in L.
monocytogenes sensing the level of uncharged tRNAs in
the bacterial cell, which is induced in our data. The expres-
sion of the corresponding tRNA synthetase genes have
previously been found to be decreased in the host cytosolic
phase (37), which suggests the involvement of T-box regu-
lation due to infection.

Finally, we found that listerial species have highly
conserved riboswitches for adaption to physiclogical
processes, but have clear differences in their sSRNA and
asRINA repertoire suggesting adaptation to their potential
ecological habitats (Figure 6). Indeed comparative
analysis indicated several strain and serotype-specific
putative regulatory RNAs such as r/i/12 which enables
this SRNA to become a potential diagnostic marker for
lineage II.

CONCLUSION

Here we show that extensive expression of sSRNA candi-
dates in L. monocytogenes occurs during intracellular
growth. Our studies uncovered 71 previously undescribed
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putative regulatory RNAs and revealed 29 candidates that
are specifically expressed during intracellular growth.
Although we have shown that several of these sRNAs
are indeed required for virulence of the bacterium their
precise role in promoting bacterial survival under these
conditions remains to be studied. As a next step, the iden-
tification of targets of these putative regulatory RNAs will
be required and will enable us to understand the regula-
tory response triggered by the bacterium when shifting
from extracellular to intracellular growth conditions.
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Summary

In the recent years, the number of drug- and multi-
drug-resistant microbial strains has increased
rapidly. Therefore, the need to identify innovative
approaches for development of novel anti-infectives
and new therapeutic targets is of high priority in
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global health care. The detection of small RNAs
(sRNAs) in bacteria has attracted considerable atten-
tion as an emerging class of new gene expression
regulators. Several experimental technologies to
predict sRNA have been established for the Gram-
negative model organism Escherichia coli. In many
respects, sSRNA screens in this model system have
set a blueprint for the global and functional identifi-
cation of sRNAs for Gram-positive microbes, but the
functional role of sSRNAs in colonization and pathoge-
nicity for Listeria monocytogenes, Staphylococcus
aureus, Streptococcus pyogenes, Enterococcus
faecalis and Clostridium difficile is almost completely
unknown. Here, we report the current knowledge
about the sRNAs of these socioeconomically relevant
Gram-positive pathogens, overview the state-of-the-
art high-throughput sRNA screening methods and
summarize bioinformatics approaches for genome-
wide sRNA identification and target prediction.
Finally, we discuss the use of modified peptide
nucleic acids (PNAs) as a novel tool to inactivate
potential sRNA and their applications in rapid and
specific detection of pathogenic bacteria.

Introduction

Small non-coding RNAs and especially microRNAs
(miRNAs) have been recently identified as key regulators
of several cellular processes in multicellular eukaryotes
(Garzon et al., 2009). Massive resources are now allo-
cated to understand this extra layer of gene regulation.
Involvement of miRNA expression in different types of
tumours (e.g. breast, colon or brain cancer) has been
reported (Garzon et al., 2009; Negrini et al., 2009). Con-
sequently, blocking of miRNAs has become of therapeutic
interest for tumour treatment (Dalmay, 2008; Negrini
et al., 2009). In addition, miRNA profiles are now consid-
ered as a new tool for diagnostics. Although miRNA pro-
files contain much less information than an mRNA profile,
the potential value may be higher because of the regula-
tory role of miRNAs (Dalmay, 2008).

Journal compilation © 2010 Society for Applied Microbiology and Blackwell Publishing Ltd
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In bacteria, small RNAs (sRNAs) have attracted con-
siderable attention as an emerging class of new gene
expression regulators. Apart from open reading frames,
the genome codes for a number of ANAs with non-coding
functions such as rBMNAs, tRNAs, and some small non-
coding BNAs, which may act as regulators of transcription
or translation and influence mRNA stability (Waters and
Storz, 2009), Although the majority of sANAs might
indeed be non-coding, there are sBNAs, which have both
a coding and a nen-coding function (Ji et al, 1995).

Small RNAs interact by pairing with other RNAs,
forming parts of RNA—protein complexes, or adopting
structures of other nucleic acids (Storz efal, 2004). A
toclbox of experimental technologies such as microarray
detection, shotgun cloning (RNomics), co-purification with
proteins and algorithms to predict sRNAs have been
established for Gram-negative bacteria such as Escheri-
chia coli (Sharma and Vogel, 2009). Investigation of the
role of sSRMAs for other Gram-negative pathogens such as
Salmonelia typhimurium and Pseudomonas aeruginosa
has recently been started (Sharma and Vogel, 2009).
sANAs were detected within genetic islands of S.
typhimurium, which showed host-induced expression
in macrophages and thus contributed to virulence
{Padalon-Brauch ef al,, 2008).

Recently, an extended number of 103 sRAMNAs was
described for Listeria monocytogenes (Christiansen et al,
2006; Mandin et al, 2007, Nielsen et al, 2008; Toledo-
Arana et al., 2008). Only two sBNAs have been identified
and studied in some detail in Sfreplococcus pyogenes
(Kreikemeyer et al., 2001; Mangold ef af, 2004) and five
sANAs for Streptococcus pneumoniae {Halfmann et al,
2007}, A first approach identified 12 sBNAs in Staphylo-
coceus aureus, seven of which are localized on pathoge-
nicity islands. Some of the sRAMNAs show remarkable
variations of expression levels among pathogenic
S. aureus strains, which suggest their involvement in the
regulation of virulence factors {Pichon and Felden, 2005).
Fresently, there is no infermation available for sRNAs
from Clostridium difficile and Enterococcus faecalis.

To date, sANAs have been found to be implicated in
stress response, iron homeostasis, outer membrane
protein  biogenesis, sugar metabolism and quorum
sensing, suggesting that they might also play an essential
and central role in the pathogenicity of many bacteria, A
global approach to identify sRNAs in L. monocytogenes
has been recently published (Toledo-Arana et al,, 2008},
but genome-wide approaches to elucidate the functional
role of sRMAs for other high-risk Gram-positive pathogens
in pathogenicity are limited.

To address this deficiency, we recently established a
European consartium (hitp:/www. pathogenomics-era.net/
2ndJointCall) to perform comparative global analysis of
sRMNAs for L. monocyfogenes, S. aureus, S. pyogenes,

E. faecalis and C. difficile. In this project, we will utilize
bicinformatics, novel high-throughput sRNA screening
methods, whole-genome transcriptomics and proteomics,
coupled with existing robust molecular characterization
methods to provide new information regarding production,
regulation and pathogenic implications of sAMAs in these
five major high-risk Gram-positive pathogens on a global
scale.

These analyses will help us to design novel potential
therapeutics based on sRBMA-complementary peptide
nucleic acids (PNAs). Furthermore, the knowledge about
sANA expression will be used to develop a novel ultra-
sensitive diagnostic system, which has been conceived
for detection of small target samples at extremely low
concentrations in a very short time.

Listeria monocytogenes

Listeria monocyfogenes is an opportunistic facultative
intracellular bacterium which is ubiquitously distributed in
nature. This food-borne pathogen belongs to the group of
bacteria with low G + C DNA content which also includes
other species of genera such as Streptococcus, Staphy-
lococeus, Enterococcus and Clostridium. The genus List-
eria consists of seven different species, namely Listeria
monocytogenes, Listeria ivanovii, Listeria innocua, List-
eria welshimeri, Listeria seeligeri, Listeria grayi and List-
eria marthii (Hain et al, 2007, Graves etal, 2009), of
which L. fvanoviiis predominantly a serious animal patho-
gen while L. monocytfogenes can cause fatal infections in
humans and animals. With regard to its transmission, a
majority of listerial cases have been documented through
contaminated food preducts. The majer clinical symptoms
exhibited by this pathogen in humans include meningitis,
septicaemia, abortion, prenatal infection and gastroenteri-
tis. In spite of an appropriate antibiotic therapy, approxi-
mately 20-30% of deaths have been reported in patients
suffering from listeriosis (Hof et al, 2007).

A hallmark of this human pathogen is its ability to invade
and survive inside vertebrate and invertebrate host cells,
wherein the bacterium can freely multiply within the
cytosol and can induce actin-based movement and cell-
to-cell spreading. Prior to infection, Internalin A and B
induce the first step of the infection process by interacting
with the eukaryotic host cell and promote intracellular
uptake of the pathogen after binding with E-Cadherin and
c-Met as interacting receptors in mammals. However, the
main virulence genes, responsible for the intracellular life
cycle of L. monocytogenes, are clustered in a -9 kb chro-
mosomal region (Hain ef al,, 2007; Cossart and Toledo-
Arana, 2008).

QOver the last decade, regulatory RNA elements have
gained increasing importance in the physiclogy and
pathogenesis of prokaryotes. They are divided into two

@ 2010 The Authors
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major groups based on their mode of action: cis (untrans-
lated region, UTR) and trans acting regulatory RNAs
(small non-coding RNAs). Riboswitches and RMNA ther-
mometers (Narberhaus ef al., 2008) belong to the class of
cis acting regulatory RNAs located at the 5'UTR of their
genes. In general, riboswitches modulate their regulatory
structure in response to metabolite binding, which are
available in their own environment whereas, RNA ther-
mometers are invelved in sensing global signals, e.g. the
intracellular temperature. Both cis regulatory RNA struc-
tures are essential for fine regulatory tuning so as to
ensure an immediate physiolegical response of the bac-
terial cell to a varying habitat.

The first cis regulatory RMNA was described for the
master virulence regulator PriA (Johansson ef al., 2002).
This 5'UTH acts as RNA thermometer which is turned off
under low-termperature conditions. In addition, the impor-
tance of 5’UTRs has also been reported for other viru-
lence genes (Wong ef al, 2004; Shen and Higgins, 2005;
Stritzker et al., 2005). In general, the effects of UTHs on
the expression of ActA, Hly and InlA were analysed by
deleting the 5’UTH, while their ribosome binding sites
were retained. Further computational analysis has
revealed the presence of putative UTRs in surface pro-
teins encoding operons associated with virulence in
L. monocytogenes and suggests a potential post tran-
scriptional function for these long RMNA sequences in
pathogenesis (Loh et al., 2006),

The role of frans regulatory ANAs such as small non-
coding BNAs has been addressed recently. The house-
keeping sRMNA 4.58 which binds to the signal recognition
particle (SRP) was the first sSRNA identified in L. monocy-
fogenes (Barry et al., 1999). SRPs are highly conserved
in most bacteria and are involved in translation and tar-
geting of proteins for cellular secretion.

In L. monocytogenes, the RNA chaperone Hfg is
involved in stress tolerance and virulence (Christiansen
et al., 2004). In order to investigate sRNA—Hfq interaction,
a co-immunoprecipitation approach identified three Hfg-
binding sRMAs (/hrd, [hrB and thrC; [hrC reveals five
copies in the chromosome), which are growth phase-
dependently expressed and induced during intracellular
multiplication within HepG2 cells, In a later study, new
algorithms were used to predict and functionally map
novel sRNA for L. monocytogenes. This allowed the iden-
tification of 12 additional sRNA (r#id—l, ssrS, ssrd and
mpB), and for three of them (/iB, #IE and rlif), potential
mRMNA targets were predicted in silico and experimentally
verified (Mandin et al,, 2007).

Listeria monocyfogenes is well known for its robust
physiclogy because of its capability to grow under refrig-
eration temperature, low pH and also at high osmolarity.
However, relatively little is known about the role of sRNA
for the adaptive physiclogical response in premoting sur-

& 2010 The Authors

vival and growth of the bacterium in such hostile environ-
ments. Besides, the involvement of the alternative sigma
factor 6% in the regulation of sANA was elucidated not until
recently when a 70-nt-long sRNA (sbrA) was identified
which was reported to be under control of this stress
tolerance factor (Nielsen ef al., 2008).

In order to study global transcriptional profiling in
respanse to the changing envirenmental niche of the
pathogen, several different stress and in vifro/in vivo
infection conditions were exploited using genome-wide
microarray approaches (Joseph etal, 2006; van der
Veen et al, 2007; Hain et al, 2008, Raengpradub ef al,
2008; Camejo et al,, 2009). We have used transcriptome
profiling to examine the expression profile of L. monocy-
togenes inside the vacuolar and the cytosolic environ-
ments of the host cell using whole-genome microarray
and mutant analysis. We found that -~17% of the total
genome was mobilized to enable adaptation to intracellu-
lar growth (Chatterjee et al, 2006), but the role of sRNA
during host cell infection was not addressed in this study.

A first genome-wide approach has been recently
reported by Toledo-Arana and colleagues (2009) using
tiling arrays to detect novel sRNA. Thus, the transcriptional
profile of L. monocytogenes was analysed under several
different conditions including bacteria growing in BH| expo-
nentially as well as to the statiocnary phase, under low
oxygen and temperature (30°C), in the murine intestine
and human blood and compared with the transcriptome of
AprfA, AsigB and Ahfg isogenic mutants. Under these
conditions a complete operon map with 5 and 3’ end
boundaries was determined as well as 103 small regula-
tory RNA were identified (Table 1). Among the regulatory
RMAs, 29 novel sRNAs, 13 cis regulatory RNAs (5'- and
3'UTR, putative riboswitches) and 40 cis regulatory ANAs
including known riboswitches were identified. |sogenic
mutant analyses of iB and rli38indicated their contribution
in virulence in mice. This initial study describes the global
transcriptional landscape in L. monocytogenes under
various growth conditions and provides insights into strat-
egies of extracellular survival of the human pathogen,
Nevertheless, details on the precise role of sRNAs in the
pathogenesis of L. monocytogenes remain limited and
additional studies on physiclogical function are needed in
order to understand the sBNA regulatory function.

Staphylococcus aureus

Staphylococcus aureus is one main cause of nosocomial
infections worldwide. Because of the high occurrence of
multiple resistant strains in hospital settings, infections
caused by this pathogen are often difficult to treat and
new therapeutic strategies are urgently needed. The post
genomic era of S. aureus started in 2001 with the publi-
cation of the genome sequences of two strains, N315 and
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Table 1. Current overview of published Gram-positive sRNAs of the genera Staphylococcus, Streptococcus, Enterococcus, Clostridium and

Listaria.
SIPHT® Expermentally verified
Genus Species Chromosome Plasmid Chromosome Plasmid
Staphyiococcus aureus 32-79(12) 0-5(9) 230 1¢
epidermidis 116—127 (2} 04 (7}
hasmolyticus 74 (1) -
saprophviicus 38 (1) 1(2)
Streptococcus agalactiae 26-34 (3) -
mutans 18 (1) =
pneumonias 28-66 (3) - 5
pyogenes 18-29 (12) - 3e
thermaphilus 31-38 (3) 0(2)
sanguinis 34 (1) =
suis 23-24 (2) -
Enterococcus Clostridivm faecalis 14 (1) 02 (3) 2
acefobulylicum 18 (1) 2(1) 1
bejjsrinckii 3 -
botulinum 54-63 (4) 0(2)
difficile 2 (1) a(1)
Kiuyveri 46 (1) 0(1)
novyi 26 (1) =
perfringens 14-18 (3) 0-2(3) ;i
tetani 45 (1) 0{1)
thermoceilum & (1) b
Listaria innocua 115 (1) 2(1)
monocytogenes 94-124 (2) - 27
welshimeri 100 {1) =

a. Livny efal (2008).

b. MNovick efal (1983); Morfeldt ef al. (1885); Pichon and Felden (2005); Geissmann ef al. (2008).

c. Kwong et al (2004; 2008).
d. Halfmann &t al. (2007).

e. Kreikemeyer ef gl (2001); Mangold ef &l (2004); Roberts and Scott (2007).

f. Weaver (2007).
9. Fierro-Monti et al. (1992).
h. Shimizu et al. (2002).

i. Barry of sl (1999); Chiistiansen af al. (2008); Mandin et af. (2007}, Nielsen sf a!. (2008); Toledo-Arana ef af. (2009).
The SIPHT columns show the minimum and maximum number of annotated sRMNAs of each species.

The quantity of analysed strains is depicted in brackets.

Mub0 (Kuroda etfal, 2001). In the &. aureus N315
genome, 110 non-coding RNAs are annctated. Among
them are 78 tRNAs and rBNAs and 32 putative sBNAs
and riboswitches (Geissmann et al, 2008).

A large number of virulence factors are known to be
involved in the pathogenesis of S. aureus whose expres-
sion is subject of temporal control and mainly affected by
AMNAIIL RNAI was the first regulatory RNA shown to be
involved in bacterial virulence and is part of the agrlocus
in 5. aureus that acts as a quorum sensing system
(Recsei et al, 1986; Novick ef al, 1993; Ji et al, 1995)
RAMAIll is a 514 nt regulatery RNA and controls the switch
between production of cell wall adhesins and that of extra-
cellular proteins (Dunman efal, 2001; Ziebandt et al,
2004), The mechanism by which RNAII regulates such a
large number of genes has been unknown for a long time.
In the meantime, a direct regulatory effect of RNAIIl has
been shown for Ala expression (Morfeldt et all, 1995) and
for spa expression (Huntzinger efal, 2005). However,
AMAIIl possibly affects the expression of most of the

virulence genes in S. aureus indirectly via the pleiotropic
regulator Aot (for repressor of toxins). RNAIII antagonizes
Rot activity by blocking its synthesis, with BNAIlIl acting as
an antisense ANA, pairing with complementary regions in
the 5 end of rof mANA. Binding of RNAIIl induces cleav-
age of the rof transcript (Geisinger etal, 2006; Boisset
et al., 2007).

Pichon and Felden (2005) described the first global
approach to identify sRNAs in 8. aureus. They used a
comparative genomic approach to characterize the
RMNome of 5. aureus on the basis of the genome sequence
of strain N315 and detected at least 12 sRANAs: five are
encoded in the core genome and seven are localized on
pathogenicity islands. Some of the sRNAs show remark-
able variations of expression among pathogenic strains
and it is postulated that they might be involved in the
regulation of virulence factors as itis described for RNAIII

Mast recently, a more comprehensive search for sRNAs
in S. aureus was performed by Geissmann and col-
leagues (2009). They identified 11 new sHNAs (RsaA to
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K}. Transcriptional analyses using three reference strains
of 8. aureus (RN6330, Newman and COL) also showed
different transecription profiles of these sENAs between
the strains. Most of the sRNAs were growth phase-
dependently expressed and transcribed in response to
environmental changes such as oxidative stress, heat
stress, osmotic stress and acidic pH. Transcription of
three of them was mediated by the alternative sigma
factor ¢® and one was regulated by the quorum sensing
system agr.

Details on the regulatory function of sRNAs in physiol-
ogy and pathogenesis of S, aureus are still limited. By
using transcriptomic and proteomic analyses, Geissmann
and colleagues (2008} have shown that RsaE which was
expressed under various stress conditions is involved in
the regulation of several genes involved in amine acid and
peptide transport, cofactor synthesis, lipid and carbohy-
drate metabolism and the TCA cycle. RsaE binds to its
target mRNAs via a specific sequence motif and inhibits
the formation of the translational initiation complex. Direct
interactions of RsaE with oppB, sucD and SA0873
mRNAs have been shown. The specific sequence motif
seems to be highly conserved among sRNAs in 8. aureus
indicating a very similar mode of action (Geissmann ef al.,
2009).

These studies (Pichon and Felden, 2005; Geissmann
et al, 2008), however, can only represent the blueprint
for the prediction, detection and characterization of
sANAs in S auwreus. It can be postulated that the
S. aureus genome likely codes for mere regulatory
sAMAs that affect gene expression than have been iden-
tified to date. By using tiling DNA arrays and new
sequencing techniques, we will certainly get a more
comprehensive picture of regulatory sRNAs in S. aureus
expressed under certain conditions. Characterization of
their regulatory role in global gene expression could
shed more light on processes of 8. aureus involved in
adaptation to the host environment and pathogenicity
and may provide new targets for therapeutic strategies
to treat infections caused by this pathogen.

Streptococcus pyogenes

Straplococcus pyogenes (group A streptococel, GAS) is
another important exclusively human bacterial pathogen.
The annual global burden of GAS diseases, including 111
millien cases of pyoderma, over €616 million cases of
pharyngitis, and at least over 500 000 deaths due to
severe invasive diseases, places this pathogen among
the most important Gram-positive bacterial species with
major impact in global mortality and morbidity (Carapetis
et al, 2005). GAS encodes a large number of virulence
factors that are involved in adhesion, colonization,
immune evasion and long-term survival within the host

© 2010 The Authors

(Courtney et al., 2002; Kreikemeyer ef al., 2003; 2004).
For successful adaptation and survival in various targeted
host compartments, about 30 orphan transcriptional regu-
lators (RR), together with 13 two-component signal trans-
duction systems (TCSs) (of which 11 are conserved
across all GAS serotypes), sense and integrate the envi-
ronmental information in GAS (Kreikemeyer et al, 2003;
Beyer-Sehimeyer et al,, 2005, Musser and Deleo, 2005).

As in many other bacterial species, a novel level of
potential virulence regulation has emerged from the dis-
covery and activity of sRNAs. Two bicinformatics-based
approaches have identified candidate sRMAs in the
5. pyogenes genome. Livny and colleagues developed
SIPTH (sANA identification protocol using high-throughput
technologies) to identify sBNAs in intergenic loci based on
colocalization of intergenic conservation and the presence
of Rho-independent terminators (Livny ef al, 2008). In
order to integrate all available sRNA identification methods
we have recently developed MOSES (modular sequence
suit), a Java-based framework, to integrate detection
approaches for sRNAs. Using MOSES on the genome
sequence of the S. pyogenes M49 NZ131 strain we iden-
tified four highly probable sRNA candidate genes which
were verified by RT-PCR (P. Raasch, U. Schmitz, N.
Patenge, B. Kreikemeyerand O, Wolkenhauer, submitted).

Experimental approaches prior to the availability of
tiling array technelogy allowed identification and partial
characterization of three sBMNAs (SLS, FasX and RivX) in
S. pyogenes (Kreikemeyer efal, 2001; Mangold et al,
2004; Roberts and Scott, 2007).

A first GAS sRMNA sagA was discovered during the
identification and functional characterization of the major
haemolysin of GAS, streptolysin S (SLS/SagA) (Li et al,
1889; Carr efal, 2001). Mangold and colleagues later
reported that the mRBNA transcribed from the sls gene
most likely acts as sRMNA and effectively regulates expres-
sion of emm (M protein), sic (streptococcal inhibitor of
complement) and nga (NAD-glycohydrolase) at the tran-
scriptional level, and expression of SpeB (cystein pro-
tease) at the post-transcriptional level (Mangold et al,
2004).

The second putative sBNA experimentally identified
was fasX a 300-nuclectide-long transcript, which is
associated with the FasBCAX (fibronectin/fibrinogen
bindinghaemolytic activity/streptokinase regulator) system
(Kreikemeyer ef al., 2001).

Measurement of a luciferase—promotor fusion revealed
a growth phase-associated transcription of fasX with peak
activities during late exponential phase. Mutation of fasX
uncovered a reduced expression of the secreted virulence
factors sls and streptokinase (ska), and simultaneously
a prolonged expression of fibronectin- (fbp54) and
fibrinogen-binding (mrp) adhesins. Analysis of the role of
fasXin S. pyogenes adherence to and internalization into
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HEp-2 cells (a human laryngeal carcinoma cell ling)
revealed that this sRNA apparently promotes high adher-
ence and internalization rates, leading to massive cytok-
ine gene transcription and cytokine release, host cell
apoptosis via a novel caspase 2 activation pathway and
cytotoxicity (Klenk et al., 2005). It is evident that the Fas
two-compenent signal transduction system, with the fasX
sRANA as its integral and main effector part, mediates
virulence gene regulation and could be involved in GAS
aggressiveness and local tissue destruction (Klenk ef al,
2005).

Recently, Roberts and Scott showed that rivX encodes
anocther sANA and microarray analysis revealed that
products of the rivRX locus exert positive control over
transcription of members of the Mga regulon (Roberts and
Scott, 2007},

The first genome-wide and comprehensive approach to
identify novel sRNAs in the M1T1 MGAS2221 S. pyo-
genes strain, using a combination of bioinformatics and
intergenic region tiling arrays, was most recently per-
formed by Sumby and colleagues (Perez et al, 2009),
The tiling array approach identified 40 candidate sENAs,
of which only seven were also identified by the bioinfor-
matics approach of Livny and co-workers. This small
number of cumulatively identified sRNAs stresses the
necessity for multifaceted and integrated approaches.
Most of the investigated sRNAs varied in their stability and
inter- and/or intra-serotype-specific levels of abundance.
Most interestingly, Sumby and colleagues could not
confirm earlier results from Mangold and colleagues who
postulated a regulatory function for sagA/Pel (Mangold
et al., 2004).

In summary, three candidate sRNAs were identified
experimentally, 29 candidate sRNAs were identified by
Livny using a bicinformatic approach (Table 1), a further
four appeared from the novel MOSES sRNA software and
40 (of which only seven matched candidates from the
Livny paper) were found by the first tiling array approach
performed by Sumby and co-workers (Perez et al., 2009).

Enterococcus faecalis

Enterococcus faecalis is a human commensal and
member of the lactic acid bacteria. It can be used as a
starter in food industry and for some strains, probiotic
effects have been claimed (Domann etal, 2007).
However, E. faecalis is also used as an indicator of fascal
contamination and represent one of the principal causes
of nosocomial infections (Ogier and Serror, 2008).
Despite the increasing number of infections due to
E. faecalis, mechanisms of virulence remain poorly under-
stood. These infections affect mainly young and immuno-
depressed subjects causing endocarditis, meningitis,
pneumonias, peritonitis, visceral abscesses, urinary infec-

tions and septicaemias (Gilmore ef al., 2002). This makes
E. faecalis an ambiguous microorganism and, conse-
quently, the use of enterococci in the food industry has
been viewed more critically (Eaton and Gasson, 2001).
Thus, efforts are urgently needed in order to get a better
understanding of the molecular reasons why this normally
harmless bacterium can transform into a dangerous
pathogen. In this context, analysis of regulation of gene
expression is of prime importance.,

From the 3337 predicted protein-encoding open
reading frames in E. faecalis V583, 214 have or may have
regulatory functions (Paulsen et al., 2003} but only few
transcriptional regulators have been studied so far. Some
of them have been shown to be correlated with stress
response andfor virulence such as Fsr, EtaRS, CylR,
HypR, PerR or Ers (Qin et al,, 2001; Gilmere et al, 2002;
Teng et al, 2002; Verneuil etal, 2004; Verneuil etal.,
2005; Riboulet-Bisson et al, 2008). However, in recent
years it has been discovered that not only proteins but
also small non-coding RANAs are key players in the control
of bacterial gene expression, At present, only cne mecha-
nism based on two sRMNAs (RNA | and BNA 1), required
for the stable inheritance of the plasmid pAD1, has been
reported for E. faecalis (Weaver, 2007). The two sRNAs
are convergently transcribed towards a bidirectional intrin-
sic terminator. RNA | encodes the Fst toxin the translation
of which is inhibited by the interaction with RNA Il. ANA 1|
acts then as the antitoxin and is less stable than RANA I.
This suggests that in absence of continued transcription
from the resident plasmid, RNA | is removed from the
complex allowing the translation of fsf that Kills the cell.
One recent study shows that the stability of the toxin-
encoding BRNA (RNA I} is due to an intramolecular helix
sequestering the 5 end of the BNA (Shokeen etal,
2008).

Recently, an in silico study led to the prediction and
annotation of 17 further putative sHNA-encoding genes in
E. faecalis V583 (Livny et al, 2008), 14 on the chromo-
some and three on plasmids (Table 1). However, in com-
parison with the number of sRANA identified in the same
study in model bacteria such as E. coli and Bacillus sub-
tilis, the number of potential candidates in E. faecalis is
roughly 10-fold lower.

Clostridium difficile

Clostridium difficile is currently one of the increasingly
important nosocomial pathogens, but also rising are the
numbers of human community-associated infections and
animal infections (Rupnik et al, 2008). The disease spec-
trum ranges from mild diarrhoea to severe forms of colitis,
pseudomembranous colitis and bowel perforation. Most of
the symptoms can be explained by effects of two large
toxins produced by the bacterium, toxin A {TcdA) and toxin

© 2010 The Authors
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B (TedB), While both toxins, TedA and TedB, are well
characterized frem molecular and biochemical perspec-
tive, our understanding on the regulation mechanisms
involved in their expression is only partially elucidated
(Dupuy et al, 2008). Even less is known about regulation
of additional factors influencing the virulence such as
binary toxin CDT, adhesion molecules, sporulation prop-
erties and antibiotic resistance.

The regulatory role of small non-coding RNAs was so
far not studied or reported in C. difficile. Only two candi-
date loci (Table 1) were found in a large computational
study by Livny and colleagues (2008). In the same study
candidate sRNAs were detected in some other patho-
genic and non-pathogenic Clostridia, e.g. Clostridium
fetani, Clostridium botulinum, Clostridium perfringens,
Clostridium novyi (Table 1). None of them is a closer rela-
tive to C. difficile; however, C. novyi has a toxin TenA that
is homologous to C. difficile large toxins.

So far, C. perfringens is the only pathogenic clostridial
species where the role of sRMNA was studied in detail
(Shimizu et al, 2002). VB-ANA is a region expressed
under the control of the VirA/VirS system. It encodes an
RNA molecule involved in regulation of some C. perfrin-
gens toxins and other virulence factors, This strongly sug-
gests that regulatory mechanism involving sRNA could
also be present in other toxigenic Clostridia and justifies
an extensive search for and characterization of novel
sRNAs in C. difficile.

Facultative requirement of Hfg for sENA-mRNA
interaction in Gram-positive bacteria

The bacterial RMA chaperone Hifg facilitates pairing inter-
actions between sRNAs and their mBNA targets in
several bacteria. However, approximately only half of the
sequenced bacterial genomes encode a Hfg homologue
(Sun et al, 2002). Hfg modulates the stability, translation
and polyadenylation of many mRNAs in E. coli (Folichon
et al, 2003). In L. monocytogenes, Hiq is required for
several sANAs (LhrA-C) (Christiansen etal, 2008),
whereas other identified sANAs in the same bacterium
are able to interact with their mRNA without the contribu-
tion of Hfg (Mandin efal, 2007, Toledo-Arana efal,
2009). Similar examples from Vibrio cholerae (Qrri—4)
illustrate how heterogeneous the role of Hfg can be in
sANA-mRNA-mediated regulations within the same bac-
terium (Lenz et al, 2004).

Although present in S. aureus, Hfg seems not to be
required for sRNA—mRBNA interactions (Bohn et al, 2007).
For the sporogenic bacterium C. difficile less is known
about the involvement of the clostridial Hfg homologue in
the regulation of sANAs.

Surprisingly, a gene encoding a homologue of the
protein Hfq is not present in the in S. pyogenes and

© 2010 The Authors

E. faecalis genome sequence (Sun etal, 2002}, From
this finding arose the guestion of how sRNAs are stabi-
lized and annealed to their targets in this species? It is
unlikely that non-coding RMAs are ‘naked’ in a cellular
environment and are more likely to be associated with
RNA-binding proteins throughout its lifetime (Vogel,
2009). Thus, an important step for the molecular charac-
terization of sRNAs and identification of their targets will
also need the discovery of these RNA-binding proteins in
S. pyogenes and E. faecalis.

Whole-genome sRNA identification methods

Small RNAs have been hard to detect both computation-
ally and experimentally. The first sRNAs were discovered
four decades ago serendipitously by radiolabelling of total
RMA and subsequent isolation via gel separation (Hindley,
1967, Griffin, 1971; lkemura and Dahlberg, 1973). The
sRNA discovery in bacteria over the last decade has
shifted from the direct labelling and sequencing to
genome-wide technologies including, for example, the
genomic SELEX approach (Lorenz et al, 2006), collect-
ing of sANA genes by shotgun cloning (RMNomics) (Vogel
etal, 2003), detection of sRNAs by DNA microarrays
(Selinger etal, 2000} and next-generation sequencing
(NGS) technologies to provide new means to sANA dis-
covery (Meyers et al,, 2008).

DMA microarrays are a powerful tool for screening
sANA genes on a genome-wide scale. Employing the
so-called tiling array approach for sRNA gene discovery,
probes specific to the region of interest have to be
designed. These regions can span the whole genome or
just the intergenic regions, where most of the currently
known bacterial sBNAs are encoded. Critical design
parameters are probe length and their overlap. As the
probe sequence is defined by the sequence of the
genome, options for probe optimization are limited. By
varying the probe lengths, minor adjustments of melting
temperatures can be obtained. Also incorporation of modi-
fied nuclectides, such as locked nucleic acids (LNAs),
might result in more uniform melting temperatures. In any
case, sensitive labelling and optimized hybridization con-
ditions are essential. Bacterial sBNAs are highly hetero-
geneous in length (ranging from approximately 35 to
several hundred nucleotides) and do not contain a
common sequence such as the polyA tail of eukaryctic
mRNAs. Therefore, careful size selection ensures that the
complexity of the input BNA sample is reduced and
excludes RNA species (e.g. mRNA, rBMNA)} for down-
stream microarray analysis. As amplification methods
tend to be biased, direct labelling is preferred, even
though lower signal intensities are obtained. Due to the
fact that only a small number of sANA genes (-20-150)
are expected to be discovered from bacteria, this results

Jourmnal compilation @ 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology

Intracellular survival of Listeria

Seite 166/238



Appendix

8 M. A. Mraheil et al.

in a relatively low number of signals on the tiling microar-
rays. Therefore, it is vitally important to provide a range of
controls upon design of the microarrays to discriminate
between signals arising from other BNA species (e.g.
mRNA, rAMNA, tANA) or truncated RMA fragments and
existing sRNA genes.

Such tiling experiments c¢an also be performed in more
than ene round, e.g. by running a first ‘rough' mapping
appreach using long probes (arcund 50-mer) and then
taking promising regions for a second fine-mapping' with
shorter probes (around 25-mer) to narrow down the 5’ and
3’ ends of the sRNA genes. Although such a second round
of screening increases confidence, results always have to
be verified by independent technigues, such as real-time
PCR, NGS, RACE-PCR, parallelized gene knock-outs
or microtitre plate-based phenotype screens (Bochner,
2003).

Microarrays for such tiling experiments are usually not
available off the shelf, but need to be individually
designed. Systems such as the flexible Febit” microarray
technology {(Baum ef al, 2003) however provide cost-
efficient and easy-to-use solutions for sRNA genes dis-
covery employing the aforementioned tiling approach,

Next-generation seguencing technology provides new
means in sRNA discovery and gives access to a screen-
shot of the global transcriptional landscape without com-
plicated cloning (Sittka ef al, 2008, Simon ef al, 2008).
Methods like sRNA sequencing allow for interrogation of
the entire small, non-coding RNA (sBMNA} repertoire. |t
includes a novel treatment that depletes total RNA frac-
tions of highly abundant tBNAs and small subunit rBNA,
thereby enriching the starting pool for sBNA transcripts
with novel functionality (Liu ef al, 2008). An additional
advantage of the NGS technology is the immediate infor-
mation about & and 3’ ends of the sANAs. However, data
analysis is still in its infancy and might make data inter-
pretation difficult and the library preparation necessary for
MGS might introduce bias. Thus, the combination of both
array-based and NGS approaches appears to be the most
promising experimental procedure for genome-wide iden-
tification of novel sRNAs in bacteria.

Computational approaches on genome-wide sRNA
prediction and target Icentification

Despite the new era of NGS technologies, the task to
search for and predict candidate sRMNA genes on genome
level remains a challenge and an open problem. Over the
last years tremendous progress has been made in this
field and sBNA gene prediction has been implemented
based on genome scanners or on classifiers. Sequence-
based classifiers use input infermation such as sequence,
metif or alignment to assign a homology-based label to
the output. Genome scanning uses combinations of

assumptions and a sliding window to analyse entire
genome sequences.

These genome scanning and ab inifio methods to
predict new sANA candidates are based on the assump-
tions that structured ANAs have a lower free energy than
random sequences (Le efal, 1988). Rivas and Eddy
(2000) demonstrated that minimum free energy (MFE)
difference is not significant enough to be used as a
general sANA discriminator. Taken the fact that MFE cal-
culation is based on base stacking, not only the nuclectide
frequency but the di-nuclectide frequency is of interest
(Bonnet et al., 2004, Clote, 2005). A thermodynamic cal-
culation to predict the MFE is highly affected by an addi-
tional or missing nuclectide related to the window size
applied for scanning the genome. Combining all the infor-
mation obtained from all individual windows decreases
the problem (Bernhart et al, 2006).

A common way to analyse nucleotide sequences is in
terms of its nucleotide composition. This ranges from
mononuclectide, di-nuclectide to n-nuclectide analyses
and leads to their frequencies. Applying compositional
statistics to predict new candidates was driven by reports
that sRNAs have an average of 50% GC content (Rivas
and Eddy, 2000). This has been successiully tested when
searching GC-rich islands in some AT-rich organisms
(Klein et al,, 2002) and applying di-nuclectide statistics in
other organisms (Schattner, 2002). Also machine learning
technigues have been performed to classify a sequence
either as a coding or non-coding ANA sequence (Liu
et al., 2008).

Comparative methods use genome sequences of two or
more related species performing alignments in order to find
maximum regions of similarity between them (Rivas and
Eddy, 2001, di Bernardo ef al,, 2003; Coventry ef al., 2004,
Rivas, 2005; Washietl et al.,, 2005). Once the regions of
similarity are identified, either thermodynamic information
or covariate analysis can provide more evidence on sRNA
assignment (Washietl et al,, 2005; Uzilov et al,, 2006).

Since the first experimentally identified sRNA in 1981
(Stougaard etal, 1981; Tomizawa etal, 1881), sRANA
gene-finders based on a set of known sequences have
been applied to identify genes belonging to the same
gene family. Rfam is a collection of multiple sequence
alignments, consensus secondary structures and covari-
ance models representing predicted sRNA families, Start-
ing with 25 sRNA gene families in 2003, the Rfam 2.1
release covers 1372 families in January 2009 (Griffiths-
Jones ef al, 2003; Gardner ef al, 2009).

SIPHT is a high-throughput computational tool focusing
on genome-wide bacterial sANA prediction and annota-
tion (Livny ef al, 2008). Candidate sRMNA-encoding loci
are identified based on the presence of putative Rho-
independent terminators downstream of conserved inter-
genic sequences and each locus is annotated for several
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features, including conservation in other species, associa-
tion with one of several transeription factor binding sites
and homology to any of over 300 previously identified
sRNAs and cis regulatory RNA elements. The procedure
is sufficiently automated to be applied to all available
bacterial genomes; however, the requirement for a termi-
nator motif intfroduces a bias against the significant frac-
tion of ANA elements that are not followed by a detectable
terminator.

Phylogenetic analysis is one of the most informative
computational methods for the annotation of genes and
identification of evolutionary modules of functionally
related genes and sequences (Pellegrini ef al, 1999),
Nucleic acid phylogenetic profiling is successiully applied
to protein annotation and has recently been applied for
high-throughput sRNA identification and their functional
characterization to S. aureus (Marchais et al, 2009).

Given the scores of sRNAs of unknown function, the
identification of their cellular targets has become essential
and requires both experimental technelogies and compu-
tational approaches (Vogel and Wagner, 2007). Mandin
and colleagues described such a tool that has been
applied successfully in the genome of L. monocylogenes,
but it is not available as a webserver (Mandin et al,, 2007),
TargetRNA is a web tool which uses a dynamic program-
ming algorithm to search each annotated transcript to
generate base-pair-binding potential of the input sRNA
sequence and rank list of candidate genes. Many existing
target prediction programs except IntaBNA neglect the
accessibility of target sites and intra-molecular base pairs
using free energy of the hybridized duplex to predict the
potential target site (Busch et al., 2008).

There is no general toolset that provides a comprehen-
sive solution to the prediction of sRNA. A good practice
when starting with computational tools is to carefully
choose a set of applicable methods with different
approaches and compare the results. An example for
such an integrative prediction framework and medular
sequence suite is MOSES (P. Raasch, U. Schmitz, N.
Patenge, B, Kreikemeyer and O, Wolkenhauer, submit-
ted). Finally, we reiterate that while all of the outlined tools
predict sBNAs, the planning of experiments and integra-
tion of predictions and experimental data is needed for a
reliable validation of in sifico sRNA and target prediction,

In order to streamline and support the iterative pro-
cesses, the consortium uses a central data management
solution for data integration provided by Genedata. The
infrastructure platform, based on Genedata Phylosopher®
for sharing and interpreting the experimental data, covers
the required comparative genomics and cross-technology
approach. Furthermore, the consortium reconstructs
genome-wide regulatory networks and pathogenesis to
identify and validate targets for diagnostics and novel
anti-infective therapies within the Genedata platform.

© 2010 The Authors

Antisense reagents as an alternative treatment of
microbial Infections

The growing knowledge on sBNAs in bacteria, their regu-
latory role and function and their possible involvement
in pathogen infection makes this class of molecules
extremely interesting as new targets for antisense therapy
and drug development.

Antisense therapy is a form of treatment where genes
which are known to be causative for a particular disease
are inactivated ('turned off) by a small synthetic oligo-
nuclectide analogue (RNA or DNA, 14-25 nt in length).
This analogue is designed to bind either to the DNA of the
gene and inhibit transcription or to the respective mRNA
produced by this gene, thereby inhibiting translation. For
eukaryotes, the strand might also be targeted to bind a
splicing site on pre-mANA (Morcos, 2007). Recently,
miRNAs with their regulatory role have gained interest as
targets, too (Fabani and Gait, 2008). Here, in most cases
the oligonuclectide is designed to inhibit micro-ANA
function essentially by a steric block, RNase H- and
RISC-independent antisense mechanism through
complementary binding to the micro-BNA sequence.

To date, antisense drugs are studied to treat diseases
such as diabetes, different types of cancer, amyothrophic
lateral sclerosis, Duchenne muscular dystrophy as well as
asthma and arthritis.

Apart from finding suitable and promising targets, the
design of such drugs themselves represents another chal-
lenge. Issues like in vivo stability and efficient cell delivery
have high impact on the dose—response relationship and
need to be addressed. In order to avoid enzymatic in vivo
degradation, maodified oligonuclectides or completely syn-
thetic analogues are used. For the antiviral Fomivirsen
(marketed as Vitravene) (Roush, 1997; Mulamba et al.,
1998), for example, which is the first antisense reagent
approved by the FDA (US Food and Drug Administration),
a 21-mer oligonucleotide with phosphorethioate linkages
is used. Phosphorothioates are also employed for a few
other promising antisense reagents, some of which
already entered preclinical trials, such as AP12008 {Hau
etal, 2007). Nevertheless, this class of compounds
exhibits several disadvantages: they have a comparable
low binding affinity to complementary nucleic acids and
show non-specific binding to proteins (Brown et al, 1994,
Guvakeva efal, 1995), causing toxic side-effects that
limit many applications. The toxicity is reduced but not
absent in second generation antisense agents with mixed
backbone cligonuclectides,

Meeting the challenge to find modifications that provide
efficient and specific antisense activity in vivo without
being toxic, a third generation of antisense agents have
emerged (Fig. 1). Analogues such as LMAs, phospho-
rodiamidate morpholino oligomers (PMOs) and PNAs are

Jourmnal compilation @ 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Microbial Biotechnology

Intracellular survival of Listeria

Seite 168/238



Appendix

10 M. A. Mraheil et al.

DNA LNA

Morpholinos PNA

Fig. 1. Overview of chemical structures of DNA, LNA (locked nucleic acid), PMO (phosphorodiamidate morpholine cligomer) and PNA

{peptide nucleic acid).

altogether no substrates for enzymatic degradation and
hybridize with exceptional affinity and target specificity,
thereby forming duplexes which are even more stable
than the respective RNA:RMNA duplexes themselves. A
short general overview on PNAs, LNAs and morpholinos
was published recently (Karkare and Bhatnagar, 2006),

As shown in Fig. 1, LNAs are RNA nucleotide ana-
logues in which the ribose ring is constrained by a meth-
ylene linkage between the 2-oxygen and the 4’-carbon,
resulting in the locked C3'-endo conformation. The intro-
duction of LNA residues in cligonuclectides stabilizes the
LNA:RNA duplex by either pre-organization or increased
base stacking (increasing T, by 1-8°C against DNA and
2-10°C against ANA by one LNA substitution in an olige-
nuclectide). This results in increased RNA target acces-
sibility and higher selectivity. In general, for efficient gene
silencing in vitro and in vivo, fully modified or chimeric
LNA oligonuclectides (LNA mixmers) have been applied.

Locked nucleic acids and LNA mixmers can be trans-
fected using standard transfection reagents based on
jonic interactions of the negatively charged backbone,
However, due to the very strong base pairing in LNA:LNA
duplexes it is important to design LNAs without extensive
self-complementary sequences or to apply chimeric LNAs
{LMNA mixmers), thereby diminishing biological stability to
some degree. Furthermore, unless very short probes are
required, stretches of more than four LNAs should be
avoided.

Contrary to LNAs, PMOs and PNAs have a neutral
backbone and thereby different physiochemical proper-
ties, Here, high specificity and increased duplex stability
with HNAs and DMAs are due to the missing interstrand
repulsion between the neutral PMOs {or PNAs) and the
negatively charged RNA or DNA target. Thus, hybridiza-
tion is nearly independent of salt concentration because
no counter-ions are needed to stabilize the duplex.

Phosphorodiamidate morpholinoe oligomers represent
the closest relatives to the previously mentioned first-
generation phosphorothicates. But instead of the
negatively charged sulfur, they comprise a neutral
dimethylamino-group bound to the phosphor. In addition
to their excellent base stacking, standard PMQOs are
highly soluble in water, but their thermodynamic proper-
ties are not well defined, yet.

For PMNAs it is the other way round, thermodynamics
are well defined, but water solubility is limited, at least for
longer purine-rich oligomers which tend to aggregate.
However, water solubility can be adjusted by introduction
of one or more lysines which can be easily employed, as
PMA synthesis strictly follows Fmoc-peptide synthesis,
PMA is a fully synthetic DNA analogue, which consists of
the four nucleobases attached to a neutral peptide-like
amide backbone (Fig. 1). Despite the totally different
backbone, PNA hybridizes with very high specificity to
BMNA and DNA via Watson-Crick as well as Hoogsteen
base pairing. In vitro studies indicate that PNAs could

© 2010 The Authors
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inhibit both transcription and translation of genes to
which it has been targeted {Good and Nielsen, 1688;
Nekhotiaeva ef al, 2004). Due to higher duplex stability,
probes can be much shorter in length than DNA probes.
Very high chemical as well as biclogical stability make
them excellent probes for antisense drug development
and diagnostics.

In summary, LNAs, PMOs and PNAs have great poten-
tial as antisense drugs, each of them having its own
advantages and draw-backs. Even though there are some
recent reports comparing these analogues in experiments
(Gruegelsiepe ef al, 2006; Fabani and Gait, 2008), at the
time being, the choice of analogue still depends on the
experimental conditions and detailed applications.

For all analogues, cell-wall permeability is very limited,
but cellular uptake can be improved by shortening the
length of the antisense oligomer and/or attaching cell-
penetrating peptides (CPPs) (Tan efal, 2005, Grue-
gelsiepe efal, 2006; Kurupati efal, 2007) or other
maodifications which increase uptake (Koppelhus and
Nielsen, 2003, Koppelhus etal, 2008). The CPP
approach is currently a major avenue in engineering deliv-
ery systems that are hoped to mediate the non-invasive
import of cargos into cells. The large number of cargo
molecules that have been efficiently delivered by CPPs
ranges from small molecules to proteins, oligonuclectide
analogues and even liposomes and particles.

To date, the most comman reported CPP for bacteria is
(KFF):K. It is mainly used in combination with PNAs or
PMOs. These compounds show efficient inhibition of gene
expression in a sequence specific and dose-dependent
manner at low micromolar concentrations in different bac-
teria (Nekhotiaeva etal, 2004, Tan ef al, 2005, Grue-
gelsiepe etal, 2008; Kurupati et al, 2007, Goh etal,
2008).

The search of efficient CPPs, which may improve cell
delivery even further, is stil an emerging field of
research and has high potential for optimization. As
demonstrated recently by Mellbye and colleagues varia-
tions in amino acid compositions of CPPs and linker
molecules show clear effects on the efficiency of cell
delivery (Mellbye etal, 2009). Broader systematic
studies like this are still missing, but may open the road
to a toolbox of different CPPs with optimized and well-
characterized efficiencies to transfer drugs specifically
into different cell types.

Due to similar synthesis methods, PNA—peptide conju-
gates can easily be produced in microwell plates in a
parallel manner (Brandt et al, 2003), thereby allowing for
a fast optimization of the antisense as well as the cell-
delivery sequences for antisense drug design. A proof of
principle that these compounds can be used as therapeu-
tic drugs against bacterial infection was demonstrated by
Tan and colleagues (2005) in a mouse model. In combi-

& 2010 The Authors

nation with promising targets such as sBNAs, which are
suggested to play a major regulatory role in bacterial
pathogenesis, the development of highly efficient anti-
sense drugs becomes feasible as an excellent alternative
to classical antibiotic treatment.

sRNAs for microbial diagnosis

Newly discovered sRNA seqguences that were verified to
be involved in virulence mechanisms of the different
Gram-positive bacteria may not only be used as potential
antisense drugs but alse exploited as targets for diagnos-
tic systems.

In this respect sANAs represent a useful alternative to
mRBNA or DNA oligonuclectides, because of his putative
regulatory function. The potential of this class of com-
pounds as diagnostic markers is currently a very active
field of research (Hartmann & Consorten).

Several different formats for rapid diagnostic tests
based on nucleic acid interactions have been described in
the literature. Many of them are PCR-based with the Gen-
expert system produced by Cepheid (Sunnyvale, CA)
being the most advanced as it integrates sample prepa-
ration, amplification and detection (Chandler ef al,, 2001).
These methods require experienced personnel and need
3060 min far an assay to be completed, Therefore they
are not suitable for point-of-care (POC) testing, the ulti-
mate goal in the development of rapid diagnostic screen-
ing tests. An alternative and more cost-effective approach
to nucleic acid testing is the use of a lateral-flow platform.
Lateral-flow assays (LFAs) were originally developed as
immunoassays and combine chromatographic purification
with immunodetection at high speed (Fig. 2A). They are
very simple in handling and represent the only true POC
test up to now (Seal ef al., 2008).

Nucleic acid lateral flow uses nucleic acid hybridization
to capture and detect the nucleic acid analyte in a manner
akin to lateral-flow immunoassays. The most favourable
approach is to immobilize oligonucleotide probes directly
onto the nitrocellulose membrane used for the chromato-
graphic step of the LFA. This may be done by covalent
chemical bonding or by passive adsorption of an albumin—
oligonuclectide conjugate to the membrane.

In principle any detection chemistry used in traditional
LFA systems may also be applied for nucleic acid detec-
tion. Reverse hybridization enzymatic strip assays are the
most advanced methods for the detection of nucleic acid
interactions. In these tests, enzyme-labelled probes are
hybridized to complementary nucleic acid target species
on the surface of the nitrocellulose membrane. The result
is a hapten—antibody—enzyme complex such as for
example biotin—streptavidine—alkaline phosphatase, But
complex wash and substrate incubation steps are neces-
sary to develop a readable colorimetric signal. This vastly
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limits the speed and simplicity of the assay and makes the
POC use of such a system very difficult to achieve.

As an alternative, bead technologies mainly in the form
of nanoparticles were successfully applied to nucleic acid
LFAs. In this context, gold nanoparticles are the beads of
choice, mainly because of their small size, good visibility
and robustness in manufacturing (Carney et al, 2008).
They can be conjugated with oligonuclectides and
labelled with small binding moieties such as biotin. Gold
NA-LFA systems generally use 30-80 nm particles conju-
gated to an anti-biotin antibody. This conjugate is com-
plexed with a bictin-cligonuclectide detection probe and
forms a visible red line on the membrane strip when
captured by a complementary MNA seguence. Typical
detection limits of such assay formats are about 2.5 mg
DNA mi-' (Mao et al., 2009).

A number of methods for improving the sensitivity of
nanoparticle NA-LFA have been investigated, Detection
probes may be labelled with multiple hapten moieties to
form large signal-enhancing complexes or make use of
DMNA dendrimeres, which may result in a detection limit up
to 200-fold lower compared with standard assay condi-
tions (Dineva et al, 2005), Other approaches use fluores-
cence labels to achieve a better detection. For example,
a dual fluorescein-bictin-labelled oligonuclectide probe
has been used to detect single-stranded nucleic acids.
However the utility of common fluorophores is limited by
high background and the need for a complex reader,
These problems may be overcome by the application of
quantum dots {(Lambert and Fischer, 2005). They consist
of nanometre-sized semiconductor nanocrystals and
have superior fluorescence properties that enable them to
emit about 1000-fold brighter light than conventional dyes.
They have narrow, symmetrical emission profiles, but
have to be excited with UV light. Especially the develop-
ment of water-soluble quantum dots has enabled their use
in LFAs. However, the price of these fluorescent nanoc-
rystals is quite high, so that no commercial application has
been developed so far.

In  summary, specificity, sensitivity and cost-
effectiveness are key issues in the development of new
nucleic acid-based diagnostic systems.

To overcome these problems, we use PNA as capture
molecules to increase the specificity of the interaction.
The peplide backbone of the nucleic acid derivatives
makes them much more stable compared with RNA or
DMNA (Fig. 1). Therefore they are much easier to handle, a
great advantage for the development of an appropriate
assay as well as for the shelf half life of the reagents in
such a diagnostic kit. Equally important, the loss of the
negative charge in the phosphate diester of the standard
nucleic acid in PNAs led to a higher binding energy,
mainly because electrostatic repulsion between the two
strands does not exist in PNA/NA duplexes. This effect

2 2010 The Authors

largely increases the specificity of the interaction. In fact,
the melting temperature of a PNA/DNA duplex was mea-
sured to be about 15°C higher compared with an isos-
equential DNA/DNA duplex (Sen and Nielsen, 2007).

To increase the sensitivity in the detection of the sRNAs
captured by the complementary PNA, we use superpara-
magnetic nanoparticles combined with a suitable magne-
toelectronic device (Fig. 2B), This set-up offers a number
of advantages for LFA-based POC diagnostic measure-
ments, A comprehensive review on magnetic labelling,
detection and system integration has appeared recently
(Tamanaha ef al, 2008). A huge benefit of magnetic label-
ling and detection over fluorescence labelling and optical
detection is that there is usually very little magnetic back-
ground present in most samples, thereby making single
magnetic particle detection both possible and technically
feasible {Perez et al, 2002), Nanoscale magnetic beads
have been extensively developed over the last decade
and are commercially available from a number of sources
and in different varieties of sizes and surface chemistry. A
prime requirement for use as diagnostic labels is that
beads must be paramagnetic or non-remanent to avoid
clustering caused by residual magnetic moment in the
absence of magnetic fields. Magnetic nanoparticles used
in LFA-based diagnostic devices are preferred to be
single domain and small enough to be superparamag-
netic, i.e. the thermal fluctuations at room temperature
overcame magnetic anisotropy forces spontaneously ran-
domizing magnetic directions. The beads consist of iron
oxide cores coated by organic polymers.

Magnetic detection can be established with a number of
different sensor types. The simplest devices are based on
Maxwell-Wien bridges or frequency dependent magne-
tometers made of LC circuits. With these devices, to our
best knowledge, single magnetic particle detection has
not yet been accomplished. This goal has however been
reached with devices based on superconducting quantum
interference devices (SQUID), magnetoresistance or Hall
sensors. For an excellent review on magnetic sensing see
for example Tamanaha and colleagues (2008). SQUID-
based sensors, although being the most sensitive ones,
are not apt for POC applications because they need
extensive cooling down to at least N2 temperatures (77 K).

A schematic illustration of the concept of magnetic
detection in traditional lateral-flow immunoassays is shown
in Fig. 2C. Magnetic beads coated with antibodies bind the
analyte and were captured by an appropriate antibody
immobilized on a magnetoresistive detector. This way
magnetic beads loaded with analyte accumulate on the
sensor area. Stray magnetic fields from the beads change
the electric resistance of the sensor. This change is used to
determine the amount of analyte present in the sample.
This detection principle is adapted to PNA as capture
molecule and sBNA analyte without great difficulties.
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Table 2. Comparative genome analysis of 21 of 100 published listerial sRNAs having orthologues (Toledo-Arana ef al., 2002) in Staphylococcus
aureus, Straplococcus pyogenes, Enterococcus faecalis and Clostridium difficile.

Position in Listeria

Regulatory Length monocytogenes

RMA (bp) EGD-e (bp)

FMN 123 2020608-2020487 + (2)
Glycine 92 1372840-1372931 +
L13 53 2685233-26851 81

L1g 39 1862308—1862270 + (4)
L21 79 1577146-1577068

M-box 165 2766104-2765940

PreQ1 48 907926-907973

SAM2 120 309385-309266 +(5)
SAM3 i1 637926-637826 + (4)
SAMS 109 1716651-1716543 i
SAME 107 173959717394 + (5)
SAM7 19 2491176-2491058 +
SRP 333 2784604-2784272 +
gimS 185 756458756652

i3 115 597812-597926 +
i3s 84 850527-859444 i
rid5 78 2154775-2154852

50 177 2783274-2783098

D 328 1350529—1359202

mpB 385 1965188-1961804

sarh 367 2510220-2509854

Clostridium
difficile 630

Streplococcus

Enterococcus Staphylococcus pyogenes
faecalis V583 aureus COL M1 GAS
| + (2) Il

+ +
+ +
+ +{9) +
+
+(5)
i

t

n

+
| b

+
+ +
+ + +

Comparative analysis of five genomes: L. monocytogenes EGD-e, C. difficile 830, E. faecalis V583, 8. aureus COL and 8. pyogenas M1 GAS.
Genome sequences were downloaded from NCEI hitp:/fwww.nebinlm.nih.govigenomes/iproks.cgi.
One hundred sRNAs from L monocytogenes EGD-e (Toledo-Arana ef al, 2009) were used as reference and compared against the other four

genomes using BLAST.

Default settings for ELAST were used except reward match penalty (flag-r), which was set to 2 to accommodate the distant relation among the

genomes,

The BLAST results were filtered by identity = 30% and query coverage = 50-150%.
Query coverage is defined as the percentage of the sRNA that is covered by the alignment [(alignment length * 100)/query length].

The number of hits is depicted in brackets.

Conclusion

The current knowledge about sRNAs of S. aureus, S.
pyogenes, E. faecalis, C. difficile and L. monocytogenes
represents only the blueprint for the prediction, detection
and characterization of this group of ANAs and will be
extended by the inclusion of additional strains of these
five Gram-positive genomes, Currently (October 2009)
genome sequences of 38 S aureus, 14 5. pyogenes,
23 E faecalis, 12 C. difficile and 24 L. monocytogenes
strains have become available in the MCBI databases,
and more serotype- and strain-specific genome
sequences will be analysed in future studies.

In silico prediction of sRNA showed that the genus of
Listeria bears a high number of putative sRNA (Livny et al,
2008) compared with other genera such as Streptococcus,
Staphylococcus, Enterococcus and Clostridium (Table 1},
which might reflect their potential ubiguitous adaption
ability in nature and mammals. Comparative analyses of
the recently reported 103 regulatory RNAs of L. monocy-
fogenes among the genomes of 5. aureus, S. pyogenes,
E. faecalis and C. difficile revealed that riboswitches seem
to be more conserved among these Gram-positive patho-
gens than sANA (Table 2). Thus it could be speculated that
acommon ancient mechanism of cis acting RNAregulation

might exist in Gram-positive bacteria, while trans acting
AMAs might be involved in speciation of bacteria in
response to their host adaptation processes.

Combating of emerging antibiotic-resistant microbial
strains remains an urgent and continuous task worldwide,
Thus the search for novel sANAs on a global scale is
another facet for a better and systematic understanding of
the pathogenesis of Gram-positive bacteria and for the
identification of potential novel drug targets and interven-
tion strategies. Newly identified sRNAs are also potential
markers and will be used to establish diagnostic tests that
are fast, sensitive and suitable for POC applications at low
cost.

The most urgent questions for the future will be: (i) what
is the mode of action of many of the candidate sRNAs, (i)
how many of them are relevant for pathogenesis and
regulatory networks, and most importantly (i) are some of
thern targets for novel anti-infective therapy by PMNA tech-
nology and (iv) can they be used for the development of
novel diagnostic systems.
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GENOME ANNOUNCEMENT

Complete Sequences of Plasmids from the Hemolytic-Uremic
Syndrome-Associated Escherichia coli Strain HUSEC41

Carsten Kiinne,® Andre Billion,? Stephen E. Mshana,? Judith Schmiedel, Eugen Domann,? Hamid Hossain, Torsten Hain,?

Can Imirzalioglu,® and Trinad Chakraborty?

Institute of Medical Microbiology, Justus-Liebig University, Giessen, Germany,” and Department of Microbiology, Weill Bugando Medical, College of Health Sciences,

Mwanza, Tanzania®

The complete and annotated sequences of four plasmids from a historical enteroaggregative Shiga toxin-producing Escherichia
coli (HUSEC) serotype 0104:H4 strain, HUSEC41/01-09591, isolated in 2001 in Germany are reported.

he Escherichia coli serotype QO104:H4 sequence type (ST) 678

strain which caused a disease outbreak in Germany in 2011
harbors three plasmids encoding a putative autotransporter serine
protease, the aggregative adherence regulator aggR, and the
extended-spectrum beta-lactamase CTX-M-15, all of which have
contributed to the evolution of this virulent strain (1, 3, 6). A
subsequent study of plasmids from the historical enteroaggrega-
tive Shiga toxin-producing serotype O104:H4 strain HUSEC41,
isolated in 2001 from a child presenting with hemolytic-uremic
syndrome, reported the detection and partial sequence of two
plasmids, 95 and 75 kb (5). Our analysis of HUSEC41, however,
indicated the presence of four plasmids, with sizes 0f 92, 74, 8, and
5 kb. This observation prompted us to determine the complete
sequences of all plasmids in strain HUSEC41. These sequences
provide a backdrop for the comparative analysis of the genealogy
and evolution of plasmids that have contributed to the virulence
properties of the HUSEC strain responsible for the recent out-
break of 2011.

Genomic DNA was isolated as described by Pitcher et al. (7).
Sequencing was performed by Vertis (Germany) on a 454 GS-FLX
system. Reads were assembled de novo with the 454 Newbler as-
sembler, and resulting contigs were mapped against reference
plasmids to determine a plasmid context. PCR-based techniques
were used to close the gaps, followed by sequencing with ABI
BigDye 3.0 technology (Applied Biosystems, Germany). A total of
17 contigs were assembled in four circular replicons with an aver-
age coverage of 45, ORF calling and a first-pass automatic an-
notation were performed using RAST (rast.nmpdr.org) followed
by manual comparative curation (4) and sequence similarity
searches versus the NCBI (www.ncbinlm.nih.gov/BLAST),
PFAM, and IS Finder (www-is.biotoul.fr) databases.

Four plasmids were detected: pHUSEC41-1, a large conjuga-
tive IncI1-type plasmid of 91,942 bp; pHUSEC41-2, a 73,564-bp
nonconjugative IncF-type plasmid; and two small plasmids of
7,930 bp and 5,153 bp, designated pHUSEC41-3 and -4, respec-
tively.

Plasmid pHUSEC41-1 displays 131 ORFs and harbors the re-
sistance genes for streptomycin and sulfonamides. The organiza-
tion comprising trbC, sul2, strA, blayg,,.,, and strB is similar to
p3521, an IncB plasmid (GenBank no. GU256641), and the IncQ
RSF 1010 plasmid (GenBank no. M28829) (6). The transfer region
of pHUSEC41-1 includes trb, tra, and pil, which are most related
to plasmid p026vir (GenBank no. FJ386569).

The pHUSEC41-2 IncF plasmid contains 140 coding se-

532 jbasm.org

quences (CDS) and is related to p55989 from the enteroaggrega-
tive E. coli strain 55989 (GenBank no. LB226692). Unlike
pHUSEC41-1, it was not transferable to E. coli C118 by conjuga-
tion. The pHUSEC41-2 transfer region was found to exhibit dele-
tions (e.g., traV) similar to those previously seen with other IncF
plasmids with impaired conjugation properties (2). Plasmid
pHUSEC41-3 displays 15 ORFs. Four of these are related to plas-
mid ColEl mobilization proteins (MobA to -D) (GenBank no.
JO1566) (8).

We found 9 CDS on the smallest plasmid pHUSEC41-4, which
resembles (~70% identity) plasmid ColE1 (8) minus its mobili-
zation module, Comobilization of pHUSEC41-3 and -1 to E. coli
CC118 occurred with a frequency of 1072 per donor cell.

Nucleotide sequence accession numbers. The plasmid se-
quences reported here have been deposited in the EMBL database
under accession numbers HE603110 (pHUSEC41-1), HE603111
(pHUSEC41-2), HE603112 (pHUSEC41-3), and HE603113
(pHUSEC41-4).,
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Highly Specific and Quick Detection of Mycobacterium avium subsp.
paratuberculosis in Feces and Gut Tissue of Cattle and Humans

by Multiple Real-Time PCR Assays’
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Mycobacterium avium subsp. paratuberculosis is the causative agent of Johne’s disease (JD) in cattle and may
be associated with Crohn’s disease (CD) in humans. It is the slowest growing of the cultivable mycobacteria,
and culture from clinical, veterinary, food, or environmental specimens can take 4 months or even longer.
Currently, the insertion element [S907 is used to detect M. avium subsp. paratuberculosis DNA. However, closely
related 1S909 elements are also present in other mycobacteria, thus limiting its specificity as a target. Here we
describe the use of novel primer sets derived from the sequences of two highly specific single copy genes,
MAP2765c and MAP0865, for the quantitative detection of M. avium subsp. paratuberculosis within 6 h by using
real-time PCR. Specificity of the target was established using 40 M. avium subsp. paratuberculosis isolates, 67
different bacterial species, and two intestinal parasites. Using the probes and methods described, we detected
27 (2.09%) M. avium subsp. paratuberculosis-positive stool specimens from 1,293 individual stool samples by the
use of either IS990 or probes deriving from the MAP2765¢ and MAP0865 genes described here. In general,
bacterial load due to M. avium subsp. paratuberculosis was uniformly low in these samples and we estimated 500
to 5,000 M. avium subsp. paratuberculosis bacteria per gram of stool in assay-positive samples. Thus, the
methods described here are useful for rapid and specific detection of M. avium subsp. paratuberculosis in

clinical samples.

Mvycobacterium avium subsp. paratuberculosis is the causative
agent of Johne's disease (JD) in cattle, and it has been sug-
gested that this microorganism may be associated with Crohn’s
disease (CD) in humans (14, 17). M. avium subsp. paratuber-
culosis belongs to the mycobacterial species M. avium, which is
currently subdivided into three subspecies (33): M. avium
subsp. avium (synonym, M. avium), M. avium subsp. paratuber-
culosis (synonym, M. paratuberculosis), and M. avium subsp.
silvaticum (synonym, M. silvaticum). At the subspecies level, M.
avium subsp. paratuberculosis can be differentiated phenotyp-
ically from M. avium subsp. avium and M. avium subsp. silvati-
cum by its dependence on mycobactin (51) and genotypically
by the presence of multiple copies of the insertion element
18900 (2, 5, 13, 22, 45).

ID (or paratuberculosis) is a chronic, granulomatous severe
form of gastroenteritis with progressive weight loss and ema-
ciation affecting domestic and wild ruminants, e.g., cattle,
sheep, goats, red deer, and rabbits worldwide (12, 30, 31).
Infected livestock periodically shed M. avium subsp. paratuber-
culosis via feces and milk, which results in environmental dis-
tribution, where M. avium subsp. paratuberculosis can survive
for extended periods (55). Milk pasteurization trials showed
that high-temperature and short-duration standard pasteuriza-

* Corresponding author. Mailing address: Institute of Medical Mi-
crobiology, Frankfurter Strasse 107, D-35392 Giessen, Germany.
Phone: 49 641-9941287. Fax: 49 641-9941259. E-mail: eugen.domann
{@mikrobio.med.uni-giessen.de.

7 Published ahead of print on 23 March 2011.
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tion procedures do not effectively kill M. avium subsp. paratu-
berculosis in milk, as clinical strains of M. avium subsp. para-
tuberculosis have been shown to be more thermally tolerant
than either M. bovis or Coxiella burnetii, the current milk pas-
teurization standard microorganisms (10, 44, 47, 48). There-
fore, human contact can result from the consumption of inad-
equately pasteurized milk or raw milk or of certain other dairy
products, fecally contaminated vegetables, contaminated beef,
or even water (12, 14, 34, 41, 47, 48).

CD is a chronic inflammatory disease of the gastrointestinal
tract in humans, affecting in particular the terminal ileum, with
symptoms of general malaise, weight loss, abdominal pain, and
diarrhea (4, 12, 16, 40). A hallmark of CD is the histological
proof of a granulomatous inflammation, which is also charac-
teristic of JD and other mycobacterial diseases, leading to
suggestions that M. avium subsp. paratuberculosis may be as-
sociated with CD in humans (see references 12 [and references
therein|, 8, 15, 16, 27, and 28).

Currently, there is controversy as to whether M. avium
subsp. paratuberculosis (i) is an innocent bystander that has
merely colonized the intestine of Crohn’s patients, (ii) could be
a secondary infection but not a cause of the disease, (iii) could
be the primary infectious agent and the cause of CD, (iv) acts
as a superantigen, or (v) modifies the immune response in CD
(6, 12, 15, 25, 32, 37, 42, 43, 50). One of the major obstacles to
resolution of the debate on the role of M. avium subsp. para-
tuberculosis n CD and the controversial studies published is
the requirement of reliable and contemporary detection and
identification of M. avium subsp. paratuberculosis in complex
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TABLE 1. Specific primers and TagMan probes used in this study to detect M. avium subsp. paratubercuiosis

Target (GenBank accession no.)

Oligonucleotide sequence

Reference(s) or source

Amplicon I IS900 (AE016958.1)

Forward 5°.AAT GAC GGT TAC GGA GGT GGT-3' 21,2
Reverse 5".GCA OTA ATG GTC GGC CTT ACC-3'
Probe FAM-TCC ACG CCC GCC CAG ACA GG-TAMRA

Amplicon I1 251 (AF445443)
Forward 5".GCA AGA CGT TCA TGG GAA CT-3 2,38
Reverse 5°.GCG TAA CTC AGC GAA CAA CA-Y
Probe FAM-CTG ACT TCA CGA TGC GGT TCT TC-TAMRA

Amplicon III £57 (X70277)
Forward
Reverse
Probe

Amplicon IV MAP0865 (AE016958.1)
Forward
Reverse
Probe

Amplicon V; 16S rRNA gene
Universal forward
Universal reverse
Universal probe

Amplicon V, 185 rRNA gene
Universal forward
Universal reverse

5'-TAC CGA ATG TTG TTG TCA CCG-3'
5°.TGG CAC AGA CGA CCA TTC AA-3
FAM-CCG GTC CCA GGT GTG TTC GAG TTG-TAMRA

5'-GCG CGG CCA GTA TGG ATA TA-3
5°-.GAC TCA ACC CAA CGA GCT CC-3'
FAM-AGA TGC CTC TCC GAT GCT CGA TGG-TAMRA

35, this study

19, 22, this study

5. TCC TAC GGG AGG CAG CAG T-3’ 23
5-GGA CTA CCA GGG TAT CTA ATC CTG TT-3'
FAM-CGT ATT ACC GCG GCT GCT GGC AC-TAMRA

5°-GCG GAT CCG CGG CCG CTG GTT GAT CCT GCC AGT-3’ 26
5'-GCG GAT CCG CGG CCG CGG CAG GTT CAC CTA C-3

specimens such as blood, biopsy samples, breast milk, and
feces. M. avium subsp. paratubercuiosis is the slowest growing
of the cultivable mycobacteria, and primary culture from clin-
ical, veterinary, food, or environmental specimens can take 4
months or even longer (12, 24, 44, 55). Moreover, the charac-
teristics of M. avium subsp. paratuberculosis in 1D and in CD
seem to be totally different: in CD, M. avium subsp. paratuber-
culosis appears as non-acid-fast coccobacilli with the ultra-
structure of spheroplasts (cell-wall-deficient forms) that do not
transform into characteristic M. avium subsp. paratuberculosis
organisms until after several months of incubation (4).

In this study, we aimed at establishing highly specific multi-
ple quantitative real-time PCR (qrt-PCR) assays based on the
published genome sequence of M. avium subsp. paratubercu-
losis strain K-10 to enable rapid and unequivocal detection and
identification of M. avium subsp. paratuberculosis directly from
clinical, veterinary, food, or environmental specimens as well
as from pure cultures. The method developed allows the quick
and reliable detection and quantification of M. avium subsp.
paratuberculosis directly from stool samples within 6 h at rea-
sonable costs.

MATERIALS AND METHODS

Human clinical samples and data. Patient fecal and tissue specimens repre-
sented clinical routine diagnostic samples for the detection of pathogenic bac-
teria and parasites. Testing for the presence of M. avium subsp. paratubsrculosis
DNA was performed in addition to DNA detection of conventional enteropatho-
genic bacteria and parasites. Positive results were reported. Clinical data from
patients with positive results were obtained after informed consent by record
review. The study was approved by the Ethics Board of the Justus-Liebig-Uni-
versity of Giessen, Faculty of Medicine.

Cattle samples. Feces and gut biopsy specimens were obtained from healthy
cows and from cows with suspected paratuberculosis. The symptoms of clinical

paratuberculosis are chronic diarrhea and progressive weight loss, whereas sub-
clinically infected animals mainly exhibit decreased milk production. The guts
were dissected into small pieces and subdivided into inflamed and noninflamed
tissue samples based on microscopic examination.

Microorganisms and standard cultivation. The mycobacterial and nonmyco-
bacterial species used in the study are listed here (see Table 2). The strains were
obtained from the German Resource Center for Biological Material (DSMZ)
and from the strain collection of the Institute of Medical Microbiology, Jusius-
Liebig University of Giessen.

M. avium subsp. paratuberculosis was cultivated on BD BBL Herrold’s egg yolk
agar with Mycobactin J and ANV (Becton Dickinson, Heidelberg, Germany) and
in modified Middlebrook 7H9 medium for up to 4 months as previously de-
scribed (12, 39). All remaining bacteria were grown under optimal conditions on
appropriate media as previously recommended (3).

Acid-fast staining. The acid-faststaining of specimens was done by the Ziehl-
Neelsen procedure, and stained specimens examined under conditions of oil
immersion. Dissected biopsy samples from gut tissue of cows were stained as
previously described for tissue sections of bisons (20).

DNA extraction. DNA was extracted from pure bacterial cultures with a RTP
Spin Bacteria DNA kit (Invitek, Berlin, Germany). The total DNA from human
and animal fecal specimens was extracted with a PSP Spin Stool DNA kit and
from tissue with an Invisorb Spin Tissue minikit (Invitek) as recommended by the
vendor.

Parasitic DNA from Entamoeba histolytica and from Gigrdia lamblia was
obtained from the Bernhard-Nocht Institute for Tropical Medicine (Hamburg,
Germany).

Quantitative real-time PCR (qrt-PCR) and conventional PCR. The new prim-
ers and probes used were designed with “Primer Express” version 1.0 software
{Applied Biosystems, Foster City, CA). The internal probes were labeled with
the fluorescent reporter dye 5-carboxyfluoroscein (FAM) on the 5' end and the
quencher dye N'.N’,N’ N'-tetramethyl-6-carboxyrhodamine (TAMRA) on the 3"
end. The qrt-PCR was accomplished as described previously (21, 38). Protozoal
universal 185 small-subunit tRNA (SSU-TRNA) detection was performed by
conventional PCR using eukaryote-specific primers (Table 1) as described pre-
viously (26). The amounts of specific target sequences present in unknown
samples were calculated by measuring the threshold cycle (Cr) values and using
standard curves generated with a series of known quantities of target sequences.
The Cr value represented the cycle at which the copy of the amplified target
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sequence in the ior Briefly, an inoculation loop of the
M. avium subsp. paratuberculosis DSM 44133 type strain grown on Herrold’s egg
yolk was carefully resuspended in phosphate-buffered saline (PBS) and serially
diluted. The total amounts of cells were counted using a Neubauer counting
chamber. We determined the total cell numbers, since complex biological ma-
terial may contain both viable and dead bacteria.

Detection of Sal 7 ica serovar tidis, Campylob Jejuni, Yer-
simia enterocolitica, Clostridium difficile, Entamoeba histolytica, and Giardia lam-
blia. The total DNA of human fecal specimens was extracted with a PSP Spin
Stool kit (Invitek) as described above. 3. ententidis, C. jejuni, Y. enterocolitica, C.
difficile, E. histolytica, and G. lamblia were detected by specific real-time PCRs as
previously described (18, 29, 52, 53, 54).

Multiple displacement amplification (MDA) of IS900-positive fecal speci-
mens. MDA was performed with the extracted DNA of amplicon I (IS900)-
positive but amplicon II (MAP2765¢ [251])-, IIT (MAP0865 [f57])-, and IV
(MAP0865)-negative fecal samples. A ¢ ially available GenomiPhi DNA
amplification kit {Amersham Biosciences, Uppsala, Sweden), which utilizes
MDA to exponentially amplify genomic DNA, was used, following the manufac-
turer’s instructions. Briefly, 1 ul of DNA extract was added to 9 wl of sample
buffer containing random hexamer primers and heated to 95°C. The chilled
sample was mixed with @ pl of reaction buffer and 1 ul of enzyme mix. The
mixture was incubated for 14 h at 30°C and afterwards subjected to heat inacti-
vation for 10 min at 65°C.

Bioinformatics. DNA sequences were aligned with MegAlign version 5.0 soft-
ware (DNASTAR Inc., Madison, WI) and compared with sequences deposited in
the GenBank, EMBL, DDBJ, and PDB databases using the BLASTn basic local
alignment search tool (1). The published genome of M. avium subsp. paratuber-
culosis strain K-10 (22; GenBank accession number AE016958.1) was analyzed
and depicted with the GenomeViz bioinformatics tool (11). The standard curves
to calculate the amounts of M. avium subsp. paratuberculosis in complex stool and
biopsy specimens were generated with SigmaPlot 2000 version 6.00 software
(SPSS GmbH Software, Munich, Germany).

RESULTS

Development of MAP0865-specific real-time PCRs. Frag-
ment £57 (GenBank accession no. X70277) has been previously
described and used as a highly specific 620-bp-long probe for
detection of M. avium subsp. paratuberculosis and diagnosis of
Johne's disease (35, 49). The nucleotide-nucleotide BLAST
(BLASTn) analysis we performed revealed that it was located
in gene MAPO86S, one of the 4,350 predicted open reading
frames (ORFs) of M. avium subsp. paratuberculosis strain K-10
(Fig. 1) (22). Fragment {57 covered 48.7% of this 1,272-bp-
long ORF with an identity of 100% (Fig. 1). Another BLASTn
analysis using the nucleotide sequence of ORF MAP0865 with
at least 3.7 million sequences deposited in databases GenBank,
EMBL, DDBI, and PDB revealed it to be unique. Consensus
was detected only with deposited MAP0865 and fragment f57
sequernces.

By the use of Primer Express software, two new TagMan
amplicons with primers and probes were designed for this M.
avium subsp. paratuberculosis-specific MAP0865 ORF. The
first one, designated amplicon III, covered both fragment {57
and ORF MAPO865, while the second, designated amplicon
1V, covered only ORF MAP0865 (Fig. 1, Table 1).

Specificities of the MAP0865-specific real-time PCRs. The
specificities of the new real-time PCRs using amplicons 1T and
IV were demonstrated by the analysis of DNA from panels of
40 M. avium subsp. paratuberculosis isolates, 17 other myco-
bacterial species, 13 Gram-positive bacterial species, 20 Gram-
negative bacterial species (including 8 different species causing
gastroenteritis), 7 obligate anaerobic bacterial species, and 2
intestinal parasite species (Table 2). The results showed that
the real-time PCRs with amplicons [I1 and IV, as well as those
performed with previously developed amplicons I (1S900) and

M. AVIUM SUBSP. PARATUBERCULOSIS IN FECES AND GUT
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IT (MAP2765c [251]), specifically amplified only the M. avium
subsp. paratuberculosis DNA but not the DNA of the remain-
ing bacteria (Table 2), indicating that the entire ORF
MAPO865 is unique for M. avium subsp. paratuberculosis.

All DNA extracts gave positive results using 165 rRNA gene
universal amplicon V| for bacteria or 185 rRNA gene universal
amplicon V, for parasites (Table 2). The nucleic acid concen-
trations of the DNA extracts were calculated to be at ~50
ng/pl.

Positions of element 15900, ORF MAP2765¢ (251), and ORF
MAP0865 (I57) on the chromosome of M. avium subsp. para-
tuberculosis strain K-10. A previously published genome-scale
comparison of M. avium subsp. paratuberculosis with its closely
related subspecies M. avium subsp. avium revealed potential
new diagnostic sequences (2). Among these, target 251 with a
length of 540 bp has been identified as a valuable new se-
quence for specific amplification of M. avium subsp. paratuber-
culosis DNA (38; GenBank accession no. AF445445). Nucle-
otide sequence alignments indicated that target 251 is located
in gene MAP2765¢ of M. avium subsp. paratuberculosis strain
K-10 (Fig. 1) (22).

Genome visualization using the GenomeViz bioinformatics
tool (11) revealed a random distribution of 17 copies of IS900
on the M. avium subsp. paratuberculosis chromosome and that
both ORF MAP0865 (f57) and ORF MAP2765¢ (251) exist as
singular sequences at diametrically opposite positions (Fig. 1).
Eleven copies of [S900 and MAP0865 (f57) were located on
the positive strand, whereas the remaining six copies of 1S900
and MAP2765¢ (251) were located on the negative strand (Fig.
1). This underlines the utility of IS900 as a highly sensitive
PCR target for M. avium subsp. paratuberculosis due to its high
copy number on the M. avium subsp. paratuberculosis chromo-
some. Nevertheless, ORFs MAP0865 and MAP2765¢c are
highly specific PCR targets that can be used to identify M.
avium subsp. paratuberculosis and to confirm [S900-specific
PCRs.

Optimization of PCR conditions and annealing temperature
of 18900-, MAP2765¢ (251)-, MAP0865 (f57)-, and MAP0865-
specific real-time PCRs. In order to determine the optimal
PCR buffer conditions and the optimal primer annealing tem-
perature for all four amplicons, we analyzed the efficiencies of
the real-time PCRs with MgCl, concentrations m the range of
1.0 to 5.0 mM and temperatures in the range of 55 to 65°C
{data not shown). The DNA used was extracted from ~10°
cells of M. avium subsp. paratuberculosis, and the experiments
were done in triplicate. For all amplicons (I through V), the
optimal MgCl, concentration was 3.5 mM and the annealing
temperature 57.8°C. The ideal results obtained consisted of a
Cy value of 14.4 for amplicon I (IS900), a C;-value of 18.2 for
amplicon II (MAP2765¢ [251]), and a C value of 16.2 for
amplicons 111 (MAPO865 [f57]) and IV (MAPO0865) (Fig. 2).
The order with respect to sensitivity and efficiency of the
TagMan-PCR was amplicon [ first, amplicons IIT and IV sec-
ond, and amplicon II third. In cases of amplicon [-positive but
amplicon II- to IV-negative specimens, multiple displacement
amplification (MDA) was used to exponentially amplify
genomic DNA in the DNA extracts of the tested samples. The
results suggest the use of MDA as a routine tool for amplifi-
cation of specimens when low concentrations of M. avium
subsp. paratuberculosis-specific DNA are suspected.
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FIG. 1. Graphic presentation of the M. avium subsp. paratuberculosis-specific chromosomal regions 18900, MAP2765¢ (target 251), and
MAPO0865 (fragment £57) and their positions in the M. avium subsp. pararuberculosis K-10 genome (GenBank accession no. AE016958.1). Outer
circle, plus strand; inner circle, minus strand. The homology analyses and the graphic presentations were done using the methods BLAST, Clustal
W (1), and GenomeViz (11). The black boxes represent specific TagMan PCR amplicons I through IV, including forward and reverse primers and
the internal probe labeled with FAM and TAMRA (Table 1). The amplicons were designed using Primer Express software (Applied Biosystems,

Foster City, CA).

The sensitivity of real-time PCR depends on the DNA ex-
traction method used. Since the real-time PCR with amplicon I
(IS900) showed the highest efficiency, serial dilutions of the
genomic DNA of M. avium subsp. paratuberculosis type strain
DSM 44133 were used as templates to assess its sensitivity under
the conditions mentioned above. The detection limit of the real-
time PCR with amplicon I (IS900) was (theoretically) determined
to be 1 to 10 CFU/reaction and therefore was identical to the
results obtained previously (21). To identify M. avium subsp.
paratuberculosis and to calculate directly the amount of the bac-
teria in complex biological material such as feces and tissue with-

out cultivation, we assessed the efficiency of the DNA extraction
methods with two commercially available kits: a stock solution of
7.3 % 107 M. avium subsp. paratuberculosis bacteria was serially
diluted to 7.3 X 10%,7.3 x 10°,7.3 x 10*,7.3 X 10°,7.3 X 10%, and
7.3 x 10" bacteria, and the DNA of the bacteria from each
dilution step was extracted using commercially available Kits for
stool and tissue specimens (Invitek, Berlin, Germany). The stool
kit had a detection limit of =70 cells/reaction, whereas the detec-
tion limit of the tissue kit was =10 cells/reaction. Both analyses
confirmed very high correlation, as demonstrated by determina-
tions of linear regression (%) (Fig. 3).
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TABLE 2. Bacterial isolates (and their sources) used in this study”
PCR result with indicated amplicon
Bacterium Source

1 i I v v, v,
M. avium subsp. paratuberculosis type strain DSM 44133 + # + + + -
M. avium subsp. paratuberculosis DSM 44135 + + + + i -
M. avium subsp. paratuberculosis (n = 40) Field isolates + + + + + =
M. avium subsp. paratuberculosis Patient isolate + + + + + =
M. avium subsp. avium DSM 44158 - - - = 3 _
M. avium subsp. silvaticum DSM 44175 - - = = 3 -
Mycobacterium tuberculosis (n = 10) Patient isolates = - - s + =
Mycobacterium marinum Patient isolate - - = s i »
Mycobacterium kansasii Patient isolate - - = = e e
Mycobacterium chelonae Patient isolate - - = = + =
Mycobacterium intracellulare Patient isolate - - = = 2 -
Mycobacterium abscessus Patient isolate - - s - oL -
Staphylococcus aureus Patient isolate — - - = 3 _
Streptococcus agalactiae Patient isolate — - - = + s
Lactobacillus spp. (n = 5) Patient isolates - - jas o 4 £
Lactococcus lactis Patient isolate — - = s a4 =4
Enterococcus faecalis (n = 3) Patient isolates o= - - - + _
Enterococcus faecium Patient isolate = - - = o .
Listeria monocytogenes Patient isolate - - - = e o
Salmonella enteritidis (n = 2) Patient isolates - - = = i -
Salmonella typhimurium (n = 2) Patient isolates - - = = i _
Salmonella infantis Patient isolate - - - - =8 e
Salmonella typhi Patient isolate - - - - + -
Campylobacter jejuni Patient isolate - - i s B =
Yersinia enterocolitica Patient isolate - - — - + _
Shigella flexneri Patient isolate - - - - ¥ =
Enterohemorrhagic Escherichia coli (EHEC) Patient isolate = - - - + =
Proteus mirabilis (n = 3) Patient isolates - - -~ = + =
Citrobacter diversus (n = 2) Patient isolates - - - = i -
Enterobacter cloacae Patient isolate - - - = 4 _
Enterobacter sakazakii Patient isolate - - - - & =
Escherichia coli Patient isolate - - - - + =
Hafnia alvei Patient isolate - - - - + -~
Helicobacter pylori Patient isolate - - - - + -
Clostridium difficile Patient isolate - - — - + B
Fusobactetium nucleatum Patient isolate - - — = o =
Propionibacterium acnes Patient isolate - - - = + s
Bacteroides fragilis Patient isolate - - - - + =
Prevotella intermedia Patient isolate - - = = & -
Veillonella spp. DSM 2008 - - - - e e
Atopobium spp. DSM 15829 - - o = 5, _
Entarnoeba histolytica BNI = - - - - +
Giardia lamblia BNI = - _ . = +

“ Positive results for amplicons I through V are indicated by a plus sign, and negative results are indicated by a minus sign. », number of isolates; DSM, strain derived
from the German Resource Center for Biological Material (DSMZ); BNI, parasite DNA obtained from the Bernhard-Nocht Institute for Tropical Medicine; amplicon
1, IS900; amplicon 1T, MAP2765¢ (251); amplicon IIL, MAP0865 (f57); amplicon [V, MAP(S865; amplicon V,, universal 16S rRNA gene; amplicon V,, universal 188

tRNA gene.

Microscopic detection and cultivation of M. avium subsp.
paratuberculosis in feces and gut tissue from cattle with Johne’s
disease. We examined the feces and dissected gut tissue from
12 butchered cows by Ziehl-Neelsen staining and culture.
Three cows were healthy, and the remaining nine were sus-
pected to be afflicted with Johne’s disease. Diseased cows 1 to
4,6 to 9, and 12 showed acid-fast bacteria in both feces and
inflamed gut tissue, and pure cultures of M. avium subsp.
paratuberculosis could be obtained after 3 to 6 months of in-
cubation (Fig. 2A, Table 3). The noninflamed gut tissue sam-
ples were uniformly negative for M. avium subsp. paratubercu-
losis. Healthy cows 5, 10, and 11 were negative for M. avium
subsp. paratuberculosis in all samples examined (Table 3). All
M. avium subsp. paratuberculosis isolates were identified by
the specific real-time PCRs with amplicons [ (IS900), 11

(MAP2765¢c [251]), IIT (MAP0865 [f57]), and IV (MAP0865).
The growth of all M. avium subsp. paratuberculosis isolates was
mycobactin dependent. Furthermore, the isolates were as-
signed to the M. avium complex by partial sequencing of the
16S rRNA genes and by performing a Genotype Mycobacte-
rium CM/AS test (Hain Lifescience GmbH, Nehren, Ger-
many).

Evaluation of the M. avium subsp. paratuberculosis-specific
real-time PCRs using original bovine gut tissue and feces. The
total DNA from inflamed and noninflamed dissected gut tissue
and from feces of healthy and diseased cows was extracted with
commercially available kits for tissue and stool specimens
(Invitek, Berlin, Germany). All of the diseased cows with pos-
itive M. avium subsp. paratuberculosis culture results were also
positive for specific real-time PCR amplicons I to [V (Table 3).
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FIG. 2. Temperature optimization and sensitivity of IS900-,
MAP2765¢-, and MAPO0865-specific TagMan PCRs. Using a DNA
extract of ~10° CFU of the M. avium subsp. paratuberculosis DSM
44133 type strain, the optimal annealing temperature for all amplicons
I through IV was determined to be uniformly 57.8°C. (A) Ziehl-
Neelsen staining of the M. avium subsp. paratuberculosis wild-type
isolate obtained from feces of cow 7 (Table 3). (B and C) x axis, C;
values; y axis, AR, (FAM reporter signal divided by the ROX [carboxy-
X-rhodamine] passive reference signal). (B) amplicon I (IS900), C
value = 14.4; (C) amplicon II (MAP2765¢ [251]), C; value = 18.2;
amplicons III (MAPO865 [{57]) and IV (MAP0865), C; value = 16.2.

Using the standard curves (Fig. 3), the amount of M. avium
subsp. paratuberculosis was calculated to be in the range of
~2 % 10" to 6 x 107 bacteria per gram of inflamed gut tissue
and ~1 X 107 to 2 x 10” bacteria per gram of feces. Thus, the
concentration of M. avium subsp. paratuberculosis in feces was
continuously ~30- to 500-fold higher than in inflamed parts of
the intestinal tissue. All of the tissue samples from healthy M.
avium subsp. paratuberculosis culture-negative cows as well as
the noninflamed tissue samples of discased cows were also
negative in the M. avium subsp. paratuberculosis-specific real-
time PCRs (Table 3).

Detection of M. avium subsp. paratuberculosis in stool spec-
imens and gut tissue of patients with diarrhea. We examined
consecutive stool specimens of 1,293 hospitalized patients with
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FIG. 3. Calculation of the detection limits for M. avium subsp.
paratuberculosis by using commercially available DNA extraction kits
and 18900 TagMan PCR (amplicon I). The DNA of 1 ml of serial
dilutions of the M. avium subsp. paramuberculosis DSM 44133 type
strain was extracted to generate standard curves and to determine the
linear regression (+*) and the detection limit (indicated by arrows) for
each method. (A) Invitek stool kit (> = 0.9913); detection limit, =70
cells. (B) Invitek tissue kit (- = 0.9838); detection limit, =10 cells. The
calculations were done with Sigma Plot software (SPSS Inc. Software,
Munich, Germany).

mild or severe symptoms of diarrhea for the presence of S.
enteritidis, C. jejuni, Y. enterocolitica, C. difficile, E. histolytica,
G. lamblia, and M. avium subsp. paratuberculosis. The total
DNA was extracted with an Invitek stool kit, and the M. avium
subsp. paratuberculosis analysis was done with highly sensitive
amplicon I (IS900). Twenty-seven patients (2.09%) gave posi-
tive results, and the concentrations of M. avium subsp. paratu-
berculosis were calculated in the range of ~5 X 10* to 5 x 10°
bacteria per gram of stool by the use of the corresponding
standard curve (Fig. 3A). The results were confirmed by using
amplicons II through IV. For 6 patients, the results for ampli-
cons II to IV remained negative following initial amplification
despite a positive amplicon I result, suggesting the presence of
non-M. avium subsp. paratuberculosis mycobacterial DNA.
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TABLE 3. Detection of M. avium subsp. paratubercuiosis in bovine
gut tissue and feces by amplicon I (IS900)-, amplicon II
(MAP2765¢ [251])-, amplicon IIT (MAPO865 [£57])-,
and amplicon TV {MAP0865)-specific TagMan PCR,
by acid-fast staining, and by culture (n = 12)*

TagMan PCR result

i Acid-fast for indicated
Cattle and specimen oy Culture 5
staining amplicon
category G result
I Im ur Iv
Diseased (n = 9)
Noninflamed gut tissue = = = =
Inflamed gut tissue + + 4 o + +
Feces + + o 2 &
Healthy (n = 3)
Noninflamed gut tissue = - =t e= &=
Feces = = — = = =

¢ Diseased cattle (n = 9) were suspected to be infected with M. avium
subsp. paratuberculosis because of typical symptoms of Johne’s disease (para-
tuberculosis).

However, following MDA, the presence of M. avium subsp.
paratuberculosis was then confirmed by positive PCR results for
amplicons II to IV for all 6 specimens. All of the 26 M. avium
subsp. paratuberculosis-positive patients gave negative test re-
sults for 8. enteritidis, C. jejuni, Y. enterocolitica, E. histolyiica,
and G. fambiia. Only one of these patients, who suffered from
pseudomembranous colitis, subsequently tested positive for C.
difficile.

Among the 1,293 patients, we identified 11 patients with
chronic inflammatory bowel disease. Of these, 6 patients had
clinically confirmed CD and an additional 5 were classified
with ulcerative colitis (UC). Only two of the 27 M. avium
subsp. paratuberculosis-positive individuals were CD patients.
Additionally, a small piece of gut tissue from one CD patient
also gave M. avium subsp. paratuberculosis-positive test results.
The identification was confirmed by reamplification with am-
plicons II through IV, acid-fast staining, and culture. The re-
maining four CD and five UC patients gave negative results for
M. avium subsp. paratuberculosis.

DISCUSSION

The most prominent target used in several studies to detect
DNA of M. avium subsp. paratuberculosis by PCR is the mser-
tion element 18900 (19, 21). The multicopy (17 copies) nature
of the sequence on the M. aviunt subsp. paratuberculosis chro-
mosome makes it ideal as a target sequence for the detection
of M. avium subsp. paratuberculosis, since it exhibits a higher
level of sensitivity compared to the use of single-copy genes as
targets (22, 45). We analyzed consecutive stool specimens of
1,293 hospitalized patients by the use of target 1S900. Twenty-
seven (2.09%) of the cohort gave positive test results for 1S900.
Only two of these patients suffered from CD. The bacterial
load was persistently low and was calculated in the range of 500
to 5,000 M. avium subsp. paratuberculosis bacteria per gram of
stool. In addition, an analyzed section of gut tissue from one
CD patient was also positive for IS900 and the bacterium could
be isolated by culture. It was not possible to isolate M. avium
subsp. paratubercuiosis from the 26 other patients, since the
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analyses were performed retrospectively with stored DNA ex-
tracts.

Unfortunately, the specificity of target 1S900 is not 100%,
since 1S900 insertion elements with close sequence homology
are also present on the chromosomes of M. cookii, M. mari-
num, M. paraffinicurn, and M. scrofulaceum isolates (7, 9, 21,
37, 40). Furthermore, polymorphisms detected in IS900 as
variants of M. avium subsp. paratuberculosis have been previ-
ously described; such variants should be interpreted as sugges-
tive of the presence of a Mycobacterium organism other than
M. avium subsp. paratuberculosis until the detection has been
confirmed by independent methods (38). Therefore, to en-
hance the specificity of M. avium subsp. paratuberculosis de-
tection, it is indispensable to use multiple M. avium subsp.
paratuberculosis-specific targets. So far, several specific targets
have been used by employing different techniques: 18900 and
target 251 by real-time PCR (21, 38, 44, 49), ISMap02 by a
nested PCR method (46), and £57 sequences by hybridization
and by PCR (35, 44, 49). Also, the completed genome se-
quence of M. gvium subsp. paratuberculosis strain K-10 and
comparative genome analysis with the closely related species
M. avium subsp. avium, including experimental studies to iden-
tify M. avium subsp. paratuberculosis-specific genomic regions,
revealed miscellaneous potential new diagnostic targets (2, 19,
22, 35, 38). In order to improve detection, we used several M.
avium subsp. paratuberculosis-specific targets in one assay for
detection and also used quantitative TagMan real-time PCR,
since the technology is highly sensitive and specific.

For a multiple real-time PCR assay, we chose 15900, target
251, and the 57 sequence, which are randomly distributed on
the M. avium subsp. paratuberculosis chromosome (Fig. 1, bot-
tom), When BLASTn analysis and bioinformatic GenomeViz
software were used, target 251 and sequence 57 were found in
genes MAP2765¢ and MAP0OB65 of the published M. avium
subsp. paratuberculosis K-10 strain, respectively (Fig. 1, top).
Computer-aided analysis of the entire MAP0865 ORF re-
vealed that it was unique for M. avium subsp. paratuberculosis,
since no corresponding sequences were detected m publicly
available databases. To establish real-time PCR assays for this
sequence, two new TagMan targets were generated: amplicon
I1L, located in the £57 sequence, and amplicon IV, located at
the 5’ end of ORF MAPO865 (Fig. 1, top). Each PCR was run
separately and independently in corresponding unique micro-
titer wells but under the same conditions with respect to PCR
buffer and temperature profiles. Even though the conditions
were identical, the results showed that the sensitivities of the
individual PCRs were different (Fig. 2B and C). The highest
sensitivity was obtained with the IS900 PCR and the lowest
with the MAP2765¢ (251) PCR. Amplicons [II (MAP0865
[£57]) and IV (MAP0865) showed identical levels of efficacy
and intermediate levels of sensitivity between those of 1S900
PCR and MAP2765¢ (251) PCR. Because of the identical
efficacy results determined under the applied conditions, only
one curve, representing both amplicons, is depicted (Fig. 2C).
The high sensitivity of the 18900 PCR is attributed to the
multicopy nature of this element, which is present as 17 copies
on the M. avium subsp. paratuberculosis K-10 chromosome
(Fig. 1, bottom). The sensitivities determined for amplicons 11
through IV were lower, since ORFs MAP2765¢ and MAP0865
are singular targets (Fig. 1, bottom). We also attribute the
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FIG. 4. Suggested workflow for the detection of M. avium subsp. paratuberculosis DNA in stool samples. MDA, multiple displacement
amplification. Amplicon I = I8900; amplicon IT = MAP2765¢ (251); amplicon III = MAP0865 (f57); amplicon IV = MAPO086S.

lower sensitivity of the MAP2765¢ PCR to its size (203 bp),
which affected the efficacy of the PCR methods used. The
recommended size for TagMan-based amplicons is 70 to 150
bp (36), and both amplicons I1I and IV of MAP0O865 represent
an optimal size of 101 bp, which resulted in identical efficacy
results for these independent PCRs.

The specificities of newly designed quantitative real-time
PCR amplicons IIT and IV, along with those of the previously
described specific amplicons I and 11, were demonstrated using
2 M. avium subsp. paratuberculosis type strains, 40 field isolates
of M. avium subsp. paratuberculosis (human, animal, and envi-
ronmental origin), and 13 species of Gram-positive bacteria, 20
species of Gram-negative bacteria, 7 species of anaerobic bac-
teria, and 2 species of intestinal parasites (Table 2). Positive
signals were obtained only for the M. avium subsp. paratuber-
culosis strains; all of the other microorganisms tested gave
uniformly negative results. The results for the pure microor-
ganisms were achieved with DNA extracted by an RTP Spin
Bacteria kit. Since stool and tissue specimens are complex and
represent difficult samples for DNA extraction and PCR with
respect to potential DNA-degrading enzymes and PCR inhib-
itors and to standardize methodology, we used commercially
available stool and tissue Kits from Invitek (see Materials and
Methods). DNA extraction is generally achieved within 1 h.
The detection limits for M. avium subsp. paratuberculosis de-
termined using the tissue and the stool kits for DNA extraction
of tissue and stool specimens were marginally above the the-
oretical detection limit of 1 to 10 CFU and determined to be
~10 CFU and ~70 CFU, respectively (Fig. 3).

The applicability of the DNA extraction methods and the
specific quantitative real-time PCR assays used was assessed by
acid-fast staining and by culture using tissue and stool speci-
mens of three healthy cattle and of nine diseased cattle with
Johne’s disease. The real-time PCR results were 100% identi-
cal to the results of microscopic analysis and the culture (Table
3) but could be accomplished in 6 h. The quantification ob-
tained by qrt-PCR showed that the examined cattle shed very
large amounts of M. avium subsp. paratuberculosis calculated

to be in the range of approximately 1 X 107 to 2 X 10° bacteria
per gram of feces, which was ~20,000- through ~400,000-fold
higher than in human feces. Fecal samples from cattle are
easily obtained and are therefore superior to other specimens
such as biopsy specimens or blood samples for analysis. In
particular, the results we obtained from gut tissue of infected
cattle strongly depended on the biopsy specimens used. Non-
inflamed gut tissue from diseased cattle invariably gave nega-
tive results, whereas inflamed gut tissue gave positive results
(Table 3).

The presence of M. avium subsp. paratuberculosis in human
stool specimens and one biopsy specimen as detected with
target 1S900 was confirmed by reamplifying the samples with
amplicons II through I'V. This means that all samples that gave
1S900-positive test results truly represented M. avium subsp.
paratuberculosis. We are well aware that our human samples
were single snapshots randomly collected and want to empha-
size that our results for CD and UC patients are not meant to
be representative. However, the results clearly demonstrate
that the technology of DNA extraction and qrt-PCR utilized is
appropriate for analysis of stool specimens and gut tissue for
the presence of M. avium subsp. paratuberculosis and could
therefore substantially contribute to the current debate about
the role of M. avium subsp. paratuberculosis in CD. Further
studies are necessary, and we suggest using several consecutive
stool specimens, which are noninvasive compared to biopsy
specimens and with which we were able to demonstrate high
sensitivity and specificity for the detection of M. avium subsp.
paratuberculosis.

In conclusion, we demonstrate the development of qrt-PCR
amplicons ITI and I'V, which, in combination with amplicons T
and I, enable unequivocal detection, identification, and quan-
tification of M. avium subsp. paratuberculosis directly from
clinical, veterinary, food, and environmental specimens as well
as from pure cultures. For 1S900-positive but amplicon II- to
IV-negative specimens, we suggest the use of MDA and the
consecutive repetition of the confirmatory PCRs. A suggested
workflow is shown in Fig. 4. Fecal specimens are true alterna-
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tives for the analysis of patients and cattle because of their
noninvasiveness and simplicity in collection. Our data pre-
sented here provide a basis for further structured studies of the
potential role of M. avium subsp. paratuberculosis in CD and
other human diseases.
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Abstract

Background: Pathogenic bacteria maintain a multifaceted apparatus to resist damage caused by external stimuli. As part of
this, the universal stress protein A {UspA) and its homologues, initially discovered in Escherichia coli K-12 were shown to
possess an important role in stress resistance and growth in several bacterial species.

Methods and Findings: We conducted a study to assess the role of three homologous proteins containing the UspA
domain in the facultative intracellular human pathogen Listeria monocytogenes under different stress conditions. The
growth properties of three UspA deletion mutants (A/mo0515, Almo1580 and Almo2673) were examined either following
challenge with a sublethal concentration of hydrogen peroxide or under acidic conditions. We also examined their ability for
intracellular survival within murine macrophages. Virulence and growth of usp mutants were further characterized in
invertebrate and vertebrate infection models. Tolerance to acidic stress was clearly reduced in Almo1580 and Almo0515,
while oxidative stress dramatically diminished growth in all mutants. Survival within macrophages was significantly
decreased in Almo1580 and Almo2673 as compared to the wild-type strain. Viability of infected Galleria mellonella larvae
was markedly higher when injected with Almo7580 or Almo2673 as compared to wild-type strain inoculation, indicating
impaired virulence of bacteria lacking these usp genes. Finally, we observed severely restricted growth of all chromosomal
deletion mutants in mice livers and spleens as compared to the load of wild-type bacteria following infection.

Conclusion: This work provides distinct evidence that universal stress proteins are strongly involved in listerial stress
response and survival under both in vitro and in vivo growth conditions.
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Intreduction

Universal stress proteins (Usps) comprise a group of proteins induced
by different stress conditions and are found in numerous prokaryotic as
well as eukaryotic organisms [1,2]. Among these, universal stress
protein A (UspA) of Escherichia coli K-12 is best characterized and found
to be highly expressed in response to heat, substrate starvation,
exposure to antimicrobial agents and oxidative stress [1].

Subsequently, additional Usps have been described for £. cofi K-
12 and several other bacterial species, including Haemopfulus
mfluenza [3,4], Mycobacterium smegmatis [5], Mycobacterim tuberculosis
[2,6], Pseudomonas aeruginosa [7 9], Porphyromonas gngunabs [10],
Shigella sonner [11], Salmonella typhimurium [12 14] and Lactobacillus
plantarum [15,16].

The majority of usp genes are monocistronically expressed, and
different transcription factors, such as 6°%, ¢'° and 6" promote
transcription of Usps [1].

@ PLOS ONE | www.plosone.org

The significance of Usps in the model pathogen Lastena monocylogenes
is presently unknown. L. monocytogenes is a ubiquitously occuring gram-
positive, facultative intracellular bacterium that causes food-bome
infections, which mainly affect pregnant women, newborns, elderly
and immunocempromised patients [17,18]. L. manocylogenes possesses
the remarkable ability to grow under a wide range of temperatures, pH
conditions and high osmolarity, allowing the pathogen to survive in
nature, food preservation methods as well as in infected host cells [18].

Here we present first evidence that UspA domain containing
stress proteins are of importance for L. monocytogenes to survive
under different stress conditions both i vitre and m wwe.

Materials and Methods

Bacterial strains, plasmids and culture conditions
All bacterial strains and plasmids used in this study are listed in

Table 1.

September 2611 | Volume 6 | Issue ¢ | 24965
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Table 1. Bacterial strains and plasmids used in this study.

Universal Stress Proteins of L. monocytogenes

Strain or plasmid Description Reference or source
L monocytogenes EGD-e wild-type [19]

DH10B electrocompetent Life technologies
Almo0515 imo0515 deletion (379 nt) strain of EGD-e This study
Alme1580 Imo1580 deletion 409 nt) strain of EGD-e This study
Almo2673 Imo2673 deletion (471 nt) strain of EGD-e This study
Afmo0515Aimo1580AImo2673 imo0515, imo1580 and /mo2673 deletion strain of EGD-e This study
Aimo0515+pPL2/mo0515 complementation of Imo0575 deletion strain of EGD-e This study
Almo1580+pPL2Imo1580 complementation of Imo1580 deletion strain of EGD-e This study
Aimo2673+pPL2imo2673 complementation of imo2673 deletion strain of EGD-e This study

pPL2 site spedfic phage integration vector [23]
pCR2.1-TOPO® single 3'-thymidine (T) overhangs for TA Cloning® 3.9 kb Life technologies
pAUL-A temperature sensitive shuttle vector 9.2 kb 21

doi:10.1371/journal pone.0024965.1001

The wild type strain L. monocytogenes EGD-e serotype 1/2a [19)
and its isogenic usp deletion mutants or complemented strains were
cultivated aerobically in Brain Heart Infusion medium (BHI;
Difco) at 37°C or on BHI agar plates at 37°C.

E. coli strain (DH10B™) was grown in Luria-Bertani broth or LB
agar plates at 37°C. When required, antibiotics were added to the
following concentrations: erythromycin (Sigma), 300 pg/ml for E.
coli and 5 or 10 pg/ml for Listeria; ampicillin (Sigma), 50 Wg/ml for
E. coly and 200 pg/ml for Listeria.

Construction of chromosomal usp deletion mutants

Generation of the #sp in frame deletion mutants was done as
previously described [20 22]. Briefly, the flanking regions of each
usp gene were amplified by PCR (7ag polymerase; Fermentas)
using primer pairs 1 and 2b for the 5’ flanking region and 3b and 4
for the 3’ flanking region (Table 2), respectively. The resulting
PCR products were fused to each other by using primers 1 and 4
in a second PCR reaction with Taq polymerase and the product
was cloned into pCR2.1-TOPO®.

For the generation of Alme(515 and AlmeZ2673 the pCR2.1-
TOPO® vector containing the flanking region of the respective
gene was digested with BamHI, Xhol and Neol (Fermentas) and
ingerted into pAUL-A [21], that was previously digested with
BamH1 and Sall (Fermentas). The pCR2.1-TOPO® vector
containing the flanking region of Almol580 was digested with
Xbal and Sadd (Fermentas) and ligated with pAUL-A, also
previously digested with the same restriction endonucleases.

We designated resulting pAUL-A vectors containing the
flanking regions of the respective wsp genes, pCSl for
Almot515, pCS2 for Almoi580 and pCS3 for Alme2673. These
vectors were transformed into £ coli and were isolated,
sequenced and subsequently electroporated into L. monocyto-
genes wild-type strain. Gene replacement was performed as
previously described by Schaeferkordt et al. [21,22]. To create
a triple mutant (Alme0515Amel 580Almo2 673) for all three usp
genes, gene replacement were carried out as described above
starting with the electroporation of pCS2 into Almo0515.
Finally, pCS3 was electroporated into the resulting double
mutant to generate the isogenic triple mutant (Alme0515AL-
mol 580Almo2673). The chromosomal deletion was confirmed
by DNA sequencing of PCR products using primer 7 and 8
(Table 2).

@ PLoS ONE | www.plosone.org

Table 2. Primers used in this study.

Name 5'-3' Sequence

Imo0515-1 GCATTGCCACAAACTGGTGA

ImoG515-2b AAGTGTCGCTGCTACAAGAATGCGATG
Imo0515-3b CTTGTAGCAGCGACACTTTAATAGCTA
Imo0515-4 TTTITGGGGCTGATCCTACGC

Imo0515-5 ATTATTGTGAATTCATTAG

ImoG515-6 TACTTCGATCCATTTTGAT

Imo0515-7 CGACAGTGGACATGTTGATC

Imod515-8 ACCCAATTTGGTCATGCGAT

Imo1580-1 GGGTCATTGCCACCCTATT

Imo1588-2b ACATCGCAAGAATAATTCCTCCAATCAAAA
Imo1580-3b AGGAATTATTCTTGCGATGTTCTTGTAGTTCG
Imo1580-4 GTITTCGTTGACCGTATCCA

Imo1580-5 CTAAATCACTCTCCTCGTTA

Imo1580-6b GCACTTAACCAAGTGCGLG

Imo1580-7 TCTACAATTTTTGCTCCCGC

Imo1580-8 GTAAAACTGCAGAACAAGTA

Imo2673-1 TAAGAGCTGCACTCGGTAGA

Imo2673-2b TATACATGAATTTGTATCACCCTCTCAAAAGTTITC
Imo2673-3b GTGATACAAATTCATGTATAATGAAGGTATIG
Imo2673-4 CCAACAAGCGCGCAACGAATACC
Imo2673-5 AAAGAGACCCCCTTTTCCTC

Imo2673-6 TTTTTCTCCTCCTGCCGTAT

Imo2673-7 AGCATCCGTCACTAGCCCTG

Imo2673-8 GCTATCTTCGTAAGCAGTGA

imo0515-forward GATGGTTCAGAACCAGCAAA
imo0515-reverse  GCTTTTTCTTCTAAGCTGCCAT
imo1580-forward GCAGTTGATGGATCCAAAGAA
imo1580-reverse  TTTATCCGCCATGCTTGTATC
imo2673forward  ATAACGCGAAATTTTGAACCCG
imo2673-reverse  CCAAGGTTTTIGCGTGAACAA

doi:10.1371/journal. pone.0024965.1002
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The complementation of the Amo0515, Almel580 and
Almo2673 deletion mutants was carried out using the L.
monocytogenes site specific phage integration vector pPL2 [23].
PCR products were generated using primer pairs 5 and 6 with Taq
polymerase. The product was cloned into pCR 2.1-TOPO®. The
pCR 2.1-TOPO® vector containing the wusp gene region of
lmo0515 or Imo2673 was digested with BamHI and Xhol
(Fermentas) and for Imol580 with Xhol and Sacl (Fermentas),
respectively. The insert was ligated with pPL2, also previously
digested with the same restriction endonucleases. Primer sequenc-
es used for the complementation of the deleted genes are listed in
table 2.

Acid stress assay

Single colonies of the wild type L. menocytogenes and its usp
deletion mutants grown on BHI agar plates were used to inoculate
100 ml Erlenmeyer flasks containing 10 ml of BHI broth, followed
by overnight incubation at 37°C with shaking (180 rpm, Unitron
Infors). The overnight cultures were then subcultured (1:50) in
40 ml of BHI and grown to an optical density at 600 nm (ODgg0)
of 0.4 prior to our experiments. Then each culture was divided
inte two aliquots, 20 ml each and cells were harvested by
centrifugation at 6,000xg for 15 min. at 37°C. Furthermore the
supernatant was removed and cells were resuspended in a BHI
broth that was acidified with a 6 N HCL solution (Sigma) to
pH 2.5. These tubes were incubated with shaking (180 rpm) at
37°C. At time point zero (t =0) and after 10, 20 and 30 minutes
intervals samples were taken from each culture, serially diluted
with phosphate-buffered saline (1 xPBS) and plated on BHI agar
plates. The colony forming units (CFU) were counted after
overnight incubation at 37°C. The percentage of survivors was
calculated by comparing the number of survivors in BHI (pH 2.5)
after 10, 20 and 30 minutes with the number of cells in BHI
(pH 2.5) at t=0, respectively. Results are reported as means of
data collected from three independent biological replicates.

Hydrogen peroxide sensitivity assay

BHI broth was used to dilute a 3% hydrogen peroxide (HyOg)
solution (Ottmar Fischer, Germany) to obtain 0.045% HyO, final
concentration.

Overnight cultures in 10 ml BHI broth (in 100 ml Erlenmeyer
flasks) were prepared and were diluted 1:50 in 20 ml fresh BHI
broth or in 20 ml of different fresh BHI supplemented with
0.045% HyO, (in 100 ml Erlenmeyer flasks) as menticned before.
The optical density (ODgq,) of the bacterial culture was measured
at the indicated times after incubation at 37°C (180 rpm, Unitron,
Infors).

Macrophage survival assay

P388D1 murine macrophages, cultured in 24-well plates in
RPMI (Life Technologies) supplemented with 10% fetal calf serum
(FCS) and 1% nonessential amino acids (NEAs), were infected
with 1 107 bacteria to obtain an MOI of 10. After 30 min. RPMI
was removed, and cells were washed twice with 1xPBS and
incubated for 1 h in RPMI medium containing 50 pg/ml
gentamicin. Macrophages were then washed three times with
1 xPBS and lysed with ice-cold 0.2% Triton X-100 in HyO. The
released bacteria were plated on BHI agar plates in appropriate
dilutions and quantified after overnight incubation at 37°C.

For the determination of macrophage survival rates the CFU
numbers in the inoculum of the wild-type and the mutants used to
infect P388D] were compared and a factor was calculated. The
wild-type factor was set to | and depending on the CFU numbers
of the mutant inoculums their factor was <1 or >1. For the

@ PLoS ONE | www.plosone.org
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calculation of the survival in % we set the CFU number of wild-
type to 100% and percentage survival of the mutants was set in
relation to wild-type.

cDNA synthesis and quantitative Real-Time Polymerase
Chain Reaction

Messenger RNA levels of mo0515, lmol580 and I[mo2673
isolated from extracellular grown bacteria in BHI and intracellular
replicating bacteria in murine macrophages as previously
described [24] were assessed in L. monocytogenes wild-type strain
using quantitative Real-Time-PCR (qRT-PCR). Complementary
DNA (cDNA) was obtained from bacteria from each setting by
reverese transcription of RNA isolated and purified using the
RNeasy Mini kit (Qiagen). Triplicates were performed for each
forward and reverse primer pair combination. Primers were
purchased from Qiagen (Quantitect Primer Assay) (see Table 2).

Primers were diluted to 1 pmol/ul for further procedure and
qRT-PCR was run (7900 HT Fast Real Time System, Applied
Biosysterns). 16sRNA was used as for normalization and
calculation of relative expression.

Threshold cycle values (CT) of the tested genes were determined
and normalized expression of each target gene was given as the
ACT between the log? transformed CT of the target gene and the
log2 transformed CT of the internal control (ACTB). Log2
transformed gene expression levels (ACT) of each target gene for
ibntra- and extracellular bacteria were expressed as log2
differences from control (=log2 AACT method). Data was
acquired and analyzed with the SDS 2.3 and RQ-Manager 1.2,
respectively.

Animals and insects

Six to eight week-old female BALB/c mice, purchased from
Harlan Winkelmann (Borchen, Germany), were kept at our
breeding facilities in specific-pathogen-free conditions and used in
all experiments. Gallena mellonella larvae, purchased from fauna
topics (Marbach, Germany) were reared at 32°C in darkness and
on an artificial diet (22% maize meal, 22% wheat germ, 11% dry
yeast, 17.5% bee wax, 11% honey and 1 1% glycerine) prior to use.
Last instar larvae, each weighing between 250 and 350 mg, were
used in all experiments [20].

Insect and animal models of infection

In all experiments, fresh cultures of bacteria, prepared from an
overnight culture, were used. Briefly, bacteria were grown in Brain
heart Infusien (BHI) at 37°C, harvested in the exponential growth
phase and washed twice with 1 xPBS. The pellet was resuspended
in 1xPBS and the bacterial concentration was calibrated by
optical absorption. Further dilutions were prepared in 1 xPBS to
obtain required numbers of bacteria for infection. The infection of
G. mellonella was performed as previously described by Mukkerjee
et al [20]. Briefly, the human pathogenic L. monocytogenes and its
isogenic usp deletion mutants or complemeted strains were
separately injected (10° CFU/larva) into the hemacoel of the last
instar larvae and the infection was monitored at 37°C.

In all experiments, fresh cultures of bacteria, prepared from an
overnight culture, were used. Briefly, bacteria were grown in Brain
heart Infusion (BHI) at 37°C, harvested in the exponential growth
phase and washed twice with | xPBS. The pellet was resuspended
in 1xPBS and the bacterial concentration was calibrated by
optical absorption. Further dilutions were prepared in 1 xPBS to
obtain required numbers of bacteria for infection.

Primary mice infections @ wwo infection with L. monocylogenes
wild-type, Almo0515, Almol580, Almo2673 or Almo0515Al-
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mol 580AImo2673 were performed by an intravenous injection of
viable bacteria in a volume of 0.2 ml of 1 xPBS. Spleens and livers
were harvested three days after infection. Bacterial growth in
spleens and livers was determined by plating 10-fold serial
dilutions of the organ homogenates on BHI agar plates. Colonies
were counted after 24 h of incubation at 37°C.

Ethics statement

This study was carried out in strict accordance with the
regulation of the National Protection Animal Act (§7-9a Tierschutz-
gesetz). The protocol was approved by the local Committee on the
Ethics of Animal Experiments (Regierungsbezirk Mittelhessen) and
permission was given by the local autherity (Regierungspraesidium
Giessen, Permit Number: GI 15/5-Nr.63/2007).

Statistical analysis

All experimental work was performed for 2 minimum of three
times. Significant differences between two values were compared
with a paired Student’s #-test. Values were considered significantly
different when P<0.05.

Results

Comparative genomic analysis and promoter prediction

All three Usps of L. monocytogenes harbor an UspA domain based
on the Pfam analysis (data not shown), and thus represent
paralogues of the UspA family of E. cofi [1]. The structure and
function of UspA is highly conserved among several bacteria and
eukaryotic organisms. In line with this, comparative analysis in 19
listerial strains including all serotypes using GECO [25] (cut-off
protein identity 80%, 90%) revealed a common chromosomal
location for all three usp genes (Figure S1, 82, 33). Previously
identified regulatory RINAs [26] were not located in the flanking
regions of the usp genes. Furthermore, promoter box analysis of
the upstream regions indicated that all usp genes habour a 6® box
upstream of their trancriptional start sites (Figure 1).

Universal stress proteins contribute to extracellular
survival of L. monocytogenes at low pH condition

L. monocytogenes is able to resist and survive at low pH conditions,
which may occur in acidic food, in the gastric milien and within
the macrophage phagosome [27,28]. In order to assess the role of
listerial Usps at low pH environment we challenged exponentially
grown L. monecytogenes and its isogenic wusp deletion mutants
(Almo0515, Almo1580 and AlmeZ2673) with acidic BHI-medium
(pH =2.5) and determined the percentage of CFU at 10, 20 and
30 min after inoculation (Figure 2).

The CFU counts of both, Aime0515 and Almel580 were
significantly lower compared to wild-type bacteria at each time
point. We observed no significant difference in survival rate
between wild-type and Almo2673. Almol580 was most susceptible
to an increase in acid over the time course which was reflected by
a more than 100 fold lewer survival rate of the culture as
compared to the wild-type strain.

Universal stress proteins are crucial for oxidative stress
resistance of L. monocytogenes

L. monocyfogenes is known to be resistant to oxidative stress,
occurring in the macrophage phagosome, where reactive oxygen
species (ROS), such as HyOy are produced to kill engulfed
pathogens [29].

To elucidate the role oflisterial Usps in response to oxidative stress,
we determined the survival of Almo01515, Almal 580 and Almo2673

. PLoS ONE \ www.plosone.org
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using optical density measurement in BHI medium supplemented
with HyOp, following a 3 h incubation period (Figure 3).

Exposure to HyOy significantly impaired the growth of the
mutants compared to the wild-type strain (ODggq = 0.55). While
growth attenuation was moderate in Almo?515 (ODgg =0.3), a
dramatic effect was seen for the 02673 mutant (ODgqq = 0.16).
The strongest effect was observed in Almo/580 with barely any
growth detectable at any observation point. These results indicate
a gradual order in susceptibility to oxidative stress in the three usp
mutants as follows: Admol 580>>Alme2673>Almo0515.

Survival attenuation of Almo158¢ and Almo2673 in
murine macrophages

Macrophages play a key role in the phagocytosis and
intracellular killing of L. monocytogenes by generating ROS and
acidic conditions in the phagosome. To examine the impact of
Usps for intracellular survival, we determined the number of CFU
isolated from P388D1 murine macrophages upon infection with
either wild-type strain or the usp deletion mutants [30].

In agreement with our results at low pH condition and the oxidative
stress response, the Alnel580 deletion had the strongest effect on
intracellular Listerial survival. Compared to the wild-type strain, only
72% of Aknol580 were able to resist the hostile macrophage
environment. Almo?673 exhibited similar survival attenuation with
76% viable bacteria compared to wild-type strain. No significant effect
on intracellular survival was detected in the Alno0515 mutant
(Figure 4). To confimm that the wsp genes are intracellular induced we
appllied quantitative RT-PCR. The analysis showed that wusp
transcripts obtained from intracellular versus extracellular grown
bacteria displayed a strong induction of usp genes (Figure 5).

Decreased virulence of usp mutants in an invertebrate in
vivo model

G. mellonella 35 currently a well established model host for
studying the virulence attributes of the human pathogenic .
manacytogenes [20]. In this work, we used this invertebrate model to
evaluate the pathogenicity of listerial wsp deleion mutants. G.
mellonella larvae were infected with pathogenic EGD-e and its
isogenic usp mutants namely Almol580, Alme2673 and Alno515
respectively. Survival rate of the infected larvae was determined at
37°C for over a period of 7 days.

Attenuated virulence associated with higher survival rates of
larvae (Figure 6) were observed in Almel580, Alme2673 and
Almo0515 (15%, 65% and 50% respectively) as compared to wild-
type infection (37%). The difference between Alno?515 and wild-
type did however not reach statistical significance. As observed
previously with intracellular growth in macrophages, the Almo1580
mutation had the strongest effect on the pathogenicity, exhibiting
nearly avirulent characteristics. A similar result was obtained for
the triple mutant Almo0515AMmol 580Amo2673 (Figure S4). To
confirm that the deletion of usp genes is responsible for the effects
in invertebrate infections we complemented the single wsp mutants.
Complementation restored the ability to kill insect larvae to levels
comparable to the wild-type bacteria (Figure S5).

‘We ohserved no differences in growth of usp mutants and wild-
type strain when cultured in BHI (data not shown) which excludes
the possibility that varying numbers of inoculum CFUs of wsp
deletion mutants affected the survival of insect larvae.

Growth and survival of Listeria usp deletion mutants is

profoundly impaired in a murine infection model
Although several studies have investigated the role of Usps in

different bacteria, an important role of Usps tr wwo has only been
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Figure 1. Transcriptional overview of chromosomal loci of /mo0515 (A), Imei580 (B), and /me2673 (C) derived from sequencing data
of L. monacytogenes (data not shown). o® boxes are depicted as orange arrows, the primary transcripts from their start sites by grey bars, the
ribosome binding site as a yellow box and the respective coding sequence from their start sites by green bars.

doi:10.1371/journal.pone.0024965.g001

shown for the regulation of growth in S. fphimurium [12] and M.
tuberculosis [6]. To elucidate the influence of listerial Usps on the
growth and survival i zize, we injected BALB/c mice with three
different usp deletion mutants or wild-type and determined the
number of bacteria isolated from the liver.

Remarkably, the number of CFU of all mutants compared to
wild-type was dramatically diminished in this mouse model
(Figure 7). The number of viable bacteria lacking the respective
usp gene was significantly lower in livers and spleens of infected
mice. In this setting, growth of Afne0515 was reduced to 22% in
spleen and 32% in liver as compared to wild-type strain. The
number of Alme2673 was reduced to 68% and 60%, and the
Almol580 count declined to 38% and 68%, respectively. The
isogenic usp triple mutant showed comparable results as the single
usp mutants.

Discussion

L. monocytagenes is capable of withstanding a variety of stressors
encountered in nature and within infected host cells [18]. The
ability to rapidly adjust to the changing environment is essential
for its pathogenic lifestyle [18]. In this study, we provide strong
evidence that universal stress proteins (Usps) are highly conserved
among Listeriae and are important for resistance and growth of L.

@ PL0S ONE | www.plosone.org

monocytogenes by investigating usp deletion mutants exposed to
different stress conditions both @ w#ro and i vwo.

Universal stress proteins were shown to be important in response
to stress in gram-negative bacteria, including E. cof [31], S
typhinarium [12] and Azospinillium brasilense [32]. However, the role of
these proteins in gram-positive bacteria is not as well delineated. We
have previcusly revealed an induction of three genes, o515,
fmo2673 and fnel 580 in L. monocylogenes in response to heat shock
and acid stress [33,34]. In accordance with effects described for £.
coli lacking the uspd gene, L. monocylogenes usp deletion mutations
investigated in this study displayed impaired capability to resist
exposure to HyO4 and low pH conditions. Variable susceptibility to
stress conditions between deletion mutants may represent a non-
redundant role of Usps in stress responses. Similar observations
were made for £. colr and addressed in a recent study testing several
usg deletion mutants [31]. Nachin et al. uncovered that the UspA
proteins differ in their responses to oxidative stress and DNA
damaging agents and defined similarities as well as differences in
expression pattern based on their biological role in stress response
[31]. Thus, certain environmental changes may not require the
induction of all usp genes, but allow adjustment depending on the
specialized role of a particular Usp.

Generally, usp genes are expressed in monocistronic units and
the production of UspA seems to be primarily regulated at the
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Figure 2. Effect of low acidic condition (pH=2.5) on survival of usp deletion mutants compared to L monocytogenes EGD-e wild-
type. Almo0575 and Almo1580 display decreased growth at all observations, while impaired resistance in Almo2673 was visible only at 26 min post
challenge. Statistically significant differences were identified using a two-tailed Student t test. {¥, p<<0.05 and **, p<<0.005).

doi:16.1371/journal.pone.0024565.9002

level of transcription initiation [1]. We and others have previously
reported an important role for 6%, a transcription factor that
controls an inducible regulon in L. menocytogenes induced following
challenge to different stress conditions, such as acids, high
osmolarity or carbohydrate starvation [17,34,35]. As previously
reported, a single ¢® promoter has been identified for bnol580;
and promoter analysis revealed 6° boxes for k02675 and lmo(!515.

1.2

Thus, it appears likely that ¢® possesses a major role in stress
induced transcriptional regulation of usp genes in L. monocytogenes.
Furthermore, phenolic acids and fructose-6-phosphate were shown
to influence usp gene expression in Lactobacillus plantarum and E coli,
respectively. L. monocptogenes mobilizes a large set of metabolic
genes In response to stress [24]. Especially, genes of the
carbohydrate metabolism are strongly expressed. Possible effects
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Figure 3. Survival of L. monocytegenes EGD-e wild-type and usp deletion mutants after exposure to HyO,. As appreciable, resistance of
all deletion mutants was strongly impaired, resulting in decreased growth as compared to wild-type strain. Statistically significant differences were
identified using a two-tailed Student t test. {*, p<<0.05; **, p<<0.005, and ***, p<<0.0005).

doi:16.1371/journal.pone.0024965.9003

. PLoS ONE | www.plosone.org

September 2011 | Volume 6 | Issue 9 | e24965

Intracellular survival of Listeria

Seite 194/238



Appendix

Universal Stress Proteins of L. monocytogenes

120
] EGD-e
T Almo0515
- T Almo1580
Almo2673
*
R 504
; 7 {
3
g 60 +
©
=
g
o0 40 A
20
0

Figure 4. The intracellular survival of L. monocyfogenes EGD-e wild-type and wsp deletion mutants was assessed in murine
macrophages according to [30). Intracellular bacteria burden was decreased in macrophages inoculated with Almo7580 and Almo2673, but no
effect was visible for Almo0515. Statistically significant differences were identified using a two-tailed Student t test. {*, p<<0.05 and *¥, p<<0.00S).

doi:10.1371/journal.pone.0024965.g004

of metabolic constituents on usp gene regulation may therefore not
be excluded and require further investigation. [15,36].

In this regard, the temporal and coordinated activities of
different Usps of L. monocplogenes may enable the bacteria to survive
in acid-rich niches such as in the upper intestinal tract or mediate
resistance to oxidative stress and bile acids in the spleen and liver.

Following ingestion by phagocytic cells, Listenae are faced with the
hostile environment in the phageseme [18]. As shown previously,

virulence and intracellular growth adaption of L. menocytogenes
depends on a concerted gene expression program including the up-
regulation of universal stress proteins [24,37]. In this study, we
demonstrate that survival of Listeriee In murine macrophages is
dependent on the presence of Usps. This was reflected by decreased
virulence, resulting in a significant reduction of bacteria lacking the
respective usp genes. In addition we observed intracellular
transcriptional induction of all three usp genes which supports the
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Figure 5. qRT-PCR analysis of /mo0575 Imoi580 and /Imo2673 expressed in L monocytogenes EGD-e. The graph displays the relative
expression of the respective usp gene in the intracellular vs. extracellular setting. High fold changes indicate that the particular gene was higher
expressed in intracellularly localized bacteria as compared to expression in bacteria that were grown in BHI. The expression of imo0515 and imo2673
is strongly enhanced in intracellular pathogens, while levels of Imo7580 remain relatively constant. This is consistent with the observation made in
this study, which shows a strong dependence on Imo2673 and imo0515 in the murine infection model experiments as compared to extracellular in
vitro challenges, while /mo1580 seems to play an important role in both conditions.

doi:10.1371/journal.pone.0024965.9005
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Figure 6. Survival of G. melfonella larvae after i lation with usp deletion mutants. As compared to L. monocytogenes EGD-e wild-type,
all usp deletion mutants exhibited impaired virulence, resulting in higher survival rates of G. meilonelia larvae. Strongest effects were observed for
Aimo1580 and Aimo2673, while deletion of imo0515 was not associated with significant increase in survival of G. meilonefla. Results represent mean
values of at least three independent experiments with a total of 80 larvae per treatment. Statistically significant differences were identified using a
two-tailed Student t test. (**¥, p<t0.0005 and ns-not significant).

doi:10.1371/journal.pone.0024965.9006

evidence that the particular stress proteins are involved in the not been described [6,12,31,37]. For this reason, we further

intracellular pathogenic lifestyle of L. monocytogenes. characterized the effect of listerial Usps in iz ziwe infection models.
The impact of Usps in infection has only been examined for a First we tested their effects on the viability of G. mellonelle larvae, a
few bacteria and their role, if any, in gram-positive pathogens has recently described alternative infection model for L. menocytogenes
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Figure 7. Survival rates of intra ly inoculated L. monocytogenes EGD-e or usp deletion mutants in mice livers and spleens.
Survival of mutant bacteria are impaired in both organs, reflecting a role of Usps in listerial resistance and growth in vive. Statistically significant
differences were identified using a two-tailed Student t test. {*, p<<0.05).

doi:10.1371/journal.pone.0024965.9007
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[20]. Lack of usp genes resulted in improved survival of infected
larvae as compared to wild-type infection. In accordance with our
w vitre results, Akmol580 was nearly avirulent demonstrating its
importance in pathogenicity of L. monocytogenes. As also demon-
strated here, Usps contribute strongly to the survival and
proliferation of these bacteria in livers and spleens of infected
mice, while no major differences were apparent when comparing
both organs. We have also constructed a triple mutant to
investigate the cooperative nature of the three wusp genes. We
could not observe any synergistic effect for the wsp triple mutant in
mice experiments, but in the invertebrate infection model the
isogenic triple mutant indicated a similar survival rate for larvae
infected with Aimol580. Thus, we suspect that Almol 580 might be
the major player among the three wsp genes involved in
pathogenicity.

Previously, Usps were implicated in the resistance to antibiotics
[38], biofilm formation by P. gmgwals [10] and survival of P.
aeruginosa under anaerobic conditions [7]. In this study however,
we did not identify a significant impact of wsp gene deletion on
biofilm formation or altered resistance under anaerobic/micro-
aerophilic conditions and in response to treatment with several
antibiotics (data not shown).

In conclusion, we have identified an important role of three
universal stress proteins in resistance and survival of L. menaecytogenes
in response to low pH conditions and oxidative stress as well as
intracellular survival within macrophages. We subsequently
confirmed our observations in two i vive infection models and
show for the first time that universal stress proteins are important
for survival and growth in the vertebrate and invertebrate hosts.
Finally, we propose the designation of genes for lmo)515, lmol580
and mo2673 as uspL-1 (universal stress protein Listenia), uspL-2 and
uspL-3, respectively in the species L. monocytogenes.

Supporting Information

Figure 81 Comparative analysis of flanking regions of listerial
universal stress protein /mof515 among 19 L. monacytogenes species
including all known serotypes.

(PDF)
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We report the complete and annotated genome sequence of the nonpathogenic Listeria seeligeri SLCC3954
serovar 1/2b type strain harboring the smallest completely sequenced genome of the genus Listeria.

Listeria seefigeri is one of seven species of the genus Listeria,
a group of Gram-positive, motile, facultative anaerobic, low-
GC-content, nonsporulating rods (3, 10, 12). To obtain a better
understanding of the evolution of this nonpathogenic Listeria
species, the type strain, SLCC 3954 (serovar 1/2b), a soil isolate
from Germany (11), was sequenced using Sanger technology.
Two small (1.5- to 2.5-kb) insert plasmid libraries were con-
structed with the TOPO Shotgun Subcloning Kit {Invitrogen)
as described previously (9). Additionally, a small insert plasmid
library (~1.0 to 1.5 kb) and a medium insert plasmid library
(~5 kb) were constructed in the pUC19 cloning vector (New
England Biolabs) by Qiagen (Hilden, Germany). A fosmid
library harboring fragments of around 40 kb was created using
the CopyControl Fosmid Library Production Kit (Epicentre)
as published before (9).

Sequencing was performed by Agowa (Berlin, Germany),
Qiagen (Hilden, Germany), and the Max-Planck-Institut
(Koln, Germany) by using ABI Big Dye Terminator technol-
ogy. A total of 30,961 and 1,305 high-quality reads from the
shotgun, and fosmid libraries were used to generate a draft
assembly with an overall coverage of ~7-fold by using the
Phred/Phrap/Consed assembly package (4, 5, 7). Contigs were
linked by primer walking on shotgun clones and fosmids as well
as by PCR gap closure followed by sequencing of the PCR
product. Genome annotation was performed as described pre-
viously (9).

The genome of L. seeligeri consists of a circular chromosome
of 2,797,636 bp and hence is slightly smaller than those of
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previously sequenced listerial strains (6, 9). Functional classi-
fication of genes obtained by mapping against clusters of or-
thologous groups (14) was predicted by Augur (1). Compara-
tive analysis of these clusters indicates gene loss in categories
such as amino acid/carbohydrate transport and metabolism as
well as in transcription, thus confirming a general trend toward
genome shrinkage. L. seeligeri harbors no plasmid and carries
only a single copy of a prophage and no transposon in its
genome. The mean G +C content of the L. seeligeri genome is
37.4%, which is close to the average value of all known Listeria
strains (6, 9). G/C skew analysis revealed a bidirectional rep-
lication mechanism, and the origin of replication (oriC) is
located close to the dna4 gene, which is positioned diametri-
cally opposite to the replication terminus. We identified six
168-235-58 rRNA operons, all of which are located on the
leading strand, two on the right and four on the left replichore.
Additionally, a total of 67 tRNA genes were detected. We used
MAVID (2) for phylogenetic analysis of the genomes of L.
monocyiogenes, L. innocua, L. welshimeri, and L. seeligeri and
conclude that the “phylogenomic” relationship corresponds
exactly to phylogenetic analysis based on either 165 rRNA
genes (8, 15) or other additional specific marker genes (8, 13).

The genome sequence of L. seeligeri is the fourth species of
genus Listeria to be reported.

Nucleotide sequence accession number. The genome se-
quence of L. seeligeri serovar 1/2b (SLCC3954) reported here
has been deposited in the EMBL database under accession
number FN557490.
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Abstract

promoters or terminators using tab-delimited files.

complex user specific bioinformatics analyses.
-

Background: The class of small non-coding RNA molecules (SRNA) regulates gene expression by different
mechanisms and enables bacteria to mount a physiological response due to adaptation to the environment or
infection. Over the last decades the number of sSRNAs has been increasing rapidly. Several databases like Rfam or
fRNAdb were extended to include sRNAs as a class of its own. Furthermore new specialized databases like
sRNAMap (gram-negative bacteria only) and sRNATarBase (target prediction) were established. To the best of the
authors’ knowledge no database focusing on sRNAs from gram-positive bacteria is publicly available so far.

Description: In order to understand sRNA's functional and phylogenetic relationships we have developed sRNAdb
and provide tools for data analysis and visualization. The data compiled in our database is assemnbled from
experiments as well as from bicinformatics analyses. The software enables comparison and visualization of gene loci
surrounding the sRNAs of interest. To accomplish this, we use a client-server based approach. Offline versions of
the database including analyses and visualization tools can easily be installed locally on the user's computer. This
feature facilitates customized local addition of unpublished sRNA candidates and related information such as

Conclusion: sRNAdb allows a user-friendly and comprehensive comparative analysis of sSRNAs from available
sequenced gram-paositive prokaryaotic replicons. Offline versions including analysis and visualization tools facilitate

Background
In recent years numerous small non-coding RNAs
(sRNAs) were discovered in bacteria. This class of RNAs
is crucial to prokaryotic life, modulating transcription or
translation leading to either activation or repression of
important physiological processes. sSRNAs enable bac-
teria to trigger rapid physiological responses in order to
adapt to the environment or infectious processes [1-3].
To cope with the increasing number of identified
sRNAs, databases such as fRNAdb, Rfam, sRNAMap
and sRNATarBase were developed [4-9]. All of these
approaches have certain drawbacks. fRNAdb contains all
classes of RNAs, but allows no further analysis. Rfam is
one of the most informative data collections, allowing

* Correspondence: TorstenHain@mikrobio.med.uni-giessen.de
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detailed analyses via a web front-end. SRNAMap is a
webserver-based application for gram-negative bacteria
only. sRNATarBase compiles experimental data and
allows the prediction of sSRNA targets. But all databases
available to date limit the analysis to published data only.
Therefore bioinformatics analyses of candidate SRNAs in
combination with genomes, terminators and other rele-
vant information that has not yet been published is still
a very complicated task.

In an attempt to overcome some of the aforemen-
tioned drawbacks, we have developed sRNAdb. QOur
database is a locally installable web-suite, permitting the
comparative analysis of sSRNAs of gram-positive bacteria
including their flanking genes. User modified files in
GenBank format and gram-negative bacterial genomes,
pooled sRNA candidates or further features of interest
can be included in locally installed databases. Further-
more all integrated analysis tools can also be used
locally.

© 2012 Pischimarov et al; licensee BioMed Central Ltd. This is an Open Access article distibuted under the terms of the
Creative Cornmons Attribution License (http// creativecommons.org/icenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Construction and content

A database scheme of unique keys and entities, com-
bined with corresponding relations and connections is
given in Figure 1. Optional user defined extensions to lo-
cally installed versions of the database are indicated with
a lighter background color than the boxes representing
database entities,

Input data

To the best authors’ knowledge, no general nomencla-
ture convention for sRNAs exists to date. Therefore
sRNAs imported into our database from the literature
cannot always be unambiguously distinguished by name,
locus or annotation only. Furthermore a large number of
published sRNAs is currently annotated as predicted or
putative. This leads to a myriad of sSRNAs bearing indis-
tinct names, positions or ambiguous annotations. To
cope with this difficulty, sSRNAdb contains a unique key
composed of information about the authors, experimen-
tal conditions and sRNA properties as shown in the

Page 2 of 8

table termed snrax of Figure 1. Annotated sequences of
organisms or plasmids downloaded from NCBI's RefSeq
database [10] represent the replicons in the database. In-
formation annotated in GenBank-formatted files such as
sequences, or genes filtered from these files are automat-
ically inserted into sSRNAdb. When sRNAdb is installed
locally, users can furthermore modify the local database
by adding customized features such as terminators, pro-
moters and other additional data. Terminators predicted
by TransTermHP [11] serve as examples for this option,
as described on the official sSRNAdb server homepage.

Architecture and design
Our public SRNAdb server is implemented in Java 1.6
on a Debian Linux PC. It facilitates a client—server archi-
tecture using Java Server Pages (JSPs), Java Servlets, and
Cascading Stylesheets (CSS). Apache Tomcat and
MySQL serve as webserver and database, respectively.
Related sRNAs are determined using BLASTN [12],
while protein homologies are established by a combination

feature terminator feature
faat_id INT term_id feat_id
oz id orz.id orz i evidence
start i name start
stop stast stop
length T %% "% length evid
strand strand strand ev_type
annotation confidence annotation mathod
status saquence states medivm
source source source av_condition
* *
srna 1
gene 1
gene_id INT sma_id srnax
= saq_id
orz id organism orgid =
seq_id S sna_id
locus_tag 7 name ev_id
zene oreid stast we_id
y_locus_tag org_name st fe nc
it taxonamy i AE
stop saq id gy
strand
tvpe e
protein id ﬁ_ﬂﬂ
annotation 1 l 1
annotation
1 - >
source
arc_id
1 1 reference
pubmed_id
1 whole_transcript
T
ortg_id
sequence name
1 stast
saq id stoop
naucleotide seq length
protein seq strand
seq_id
Figure 1 Database schema. The whole database with connections between tables and specific attributes are shown in UML-Notation. Unique
and foreign keys of each table are given in bold letters while relations between entities are stated above the connection arrows. Optional
features which can be inserted by the user intc local versions of the database, are indicated using a lighter background color than employed for
boxes representing entities.
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of BLASTCLUST and BLASTP [12]. The addition of new
data (replicons, sSRNAs, terminators, promoters, RBS, etc.)
to a local installation of sSRNAdD is a simple process based
on GenBank and tab-delimited flat-files.

Currently, the public sRNAdb server contains 558
gram-positive genomes and plasmids as well as 9993
automatically predicted and 671 experimentally verified
sRNAs. An overview is given in Table 1.

Utility and discussion
The sRNAdb web-database aims to collect all published
and predicted sRNAs of gram-positive bacteria for com-
parative analysis. sRNAs featuring an environmental
condition-depending range of sizes can optionally be
joined to a combined transcript. The public version of
sRNAdb contains terminators predicted by Trans-
termHP [11]). Three web-interfaces are provided for re-
trieval and analysis of the data. The first module is
called search and offers a rich query interface for the
database, as shown in Figure 2A. Properties of sRNAs
can be selected and filters can be defined to create task-
specific queries resulting in a tabular output (Figure 2B).
Related or customized data can also be collated to the
query, based on the up- or downstream distance to an
sRNA of interest. Furthermore, a secondary structure
prediction of selected sRNA sequences by energy
minimization can be performed using RNAfold (http://
rma.tbiunivie.ac.at/cgi-bin/RNAfold.cgi).

Another interface named blast (Figure 3A) was created
to enable homology searches of sRNAs versus either

Page 3 of 8

public or proprietary sSRNAs or whole chromosomes/plas-
mids using BLASTN [12]. This can be used for initial
screening of potential genomic regions. Concise matrix
outputs for comparative analysis purposes as shown in
Figure 3B and Figure 3C, are implemented. Complete
BLAST alignments are displayed in Figure 3D. Sequences
from the BLAST output table can be easily selected by set-
ting checkmarks to extract data into a multifasta-
formatted file, ready to serve as input to multiple sequence
alighment programs such as CLUSTALW (http://www.
ebiac.uk/Tools/msa/clustalw2/). The resulting output can
be used to predict structurally conserved and thermo-
dynamically stable RNA secondary structures using e.g.,
RNAz (http://rna.tbi.univieac.at/cgi-bin/RNAz.cgi), facili-
tating screens for sSRNA-homologs across genomes.

For comprehensive visual assessment the vision servlet
(Figure 4A) was developed. This allows for a compara-
tive analysis of multiple, related chromosome/plasmid
loci of the genomic neighborhood of a single sRNA of
interest (single mode) as displayed in Figure 4B. The
results are translated into an image (.png-formatted)
whereby homologous genes (CDS, RNA) of the sRNA
locus are identified by BLASTP [12] and presented with
an identical colour code. Terminators and any number
of additional features previously defined can be included
as desired. Each object in the image is associated with a
popup-box, displaying further information and linked to
corresponding database entries. The width of the result-
ing image can be varied to compensate for different
screen resolutions. Thus one sRNA locus can be

Table 1 The table shows an overview of the current database entries. These are compiled from experiments or from

bioinformatic analyses

Reference sRNAs Organism Pubmed_id
Armvig et al. 2009 [13) Q Mycobacterium tuberculosis H37Rv 19555452
Bohn et al. 2010 (14) 28 Staphyfococcus aureus subsp. aureus N315 20511587
Christiansen et al. 2006 [15] 3 Listeria monogytogenes EGD-e 16682563
DrHérouel et al. 2011 [16] 22 Enterococcus faecalis V583 21266481
Geissmann et al, 2009 17] 1 Staphyfococcus aureus subsp, aureus N315 167865443
Irrov et al, 2010 [18] a0 Bagilius subtilis subsp, subtilis str, 168 2052579
Kumar et al. 2010 [19] 50 Streptocacaus pneumania TIGR4 20525237
Livny et al. 2008 [20 9993 Gram-positive bacteria 18787707
Mandin et al. 2007 [21] 12 Listeria monocytogenes EGD-2 17259222
Mraheil et al. 2011 [22] 150 Listeria monogytogenes EGD-e 21278422
Nielsen et al. 2008 [23] 1 Listeria monocytogenes EGD-e 18621857
Perez et al. 2009 [24] 33 Streptococaus pyegenes MGASSOOS 19888332
Rasrnussen et al. 2009 [25) a4 Bacillus subtilis subsp. subtilis str, 168 19682248
Tezuka et al. 2009 [26) 12 Streptomyces griseus subsp. griseus NBRC 13350 19465662
Toledo-Arana et al. 2009 [27] 103 Listeria monocytogenes EGD- 19448609
Vockenhuber et al, 2010 [28] 63 Streptomyces coelicolor 21521948

The organisms for which sRNAS are listed in the database, including references, the number of identified sRNAS for the specific organisms and their relevant

pumed identification number are listed.
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properties of interest

A ~ name @ start 0 stop ~ length
» strand ™ reference s organism sequence
status left gene right gene type
annotation evidence method medium
condition regulation fc/en

organism [
publication |
show predicted ncRNAs

4 set advanced limits

property: operator: value:
| reference i Ilike i Christiansen join:
OR ||
[ name = [= | | L13
none -
| Bl [ =
show additional features
upstream [bp] overlapping downstream [bp]
terminator [ [no =1 20
promoter [20 [no =
RBS [ [no =

K

promoter
name start stop length strand reference org_name .
14 ¥ Y i 14 18 11 start stop length strand annotation status source
B 2346323 2346328 6 - tataat predicted  fuzznuc
2346347 2346359 13 - tataat_orf predicted  fuzznuc
2346354 2346359 (] = tataat predicted  fuzznuc
A Listeria
LhrA 2346166 2346434 269 - 13 - tataat_orf predicted  fuzznuc
et al. 2006 EGD-e =
2346363 2346368 6 - tataat predicted  fuzznuc
2346381 2346393 13 - tataat_of  predicted fuzznuc
2346442 2346447 6 - tataat predicted  fuzznuc
Listeria
113 2685181 2685233 53 I T Arin
7 EGD-e
1860017 1860029 13 - tataat_off  predicted fuzznuc
Chistiansen Lace
LhB 1859877 1860017 141 - monocytogenes 1860024 1860052 29 i sig70 predicted  fuzznuc
o EGDe
1860024 1860029 6 - tataat predicted  fuzznuc
1860029 1860034 6 - tataat predicted  fuzznuc
Listeria
LhhC 232492 232606 115 +  Chestiansen o000 togenes
et al. 2006 EGDe

Figure 2 Search servlet. Properties of interest for each sRNA such as name, start, stop and so forth can be selected by setting check marks in
the properties section of the serviet form. sRNAs of specific organisms or publications can be selected according to settings defined in the set
limits section. Furthermore advanced limits for detailed filtering are available. Additional features like promoters and terminators can be searched
for in the neighborhood of sRNAs of interest. B An example cutput from the search serviet. The resulting table contains four sSRNAs named LhrA,
LhrB, LhrC and L13. The corresponding search options are shown in A. For each sRNA, properties as well as additional features (promoters) in the
surrounding area are displayed in intervals of 20 bp. Also the properties as selected with the search serviet are included in the output.
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A query fasta sequence

[Listeria nanecytagenes EGD-e:LhrA .
4G AT AGACT T T T A CTCGAT GARAGT LT CAT T L LT ACT AR TGT GATTTTCAT GGGSAT AMGACCCT ATCATGGTTATAATEACTIT |
GG GTATCCATCTICCAAT AGAATGGCAACT AGTCAGACATGTGL LT AGACAGCARAAT CATT ATTTGTITTCATTGATCTCATIG
LT QT AGT T CAT AT CT AT 6T AT O AT T ATGC ATAGGCGECCGAACAT GAT GRCARCGCTGOARATGTTTATTTGRAGEGTC
Le]

cutofis

subjects

genomes ]

available target replicons BLAST
Acidimicrobium ferrooxidans DSM 10331
Acidothermus cellulolyticus 118 g
Actinosynnema mirum DSM 43827 | e-value |10
Alicyclobacillus acidocaldarius subsp. acidocaldarius DSM 446 | = [—i
Alicyciobacilius acidocaldarius subsp. acidocaldarius DSM 446 plasm match/mismatch| 2/-3
Alicyclobacillus acidocaldarius subsp. acidocaldarius DSM 446 plasrr
Alicyclobacillus acidocaldarius subsp. acidocaldarius DSM 446 plasm
|Alkaliphilus metalliredigens QYMF i
all
selected “ BOA
Listeria innocua Clip11262
Listeria monocytogenes EGD-2 matrix
Listeria seeligeri serovar 1-2b str. SLCC3954 complele. g
Listeria welshimeri serovar 6b str. SLCC5334 identityso
query-coverage(min-max) |80 -{150
subject-coverage(min-max) |0 {100

Jr— T
lengtn | coverage
Listeria_monocytogenes_EGD-e113 Listeria_innocua_Clip11262 1000 53 1000 00 %69 2021
Listeria_monocylogenes_EGD-e113 Listeria_monocytopenes EGD-e 1000 53 1000 00 %9 zez1
Listeria_monocytogenes_EGD-e1L13  Listeria_seeligeri_serovar_1.2b_str_SLCC3%54 1000 53 1000 00 %69 2621
Listeria_monocylogenes_EGD-e113  Listeria_welshimeri_serovar_6b_sir._SLCC5334 1000 53 1000 00 %9 ez
L‘"""f'““mmfs‘m' Listeria_innocua_Clip11262 o7 269 1000 00 4550 20128
"i"”‘“-'“":’fm’ ””A eEey Listeria_monacytogenes_EGD-e 1000 269 1000 00 4860  1e137
“"""—’"“':’g"‘f"“—ec“ Listeria_seeligeri_serovar_1.2b str_SLCC3054 948 260 1000 00 4230 1e118
U""“’*’"“;’c’m""’e‘ S EGD- | fewvin welshimer sevovar b o, SLCCEIM. 9777 269 1000 00 4500 20129
"""""“’f"“"m"“jcn Listeria_innocua_Clip11262 9929 141 1000 00 2500  Te-67
St momsesomens BT Listeria_monocytopenes_EGD-e 1000 141 1000 00 50  2e68

D guery: Listeria monocytogenes EGD-e:L13 and subject: Listeria innocua Clipll262 start 2776080 end 2776132

Query= Listeris_monocytogenes_EGD-e:L13
(53 letters)

>Listeria innocua Clipll262
Length = 53

Score = 95.9 bits (106), Expect = 2e-21

Identities = 53/53 (100%)
Strand = Plus / Minus

T
Sbjct: 53 ggtattgtttgccccacaataagccccggaaggttottgtotttasacaataa 1
Figure 3 Blast servlet form and corresponding output. A FASTA formatted sSRNA sequences can be Inserted into the guery box. Also target
genomes or sRNAs have to be selected for multiple alignment using BLAST. For a detailed BLAST analysis the BLAST output analysis {BOA)
aptions has to be selected. In this example four sSRNAS resulting from a search with parameters shown in Figure 1 were selected as input.
Genomes of the genus Listerig were set as targets and the BOA options were enabled. B The number of sRNAs detected in the target organism s
displayed in a comparative matrix form. € All hits listed in a table and are linked to their correspending alignment. D A detailed BLAST alignment

of all results can also be plotted.
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Figure 4 Vision servlet forms and result of single and batch mode. Different input options are available. After selecting the sRNA of interest,
replicons can be selected for visualization. Options for further analyses based on BLAST, as well as properties relating to the image output can be
set. A An example relating to the LhrC transcript is displayed. B Single mode: the resulting image shows a comparative representation of a single
SRNA candidate and flanking genes in selected organisms. Moving the mouse pointer over these, the corresponding properties of each object is
shown in a separate popup window. € Batch mode: sRNAs displayed In Figure 1 are used as input in this example. The output-matrix indicates
cccurrence of the sRNA candidates in selected organisms and their directional relationships with respect to their surrounding genes,
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compared to different chromosomes/plasmids in a con-
cise image output.

For the genome wide analysis of multiple sSRNA loci
an additional batch mode is available. Results from an
application of this batch mode have already been pub-
lished by Mraheil and collaborators [22]. In order to per-
mit this global analysis an option was implemented that
enables export of the data to an Excel sheet. This con-
tains a visualization matrix (Figure 4C) which indicates
the occurrence of the sSRNA of interest in the target or-
ganism together with its directional relationships of the
flanking genes.

The software tool presented here is a valuable exten-
sion to existing solutions and will assist in the rapid ana-
lysis of large volumes of data te understand the
distribution and eveolution of sRNAs in bacteria. Com-
pared to other databases the comparative batch mode of
sRNAdb’s vision servlet facilitates analyses such as in
silico screening for phylogenetic markers, or identifica-
tion of drug targets related to bacterial sSRNAs. As exem-
plified by Mraheil and colleagues [22] a grouping of
sRNAs from pathogenic, apathogenic or non-pathogenic
bacterial strains based on the vision servlet’s result
matrix, allows the user to identify sRNAs as putative
phylogenetic markers. Specifically, sSRNAs found exclu-
sively in pathogenic strains can be identified as drug tar-
get candidates. Furthermore after download and local
installation of sSRNAdDb, both the database and the dedi-
cated software tools are available to the user. Since pro-
prietary replicons or putative sRNAs can easily be
included into locally installed versions of the database,
these may be analysed making use of the full power of
sRNAdb’s software tools, simplifying detailed analyses of
unpublished bacterial replicons or sRNA candidates. To
the best of the author’s knowledge, this functionality is
currently not supported by any other publicly available
sRNA database.

Conclusion

sRNAdb offers biologists an easy access and analysis to
both proprietary and public data and allows the identifi-
cation of a core set of sSRNAs which can be used as puta-
tive drug targets in antimicrobial therapeutic approaches
as well as specific sSRNAs for potential diagnostic mar-
kers for the detection of gram-positive bacteria.

Availability and requirements

The database including documentation and tools for
analysis are available free of charge at http://bicinfo.mik-
robio.med.uni-giessen.de/sRNAdb.
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Dynamic integration hotspots and mobile genetic
elements shape the genome structure of the species
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Abstract

Background

To explore the genetic and phenotypic diversity of the facultative pathogenic species
Listeria monocytogenes, we genome sequenced an additional 11 strains thereby
completing coverage of all known serotypes and performed comparative analysis on
them in conjunction with publicly available data.

Results

The species pan-genome of L. monocytogenes is highly stable but open, suggesting an
ability to adapt to new niches by generating or including new genetic information.
The majority of gene-scale differences resulted from nine hyper variable hotspots, a
similar number of different prophages, three transposons (Tn916, Tn554, 183-like),
and two mobilizable islands. Only a subset of strains showed CRISPR/Cas
bacteriophage resistance systems of different subtypes, suggesting a supplementary
function in maintenance of chromosomal stability. Multiple phylogenetic branches of
the genus Lisferia imply long common histories of strains of each lineage as revealed
by a SNP-based core genome tree highlighting the impact of small mutations for the
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evolution of species L. monocytogenes. Frequent loss or truncation of genes described
to be vital for virulence or pathogenicity was confirmed as a recurring pattern,
especially for strains belonging to lineages III and II. New candidate genes implicated
in virulence function were predicted based on functional domains and phylogenetic
distribution. A comparative analysis of small regulatory RNA candidates supports
observations of a differential distribution of frans-encoded RNA, hinting at a diverse
range of adaptations unlike the commonly conserved cis-regulatory elements that
were putatively present in the last common ancestor of L. monocytogenes.

Conclusions

This study determined commonly occurring hyper variable hotspots and mobile
elements as primary effectors of gene-scale evolution of species L. monocytogenes
based on the most complete pan-genomic distribution available to date. The discovery
of common and disparately distributed genes considering lineages, serogroups,
serotypes and strains of species Listeria monocytogenes will be helpful for further
diagnostic, phylogenetic and functional research, assisted by the comparative genomic
GECO-LisDB analysis server (http://bioinfo.mikrobio.med.uni-
giessen.de/geco2lisdb).

Background

The genus Listeria consists of eight species being L. monocytogenes, L. innocua, L.
welshimeri, L. seeligeri, L. ivanovii, L. grayi, L. marthii and L. rocourtiae [1-3].
Listeria are saprotrophic with L. monocytogenes and L. ivanovii considered facultative
pathogens, the latter predominantly causing infections in ruminants [4]. L.
monocytogenes represents the species most commonly associated with listeriosis in
humans which primarily affects immunocompromised individuals [5]. The majority of
infections are thought to be foodborne and results in high mortality rates [6].
Virulence of the bacterium is heavily dependent on the virulence gene cluster (VGC,
LIPI-1) which promotes cytosolic replication as well as intra- and intercellular
movement [7]. A second cluster required for virulence contains an operon of two
genes (inlA/B) that encode internalins necessary for the attachment to and invasion of
non-phagocytic host cells [8]. The species L. ivanovii displays a specific island with
virulence factors called LIPI-2, comprising of multiple internalins and smel
sphingomyelinase hemolysis gene [9]. A subset of strains of lineage I carry an
additional hemolysin called listeriolysin S (LIPI-3) which contributes to virulence in
vitro [10]. Other genes involved in the infectious process modulate the bacterial
metabolism and stress response [11.12].

A variety of cell wall components are important for the survival of strains of species
Listeria monocytogenes in the environment and the infected host. They serve as
docking sites crucial for processes including detection, adhesion or invasion and can
be grouped according to their anchoring domains. This study will focus on surface
proteins covalently linked to peptidoglycan (LPXTG), those with domains facilitating
non-covalent interactions (GW, P60, LysM), and membrane-bound lipoproteins
[13.14]. Internalins belong to a family of leucine-rich repeat (LRR) containing
surface-associated proteins implicated in facilitating protein-protein interactions vital
for adhesion and invasion [15]. LRR domains were also found to be vital parts of a
lymphocyte-based immune system of jawless vertebrates attesting to the wide-spread
utility of these diverse sequences [16,17].
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To protect from bacteriophage activity, some Archaea and bacteria have developed an
adaptive immune system (CRISPR: clustered regularly interspaced short palindromic
repeats) based on a variable module of repeats, spacers and protein coding genes (Cas:
CRISPR associated) [18]. By integrating target DNA (spacer) between repeats the
system can recognize and silence the expression of these sequences. Recently it was
shown that CRISPR spacers can bear sequences homologous to chromosomal genes
which may represent a form of autoimmunity or regulatory mechanism [19,20].
Multiple types or guilds of Cas genes were differentiated bearing a similar
functionality split among a variable number of frequently non-homologous genes
[21]. Some CRISPR/Cas subtypes lacking endoribonucleases necessary for the
maturation of crRNAs were shown to appropriate a trans-encoded small RNA
(tracrRNA) in combination with a host factor (Rnase III) in order to facilitate the
silencing of foreign nucleic acids [22]. Apart from silencing expression cas genes
were also described to have a function in DNA repair and chromosome segregation
[23].

Small non-coding regulatory RNAs have emerged as a further layer of gene
expression regulation in prokaryotes. They regulate transcription by pairing with other
RNAs, forming parts of RNA-protein complexes, or adopting regulatory secondary
structures [24]. Small non-coding RN As have been implicated in responses to iron
limitation, oxidative stress, low temperature and intracellular growth [23,57].

Strains of L. monocytogenes can be grouped into four evolutionary lineages and 12
serotypes representing distinet phylogenetic, ecologic and phenotypic characteristics
[26.27]. Lineage I was found to be overrepresented among human clinical isolates and
epidemic outbreaks in most studies while lineage II is typically sporadically isolated
from both humans and animals. Lineage III and IV are rare and predominantly
identified in animals. These associations show frequent regional differences, thus
rendering the definition of a natural environment difficult. Lineages 11, III and IV
show higher recombination rates and a lower degree of sequence similarity than
lineage 1. This observation was proposed to result from less diverse lifestyles for the
latter and may denote strains of lineage I as descendants of a recently emerged highly
virulent clone [28,29]. Plasmids are more prevalent in lineage II and include a
multitude of resistance genes dealing with toxic metals, horizontal gene transfer,
oxidative stress and small toxic peptides [30]. Furthermore, strains of this lineage
often show virulence attenuated phenotypes due to deletions inside important
virulence genes [31]. Approximately half of the strains compared in this study were
found to be virulence attenuated as assessed by low invasion rates of epithelial cells
[32]. About 98% of human cases of listeriosis are caused by strains of serotypes 4b,
1/2a, 1/2b and 1/2¢ [33].

This study 1s the first one to base its evolutionary analyses on a set of 16 completely
sequenced genomes of species L. monocytogenes including strains of all serotypes.
We determined common and distinet genetic elements to understand the diversity of
forces shaping the species down to the level of strains. Considering the scope of the
underlying data, this work is intended to serve as a framework to support future
analyses for the Listeria research community.
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Results and Discussion

Common features of strains selected among all serotypes
of L. monocytogenes

In order to analyze the evolution and pan-genomic potential of the species, strains of
L. monocytogenes spanning all known serotypes originating from various sources
were selected for comparison (Table 1). These include five completely sequenced
public strains being 4a 1.99, 4b F2365. 1/2a EGD-e, 1/2a 08-5578 and 1/2a 08-5923 as
well as the eleven newly sequenced genomes [34-37]. The chromosome of L.
monocytogenes 7 SLCC2482 harbours one gap which is located at 2125011 bp and is
estimated to have a size of approximately 10000 bp. Four strains harbored plasmids
which were described previously [30]. All strains were classified according to known
sequence types and chromosomal complexes using the BIGSdb software [26.38].

The chromosomes compared show a similar size, G+C content, and average length of
protein coding genes and percentage of protein coding DNA (Table 2). The number of
coding sequences ranged from 2755 (SLCC2376) to 3010 (08-5578). We identified
six 165-238-58-rRNA operons in most strains with the exception of 1/2a 08-5578 and
1/2a 08-5923 which lack one rRNA module each. Similarly, the majority of strains
contain 67 tRNA genes apart from 4e SLCC2378 and 3¢ SLCC2479, which harbor 66
and 65 tRNA genes respectively, as well as 1/2a 08-5578 and (8-5923 that were

found to encode only 58 tRNA genes.

Pan-genome model predicts a highly conserved species

The pan-genome of 16 chromosomes of Listeria monocytogenes was found to contain
4387 genes including 114 paralogues based on a similarity cutoff of 60% amino acid
identity and 80% coverage of protein alignments (Figure 1). Approximately 78% of
coding sequences per strain consist of mutually conserved core genes (2354 / species)
indicating a highly stable species backbone with relatively few accessory genes (2033
/ species) (Additional File 1), More than half of the species accessory genes (1161)
furthermore displayed homologues in only one or two strains implying relatively
recent insertions that are rarely fixed in the population. A power law regression
analysis predicting a future pan-genomic distribution after further sequencing resulted
in a mean power law fitting for new genes of n 397.4N°07° (a=0.7279). This
indicates a conserved but open pan-genome that permits limited integration of foreign
DNA or generation of genetic diversity by other evolutionary forces such as mutation,
duplication and recombination as previously described [39]. Regression curves predict
the presence of ca. 6000 different genes in the pan-genome of L. monocytogenes after
100 strains have been completely sequenced.

Other studies relying on the hybridization of eight lineage III strains on a microarray
based on 20 strains (two complete, 18 draft chromosomes) found a closed species
pan-genome [40,41]. These likely represent an underestimation of true sequence
diversity of the species because they lack multiple serotypes (e.g. 3a. 3b, 3c. 4e, 7).
less stringent similarity cutoffs and a lower number of fully sequenced strains. The
pan-genome of genus Listeria based on chromosomes of 13 strains (six complete,
seven draft) was determined to be open [42].

Studies of species of other genera found varying results reflecting differences in
habitat, evolutionary pressure and gene pool. Only around one half of the genes of
cach strain were considered to be mutually conserved in species Bacillus anthracis,
Streptococcus pneumoniae and Escherichia coli leading to diverse pan-genomes [43-
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45]. Species Streptococcus pyogenes, Streptococcus agalactiae and Haemophilus
influenzae seemed much more stable and displayed approximately three-quarters of
core genes similar to species L. monocytogenes [43,46,47]. It should be noted that
these analyses relied on disparate measures of homology and included between 10 and
20 strains of various qualities and sources, thus turning a comparison into a non-trivial
task.

Summarily, our research shows a conserved species, which tolerates low but vital
levels of horizontal gene transfer, overrepresented in highly diverse areas on the
chromosome.

Hyper variable hotspots contain one fourth of the
accessory genes and permitted the insertion of major
pathogenicity determinants

Chromosomes of the strains compared contain a number of regions, which display at
least three non-homologous insertions between mutually conserved core genes. These
hotspots are suggested to be the result of a founder effect [45]. Once a permissive
region has acquired a substantial integration without reducing the fitness of the
respective strain, future insertions become more likely since the locus now offers a
larger target for neutral insertion. We identified nine high-flux hotspots that were
located between mutually conserved anchor genes. The latter showed no
overrepresentation among any particular functional or genetic category. Hotspots
contained 55 (4a 1.99) to 111 (4b F2365) genes per strain (Additional File 2,
Additional File 3). Interestingly, strains of lineage IIT displayed an average of 56
genes inside these loci, while strains of lineage I and II contained nearly twice as
many (80-90), indicating either stronger deleterious forces in the former or an
increased number of insertions in the latter. Taken together, every tenth gene of the
pan-genome (454 genes) is located in such a highly variable region. This translates to
22% of the non-core accessory genes. One third of these were accounted for by strain-
specific insertions leading to a low average conservation of hotspot genes in only
three strains. The majority of these genes have no known function (298), 35 are part
of restriction modification systems, and 13 are involved in genetic mobilization.

We could only identify a small number of genes located inside hotspot loci which
exhibit an obvious adaptive value for the host genome, including the previously
described pathogenicity determinants inlA/B and LIPI-3 [8.10]. Transposon Tn916
introduced additional cadmium resistance genes into its host strain 1/2a EGD-e. Two
variants of an IS3-like transposon were inserted in different hotspot integration sites
of the epidemic lineage I and found to bear multiple surface-associated proteins. The
latter are implied in attachment, invasion, and other interactions with the environment
and were identified in most hotspots resulting in the presence of a total of 40 genes of
this category.

Hyper variable regions in species L. monocytogenes may be considered evolutionary
test areas that attract new genetic information by frequent insertions, deletions and
other differentiating forces, rarely leading to fixation of genes in the population.
Interestingly, all but one of these hotspots are located on the right replichore, which
thus represents an area of increased genomic plasticity. Only half of the variable
regions displayed identifiable mobilization genes indicating either unidentified
mobilization genes, decay or other means to facilitate insertions putatively including
also mechanisms for homologous recombination.
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Chromosomal mobile genetic elements are major sources
of diversity - prophages, transposons and genetic islands
In order to find large insertions in the chromosomes of the respective strains we
plotted all coding sequences, which were not conserved in all strains, resulting in the
identification of between one and five mobile genetic elements (MGE) such as
prophages, transposons, insertion sequences and genomic islands per chromosome
(Figure 2). These introduced 6 to 235 protein coding genes per strain included in 135
different MGE msertions into 13 distinet chromosomal loci (Additional file 4). This
translates into 703 genes of the pan-genome (15%) or one third of the accessory
genes.

Among these are 8 different prophages which are typically inserted by site-specific
recombination into chromosomal loci adjacent to tRNA genes as previously observed
[48]. We also found two different bacteriophages (A006 and A118) which targeted the
comK gene. Most prophages belong to the class of listeriaphages (B025, A118, and
A006) or show a high similarity to unnamed prophages also found in the genera
Bacillus, Enterococcus, Clostridium and Staphylococcus. The large majority of
prophage genes code for hypothetical and structural proteins. Multiple Listeriae were
described to up-regulate phage gene expression including the mutually conserved lma
operon (part of monocin prophage-rest) and surrounding genes to assist intracellular
survival [34]. It should be noted that the only strains without apparently complete
prophages are both strains of serotype 4b as well as 4¢ SL.CC2376.

Three putative transposons were identified in the strains studied. Two of them are
located between homologues of genes lmol(096-lmol 113 in strain EGD-¢ (ICELmI,
TN916-like) and Imo2676-Imo2677 in 3¢ SLCC2479 and 1/2¢ SLCC2372 (TN554-
like), respectively (Additional File 5) [49]. ICELm]1 contains two genes involved in
cadmium resistance and a fibrinogen-binding protein with an LPXTG domain which
is implied in host cell attachment in Staphvlococcus epidermidis [50]. The Tn554-like
transposon introduced an arsenate resistance operon (arsCBADR) also found in
Enterococcus faecalis (ca. T0% amino acid identity) into its host chromosomes. The
third putative transposon consists of 15 genes including two insertion elements
bearing two IS3-type transposases as found in its complete form in strain 3b
SLCC2540 (Additional File 6). It contains a module consisting of a transcriptional
regulator and four homologues of a lipoprotein. The latter was predicted by previous
studies to furthermore contain an RGD motif implied in integrin binding and a weak
homology to leucine-rich-repeat domains, indicating a putative function in host-
pathogen interaction [14,36]. Deletion versions of this transposon, which have lost
one insertion element, can be found at the same relative position at approximately 2.1
Mb (e.g. LMOf2365 2051-9) in all strains of lineage I and another variant at ca. 0.5
Mb (e.g. LMOf2365 0493-500) in a subset of strains of all lineages. Interestingly,
indels of the complete transposon and the lipoprotein itself have led to a distribution
of 4-7 instances of the lipoprotein in epidemic lineage I in comparison to 0-1 in
lineages IT and III, which further indicates these two modules as potential targets for
research regarding pathogenicity determinants. All but one transposon were found in a
hyper variable hotspot suggesting either relaxed deleterious forces in these areas or an
enrichment of repeats targeted by the respective transposases.

Another type of MGE is designated genomic island and denotes a mobilizable
element frequently composed of modules derived from chromosomes, plasmids or
bacteriophages. One of these was called Listeria genomic island 1 (LLGI1) and
putatively introduced by serine recombinases into 1/2a 08-3923 and 08-3578 [37]. It
was described to include genes involved in secretion, protein-protein interaction,
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adhesion, multidrug efflux, signal transduction and restriction modification. We
identified a second genomic island named [.GI2, which has not yet been described in
the literature. It spans approximately 35000 bp in strains 4e SLCC2378 and 4d
ATCC19117 and integrated into genes orthologous to Imo2224 (1/2a EGD-e). This
mobile element consists of 36 genes and putatively inserted by means of a
bacteriophage integrase (LMOSLCC2378 2256) distantly related to temperate
Lactococeus lactis bacteriophage phil.C3 [51]. Additionally, a putative operon of
eight genes coding for arsenate resistance proteins (LMOSLCC 2378 2263-70) was
found to be homologous to a region of Listeria innocua Clip11262 plasmid pLI100,
indicating recombination between phages. plasmids and chromosomes which resulted
in the formation of this mobile element. Other genes of this locus code for ATP
transporters, a putative anti-restriction protein, a secreted and a cell wall surface
anchor protein.

In summary, a contribution to pathogenicity or environmental adaptation due to genes
inserted into the chromosome of L. monocytogenes by identifiable MGEs seems to be
rare. Phage-related genes of other genera were previously described to contribute to
virulence and pathogenicity due to toxins and resistances versus antibiotics and
osmotic, oxidative and acid stresses [52.53]. We were unable to identify prophage-
related genes in the strains compared which bear homology to published pathogenicity
modulators, with the exception of integrases that were demonstrated to assist biofilm
formation in E. coli [54]. The intracellular up-regulation of prophage-genes
nonetheless indicates a function for intracellular survival of Listeriae that has still to
be uncovered [34].

The distribution of most MGE:s is heterogeneous indicating either recent insertions
and/or frequent deletion of these sequences. MGEs occur in similar proportions

among all lineages, with lineage I, I and III containing a mean of 3.7, 3.9, and 3
mobile genetic elements per strain, including 1.6, 2.7, and 2.5 prophage remnants,
respectively. The majority of the compared strains of lineages I and III (6/9) do
belong to serogroup 4 and contain either one or two prophage remnants with the
exception of 4a 199 which contains four of these elements. All serogroup 4 strains of
this study also lack 12 out of 16 genes of an operon encoding a rhamnose pathway for
teichoic acid biosynthesis conserved in all other strains (Imol076-91) as well as
several glycosyl transferases (Imo0497, Imo0933, Imo2550) that are responsible for
differences in teichoic acid composition, which may inhibit recognition by certain
phages [55]. The general rarity of mobile genetic elements in the compared strains
supposes mechanisms to limit inclusion of foreign DNA.

CRISPR/Cas systems represent supplementary
bacteriophage defense mechanisms for the species L.
monocytogenes

Chromosomes of L. monocytogenes contain parts of a CRISPR/Cas-system implied in
defense versus bacteriophages at three different loci (Additional File 7)., These were
identified by a combination of PILER-CR 1.02, CRT 1.1 and manual correction using
BLASTN leading to slightly higher counts of repeat/spacer modules than previously
published for strains 4a 199 and 1/2a EGD-¢ [34] (Additional File 8).

All strains bear a putative remnant of a CRISPR-system at ca. 0.5 Mb in strain 1/2a
EGD-e. The array contains 4-11 repeats with a consensus sequence of 29 bp and is not
associated with any cas genes. Spacer content shows a clear separation along lineage
borders with a considerable amount of similarity between strains inside lineage I and
IT, respectively. No correlation could be found between spacers of strains of lineage

Intracellular survival of Listeria Seite 215/238



Appendix

328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
373
376
377

111 indicating that ancestors of lineage I and II have lost the cas genes necessary to
create new spacers inside locus 1, leading to a relatively homogenous distribution,
while strains of lineage III maintained this ability for a period long enough to
completely differentiate their spacer sequences. This locus is also conserved in strains
of other species such as L. innocua Clip11262 and L. seeligeri S1.CC3954, but not in
L. welshimeri SLCC5334,

Locus 2 1s located ca. 10kb adjacent to locus 1 and resembles the Thermotoga
neapolitana (Tneap) subtype which consists of casé, estl. est2. cas5t, cas3 and cas?
[21]. Homologues of this system exist in 4a 1.99, 7 SL.CC2482 and 1/2b SL.CC2755 at
the same relative chromosomal position and no sequence remnants could be identified
in other chromosomes, suggesting the insertion of this locus in a common ancestor of
these strains. It contains arrays with 21-28 repeats and displays a consensus sequence
with only one mismatch in comparison to repeats of locus 1 indicating a close
relation. Spacers are identical in strains 7 SLCC2482 and 1/2b SLCC2753, while 4a
L99 shows a completely different content. Locus 2 is also conserved in other strains
of L. monocytogenes (1/2a: F6854, F6900, J0161, J2818, 1/2b: R2-503, 4a: HCC23,
4b: N1-017) and L. seeligeri SL.CC3954.

Locus 3 is inserted into homologues of a lipoprotein gene (Imo23593) located at ~2.7
Mb relative to the chromosome of reference strain 1/2a EGD-¢. It was found to be
present in 1/2a SLCC5850, 7 SLCC2482, 1/2b SLCC2755 and 3b SLCC2540 without
any local sequence homologies in other strains, implying insertion into a common
ancestor of the former strains. Strain 4a L99 does not contain CRISPR/Cas locus 3 but
listeriaphage A118 is located at the same relative position here, highlighting a role for
this region as a common insertion point for horizontal gene transfer. This locus was
found to contain csn2, cas2, cas! and esnl and thus classified as subtype Neisseria
meningitidis (Nmeni). The array spans 25-41 repeats, each with a length of ca. 36 bp.
These were found to exhibit a considerable global homology to the 29 bp repeats of
locus 1 and 2 (17 identical nucleotides) implying a relation between the cas genes of
all loc1. Spacer content of locus 3 1s clonal for strains 7 SLCC2482 and 1/2b
SLCC2755 while 1/2a SLCC3850 and 3b SLCC3540 display mostly unique spacers,
including a number of duplicates versus listeriaphages A500 and A118. We found a
range of further mostly pathogenic strains of L. monocytogenes, which also display
this locus (1/2a: 104038, F6854, F6900, N3-165, J0161, J2818, 1/2b: J1.194, R2-503,
4b: N1-017). Strain L. innocua Clip11262 contains the only chromosome outside of
species L. monocytogenes which harbours a partial homologue. Locus 3 belongs to
subtype Nmeni which was previously described to rely on a frans-encoded sSRNA
(tracrRNA) located upstream of ¢sn/ and host factor RNase III in order to compensate
for a missing endoribonuclease gene [22]. We could exclusively identify perfect
matches of the 94 bp tracrRNA variant as expressed by L. innocua Clip11262 in all
compared strains of L. monocytogenes bearing locus 3 at a position upsiream of csnl.
We thus hypothesize, that this locus functions according to the former principles and
may only be able to silence foreign nucleic acids inside a host which is able to supply
an RNase IIl enzyme.

All identifiable spacers (81/276) are directed versus known listeriaphages or related
composite prophages. Nearly two thirds (50/81) of these displayed a perfect match
while the rest contained a maximum of one mismatch. Non-perfect matches are
indicative of either decay, rendering the spacer ineffective, or a related but different
target. that has not yet been sequenced. We also encountered multiple different
spacers homologous to sequences of the same phage in the same array, as well as
identical duplications of one spacer. It is tempting to speculate that inclusion of
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redundant spacer sequences increases the likelihood of a successful defense against
the respective bacteriophage (ex.: A118, A500, B025). We never observed identical
spacers to be present in multiple arrays, indicating a clear separation of all loci.

In conclusion, we hypothesize that an ancestor of genus Listeria contained CRISPR
locus 1 ({me0)519-lmo0320) that lost its associated cas genes during early evolutionary
events. Interestingly, this locus was previously described as trans-acting small non-
coding RNA RIiB in strain 1/2a EGD-¢ indicated in control of virulence [56,57)].
Thus, this remnant CRISPR array may have been adapted for regulation in 1/2a EGD-
e and possibly other strains of the species.

Five of 16 strains compared in this work still contain at least one of two types of
putatively functional CRISPR/Cas systems indicating an ongoing selective pressure
by bacteriophages. On the other hand, presence or lack of such a system does not
correlate with number or type of prophages identified per strain and 11 strains neither
bear a functional CRISPR/Cas system nor an increase of other defense mechanisms
such as restriction modification systems (data not shown). We suggest that
CRISPR/Cas represents an additional line of defense directed against bacteriophage
attacks that can be gained by horizontal gene transfer and seems to be effective only
for a subset of strains of genus Listeria.

We could not identify any spacer targeting chromosomal or plasmid sequences of
species L. monocyiogenes apart from integrated prophages, indicating that
CRISPR/Cas does not serve further regulatory roles. The variable nature of CRISPR-
arrays suggests their future use in differentiating strains or lineages by typing
procedures. Further research will now be necessary to determine the operational
capability of locus 2 and 3 in the environment or host.

Phylogenies compared - relationships between lineages,
serogroups, serotypes and strains according to genomic
and genetic content

This analysis used the complete genomic sequences of 19 strains of genus Listeria
including those of related species being L. innocua 6a Clipl11262, L. welshimeri 6b
SLCC3334 and L. seeligeri 1/2b SLCC3954 to identify phylogenetic relationships.

In order to enable phylogenetic clustering we created a well-supported (bootstrap
~80%) core-genome tree based on an alignment of all concatenated core genes (2018)
of 19 strains using Mugsy [58] (Figure 3A/B). This tree shows distances between
strains based on small adaptations inside mutually conserved genes, which translate
into an approximate timeline when assuming consistent rates of evolution. We found
that strains of species L. monocytogenes clustered inside three clearly separated
lineages in support of previous observations. Lineage III contains serotypes 4a and 4c.
lineage IT includes 1/2a, 1/2¢, 3a and 3¢ and lineage I bears strains of serotypes 1/2b,
3b, 4b, 4d, 4¢ and 7. Differentiation leading to separate serotypes apparently had little
impact on the placement of the branches apart from the general lincage. We identified
the closest relationships between strains of different serotypes being 1/2b SLCC2755,
7 SLCC2482 (termed phylogenomic group 1 or PG1) and 4e SL.CC2378, 4b F2365
(PG2) in lineage I as well as 1/2a EGD-e, 1/2¢ SLLCC2372, 3¢ SL.CC2479 (PG3) in
lineage II, with the exception of clonal strains 08-5578 and 08-5923 which both
belong to serotype 1/2a. Strains of serotypes 4e and 4d were found on a branch
displaying strain 4b 1.312 as its oldest ancestor in support of a previous hypothesis
indicating serotype 4b as ancestral state for serotypes 4e and 4d [26].

We additionally clustered all strains based on the accessory gene content
(presence/absence of 2953 genes) to identify the impact of gene-scale indels, which
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includes most horizontal gene transfer events [59] (Figure 3C). This methodology was
shown to be biased towards a tree topology that parallels convergence in lifestyle and
thus displays a phenotypical relationship among the compared strains [60]. The
resulting tree was found to be well supported (>80% bootstrap) with the exception of
the placement of branches neighboring the central L. monocytogenes junction,
implying early indels and recombination that lead to inconsistent topologies.

If only gene gain and loss are taken into account, lineages of L. monocytogenes are
closely related to other listerial species, indicating that large evolutionary timeframes
shown by the SNP-based core-genome tree resulted in a low number of conserved
gene-scale indels.

The opposite is apparent when considering phylogenomic groups, which were found
to be closely related in the core-genome tree but to a much lesser degree considering
gene content, implying a number of young indels. Interestingly, phylogenomic groups
are located at the end of shorter common branches in the gene content tree, which is
due to a small number of exclusively conserved genes (PG1: 28, PG2: 20, PG3: 22,
primarily hypothetical and truncated genes) (Additional File 1). Thus, phylogenomic
groups can be considered closely related but do not necessarily share the same niche
or phenotype. Other branches are supported by a varying number of conserved and
predominantly hypothetical genes (ex. 4b 1.312, 4b F2365, 4d ATCC19117, 4e
SLCC2378: 18 genes; 3b SL.CC2540, 1/2b SLCC2755, 7 SLCC2482: 5 genes) that
are distributed along the chromosomes in small modules.

We identified three topological changes between core-genome and gene content tree
hinting at shared indels that run contrary to the phylogenomic signal of core-genome
SNPs. Removal of genes related to mobile genetic elements (34% of accessory genes)
from the gene content matrix resulted in a topology very similar to the core-genome
tree. Thus, large-scale insertions, which resulted mainly from bacteriophage
integration, run contrary to the “true” phylogenetic signal by inserting many genes in
one event as well as by putative parallel insertions into different strains. The only
remaining difference was observed considering a common branch for strains of
lineage III and apathogenic species, highlighting small-scale indels as causative force.
This supports a previous hypothesis suggesting lineage III as a possible deleterious
intermediate state between lineages I/Il and apathogenic species [61].

Interestingly, the majority of accessory genes of species L. monocytogenes were either
scattered along the chromosomes (46%) or found inside hyper variable regions (20%
when excluding MGE) and thus likely originated from a wide range of diversifying
forces. Gradual change seems to be a superior factor for the evolution of gene content
of Listeriae when compared to large-scale insertions of multiple genes by mobile
elements.

In summary, tree topologies based on a core-genome alignment and gene content were
found to be highly similar despite the obfuscating influence of mobile genetic
elements. Other studies on Rickettsia/Orienta species and E.coli/Shigella found
considerable differences in the respective phylogenies indicating more distinet
evolutionary histories for the gene repertoires involved [45.62]. The relative
correspondence of SNPs and gene-scale indels in genus Listeria could be a result of
differential acquisition and loss of genes in accordance to various evolutionary
descents as previously described considering other genera [63.64].

10
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Frequent loss and disruption of known virulence-
associated genes may explain observed phenotypic
attenuations

About one third of the genes which displayed compelling evidence for involvement in
the infectious process were found to be absent or to code for a truncated protein in at
least one of the strains studied, putatively impacting the disease phenotype
(Additional file 9) [10,11,65.66]. Thus, most of the strains compared here showed
similar growth rates in BHI medium at 37°C with the exception of strain 1/2a
SLCC5850 which grew at a considerably lowered rate (Additional File 10). Rates of
mortality of larvae in the Galleria mellonella model system indicative of
pathogenicity showed that strains of serotype 4b killed most larvae, followed by 1/2¢c
SLCC2372, 3a SLCC7179, 1/2a EGD-e, 1/2b SLCC2755, 3b SLCC2540 and 3¢
SLCC2479 (Figure 4). The remaining strains showed a low degree of pathogenicity in
this model.

In order to correlate phenotypes with genomic differences we performed detailed
analyses of virulence-associated genes that allow us to present hypotheses on the
evolutionary descent of these changes (Additional File 12). In short, deletions
affecting primary virulence genes prf4 (1/2a SLCC5850), plcA (3a SLCC7179), inlA
(3¢ SLCC2479). and inlB (4b F2365) [67] were identified in four strains. A number of
surface-associated genes were found to be absent from strains of lineage I1I and
especially from strain 4a 1.99. Further deletions which putatively interfere with
regulation of the SigB regulon during stress are related to genes rsbS (1/2¢
SLCC2372). rsbV (4d ATCC19117) and rsbU (3¢ SLCC2379) [68-70].

In conclusion, strains of L. monocytogenes frequently lose determinants of
pathogenicity leading to virulence-attenuated phenotypes, which may be
advantageous in some environments, especially considering lineage III. Interestingly,
highly invasive and/or pathogenic strains of serotypes 4b, 1/2a, 1/2b, and 1/2c¢ also
displayed a range of deletions here, indicating a certain amount of redundancy of
these functions.

Distribution of surface-associated genes displays
conserved lineage-backbones with strain-specific
adaptations

A detailed examination was undertaken to spot relevant patterns of presence or
absence of surface-associated genes mediating interaction with the environment and
the infected host, and to invoke evolutionary explanations (Additional File 13,
Additional File 14).

To conclude, genes bearing P60 or LysM domains showed little variation among the
strains studied (Additional File 15). Between 6 and 16 non-core lipoprotein coding
genes were identified, indicating some differentiation. These were frequently located
in chromosomal hotspots of horizontal gene transfer and found inside or adjacent to
prophage insertions, hinting at putative methods of transmission. Interestingly, all
strains of epidemic lineage I show an exclusive gene (LAMOf2365 1974) with both
LPXTG and GW domains, which may become a future research target when
considering the role of cell wall anchored modulators of virulence or pathogenicity.
Internalins are implied in cell adhesion and invasion of host cells and contain a
leucine-rich repeat (LRR) domain indicated in protein-protein interaction (Additional
File 17). InIB B-repeats represent a hallmark of previously described virulence-
associated internalins [71], and were identified in 135 clusters, thus increasing the
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probability of the respective genes to be involved in host-pathogen interaction. The
distribution of putative internalins revealed that only four of 42 homology clusters are
mutually conserved, confirming previous observations of diversity, especially
considering lineages II and III [72]. A number of known virulence-associated
internalins were absent in a subset of strains, putatively resulting in a reduced number
of infectable cell types (lineage III: inlC and inlF, 4a 1.99: inlGHE, inll and inlJ, 3¢
SLCC2479: inld, 4b F23635: inlB). The absence of inlC in strains of lineage III may
have been caused by a deleterious transposition moving two adjacent lipoprotein
coding genes (Imol264-5) by approximately 600kb to replace the internalin
(Additional File 16). Interestingly, we identified two different versions of inlF and
inlJ in lineage I as compared to lineages IVIIL, putatively resulting in different
adhesion properties. Only one internalin was found to be specific and mutually
conserved for lineage [ (LMOUf2365 0805), indicating this gene for further research
regarding virulence.

Taken together, we found that most surface-associated genes are either mutually
conserved or were likely present in an early ancestor of a lineage, implying a fixed
core-functionality that is rarely complemented by strain-specific additions. Of all the
classes surveyed, internalins seemed to be the most diverse, driven by duplication,
recombination and transposition. We furthermore identified a large number of novel
surface-associated genes, including their distribution among all serotypes of species L.
monocytogenes, thereby presenting a pool of candidates for future analysis
considering virulence and pathogenicity.

Ancestral genes of serotypes, serogroups and lineages
reveal new marker and virulence-associated genes

In order to identify those ancestral genes important for the differentiation of lineages,
we collected genes, which were found in all strains of a lineage (>60% amino acid
identity, >80% coverage) and lacking in all strains of other lincages. These genes
were correlated with data from a previous analysis examining intracellular gene
expression, monitored by microarrays, inside macrophages in order to identify a
possible role in intracellular survival [34] (Additional file 18).

Thus, 33 lineage-III-specific, 22 lineage-II-specific and 14 lineage-I-specific core
genes could be identified, which are supported by previous microarray-based
studies[41,73]. We were able to predict the largest number of specific core genes for
lineage III, a result that is influenced by the lower number of compared strains in this
lineage. Interestingly, the distinct lineage core repertoire of lineage II predominantly
includes PTS systems and ABC transporters involved in carbohydrate metabolism,
while those of lineages I and III mainly consist of hypothetical and surface-associated
proteins. Furthermore, the majority of specific lineage-core genes of lineage II are
largely organized in three operon-like islands, while those of lineages I and III are
generally spread discretely along the chromosomes. The former organization is
thought to largely follow from deletions of these modules in lineages I and III, based
on the lack of deviation from average G/C content and codon usage frequently
associated with horizontal gene transfer, as well as from the presence of sequence
remnants of some of these genes in strains of lineages I and III (Imo0734-9, Imol060-
3, ~60bp with >75% nucleotide identity). Neighborhood and sequence of specific core
genes of lineages I and III show more ambiguous patterns including putative
insertions, especially considering surface-related proteins (data not shown). We thus
hypothesize that ancestral strains of lineage I and III diverged from lineage II by loss
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of genes related to carbohydrate metabolism and gain of surface-associated genes
serving different needs of interaction with the environment.

In order to determine new candidate genes, which may be involved in resistance to
food preservation measures, pathogenicity, or virulence we also collected genes found
to be mutually conserved in predominantly human listeriosis-related lineages I and 11
while being absent from lineage III. Among these are 45 genes which are conserved in
13 out of 14 strains of lineage I and II while being absent from both lineage III strains
(Additional File 19). These comprise genes coding for 16 hypothetical proteins, 14
metabolic enzymes, 6 surface-associated proteins and 4 transcriptional regulators.
Affected metabolic pathways include non-mevalonate isoprenoid, fructose and
arginine biosynthesis. The former is affected by the deletion of gepE and [ytB in
lineage I1I and strains of apathogenic strains such as L. innocua Clip11262, L.
seeligeri SLCC3954 and L. welshimeri SLCCS5334, bearing implications for
intraperitoneal infection [74]. A fructose IIABC PTS system and its associated
regulator (Imo0630-34) were also found to be absent from lineage III as well as strain
4b 1.312. Considering the clonality of the junction, this deletion likely happened in a
common ancestor. Furthermore, the complete arginine metabolic pathway (Imo0036-
41) is absent from lineage III [75]. A nitroreductase and a hydrolase that were each
associated with a LysR family regulator and only present in lineages I and IT may
assist survival in the gastrointestinal tract. Other genes related to stress resistance
exclusively conserved in these lineages include the intracellularly up-regulated A118-
like prophage rest also known as monocin or /ma-operon. Furthermore, lineage III
does not contain genes coding for multiple internalins and amidases associated with
invasion (inlF, inlC, Imo0129, Imo0849). Remnant genes of amidases lmo0129 and
Imo0849 in strains of lineage III display identical C-terminal sequence deletions.
suggesting loss in a common ancestor.

Summarizing, strains of less virulent and pathogenic lineage III mainly differ from the
other two lineages by loss of genes involved in metabolism, stress resistance and
surface-associated functions [34]. These genes are implied in adaptation to the
complex inter- and intracellular environment inside the host with regard to nutrients,
survival in the gastrointestinal tract, attachment and invasion, as well as resistance
towards food preservation measures.

We also tried to identify exclusive indels for serogroups or —types that are represented
by at least two strains in this analysis in order to uncover ancestral sequences
(Additional file 20). We found nine genes to be specific for all strains of serogroup 4,
while 16 genes are specifically absent. Most of these were already described to be
responsible for differences in teichoic acid composition and are located in the same
locus (Imol068-91) [35.76]. Serogroups 3 and 1/2 do not show exclusive gene indels,
indicating that the respective variable antigens either result from minor changes inside
coding genes, from differences located in intergenic regions (ex. promoters, imperfect
automatic prediction of ORFs, operon structures, etc.) or from heterogeneous causes.
The same is true for strains of serotype 1/2a and 4b.

No genes were exclusively present or absent in strains of serotypes primarily
indicated in human listeriosis (4b, 1/2a. 1/2b, 1/2¢), suggesting that the virulent
phenotype of these strains is not based on uniform gene-scale indels, but resulted from
a range of differing virulence factors and minor mutations.
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Strain-specific genes rarely represent an obvious extended
functionality

Many genes which only exist in one strain represent young insertions or truncations
and thus the most recent adaptations. It should be noted that strains 1/2a 08-5923 and
(08-5578 are highly similar isolates of one outbreak leading to a very low number of
specific genes [37]. In order to alleviate this artifact, we chose to refer to genes
exclusively present in either one or both strains as 08-specific. Nonetheless, strain-
specific genes identified will involve considerable bias due to the relation of strains
selected for this study.

Between 11 (3¢ SLCC2479) and 177 (4a L99) genes per strain were classified as
specific using a homology cutoff of 60% amino acid identity and 80% coverage
(Additional file 21). These include 0 (4b 1.312) to 93 (4a 1.99) genes inserted by a set
of previously determined mobile genetic elements dominated by specific prophages.
Up to 37 strain-specific genes were found to be fragments of genes either split or
truncated by the insertion of a premature stop-codon (“pseudogenes™). Most of these
are transporters, metabolic enzymes or regulators and in many cases associated with
virulence or pathogenicity as described previously. Strains 1/2a SLCC3850 and 7
SLCC2482 displayed an overrepresentation of fragmentary CDS, which may mark the
recent onset of a reductive adaptation (31 and 35 genes, respectively, versus a species
mean of 14). After exclusion of prophage and fragmentary genes. we found between 2
(3¢ SLCC2479) and 82 (4a 1L99) genes, which are more likely to constitute an
extended functionality. The majority of these have been inserted in modules of 2-53
genes, frequently as a part of transposons and genetic islands and described mostly as
hypothetical proteins.

Strain 4b 1.312 shows a specific insertion of an additional lactose/cellobiose PTS
(LMOL312 2315-20) putatively facilitated by homologous recombination. Hydrolase
LMOL312 2315 inserted next to hydrolase LMOL312 2314 (39% nucleotide
identity). Since 4b [.312 was isolated from cheese, this may represent an adaptation to
dairy products. Another exclusive module was found in 4d ATCC19117

(LMOATCC 19117 2375-83). It contains an additional set of genes putatively
involved in the biosynthesis of aromatic amino acids. A specific element found in
strain 3b SLCC2540 might constitute a bacteriocin transport and resistance system
(LMOSLCC2540 2733-40) resembling lantibiotic sublancin 168 (up to 28% amino
acid identity at 100% coverage) [77]. We found no homologue to the sunA
bacteriocin peptide, indicating that either this system exports a different bacteriocin or
it serves exclusively to resist these molecules.

Interestingly. eight non-homologous restriction-modification systems were also found
to be strain-specific. Half of these are located in cassettes that do not show any
mobility genes, indicating a potential supplementary function as mobile genetic
elements. No RM system was commonly present in more than three of the compared
strains, confirming observations of their “selfish™ and competitive nature | 78].

Small non-coding RNA candidates of L. m. EGD-e are
largely conserved within the species

A recent transcriptomic analysis uncovered 150 regulatory sSRNA candidates
expressed in L. monocytogenes 1/2a EGD-e [25]. We identified homologues of these
150 sSRNA candidates using a minimum BLASTN cutoff of 60% nucleotide identity
and 80% coverage (Additional File 22).
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Only 25 of these were found to be differentially distributed including a clear
overrepresentation of sSRNAs specific for a subset of strains of lineage II (12/25).
Approximately half of those differentially distributed sRN As, that were previously
described to be involved in virulence or pathogenicity by either deletion mutants
(rli33-1, rli38, rli50) or differential regulation in blood or intestinal lumen (r4i 24,
rli28, rli29, rli38, rli48, rliC) |25,57] were also exclusively present in a varying
subset of strains of lineage IL. It should be noted that this subset never included strain
3a SLCC7179, implying that ancestral strains of 3¢ SL.LCC2479, 1/2¢ SL.CC2372 and
serotype 1/2a contributed a specific range of SRNAs in order to adapt to the
environment and to modulate the infectious process. In total, 10 sSRNAs were present
in at least half of the strains of lineages I/II and absent from at least one strain of
lineage Il (#li24, rli75, rli33-1, rli33-2, rli38, rli58, rli98, rli48, rlill2, antil 974),
which may be involved in functions related to intracellular survival.

We found only one sRNA to be specific for strain 1/2a EGD-e (#li62) and inserted as
part of prophage A118 (MGE-13). Transcriptional activation of prophage genes was
reported previously. but an impact on phenotype due to prophage-related sSRNAs has
still to be elucidated in species L. monocytogenes [32, 34].

Interestingly. strain 3a SLCC7179 shows a fragmented homologue of ssrd (ImRNA,
391/500 bp = 78% coverage) necessary for the frans-translation of mRNAs that lack a
natural stop-codon. In some Escherichia coli strains, an alternative sSRNA termed
afid (vhdl.) can serve as a possible replacement but was found to be absent from all
compared strains [79]. Thus, we speculate that either the shortened ssrAd gene is still
functional or that species L. monocytogenes or specifically strain 3a SLCC7179
harbor another yet unknown system to recycle stalled ribosomes and incomplete
polypeptides.

In summary, evolution of small non-coding RNAs represents an ongoing process in
species Listeria monocytogenes. This excludes all riboswitches found to be mutually
conserved in all compared chromosomes, strengthening the hypothesis that ¢is acting
RNA regulation is an ancient mechanism. Small non-coding RNA transcriptomic
analysis of strains of lineages I and III will now be required to uncover their specific
regulatory networks on this level.

LisDB - a comparative genomics server for the Listeria
research community

A large part of the analysis presented in this study is based on the GECO comparative
genomics software [80]. We have created a public web-server that includes all
published chromosomes and plasmids of genus Listeria, as well as a subset of
genomes of related genera. The main function of this tool is the identification of
homologous genes between replicons to uncover pan-genomic distributions, which
can be visualized graphically or exported in the form of tab-delimited lists. Among
these are matrices sorted for conservation in selected replicons or for synteny
according o a reference strain, Gene gain and loss between two replicons can be
identified and nucleotide or amino acid sequences can be exported. GECO-LisDB is
accessible at the following address: http://bioinfo.mikrobio.med.uni-
giessen.de/geco2lisdb.

Conclusion

Listeria monocytogenes represents a well-characterized pathogen and model system
for infection research. Extension of fully sequenced genomes by 11 strains to include
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all serotypes of the species allowed evolutionary analyses of unprecedented depth.
Comparative examination in conjunction with public data revealed that (i) the species
pan-genome is highly stable but not closed, (i1) accessory genes are mainly located in
defined chromosomal regions (nine hyper variable hotspots. nine different prophages.
three transposons, and two mobilizable islands) constituting primary loci of gene-
scale species evolution, (iii) potentially functional CRISPR/Cas systems of different
subtypes are infrequent but may shape genome diversity, (iv) evolutionary distances
observed between lineages of L. monocytogenes and apathogenic species are mostly
the result of SNPs rather than gene-scale indels that are rarely commonly inherited,
highlighting the potential impact of small-scale mutation on long-term development,
(v) frequent loss or truncation of genes described to be vital for virulence or
pathogenicity was confirmed as a recurring pattern, especially for lineages II and IIL
The presence or absence of genes among all serotypes of species L. monocytogenes
uncovered by this study will be helpful for further diagnostic, phylogenetic and
functional research, and is assisted by the comparative genomic GECO-LisDB
analysis server (http://bioinfo.mikrobio.med.uni-giessen.de/geco2lisdb).

Materials and Methods

Sequencing

The DNA was purified using Epicentre’s MasterPure gram-positive DNA purification
kit as recommended by the manufacturer and sequenced on a 454 GS-FLX System.
Between 213437 and 2975835 reads per strain were de novo assembled with the GS
Assembler (Newbler) and mapped versus published strains of L. monocytogenes for
scaffolding purposes. Contigs resembling plasmid DNA were identified in L.
monocylogenes 7 SLCC2482, 1/2¢ SLCC2372 and 1/2b SLCC2755. PCR-based
techniques followed to close the remaining gaps partially assisted by Minimap
(unpublished software, available upon request) to identify specific primer pairs. PCRs
were sequenced with Sanger ABI Big Dye technology (Applied Biosystems) by
Roche (Germany). Goettingen Genomics Laboratory (Goettingen, Germany) and
Agowa (Berlin, Germany). Sanger reads were incorporated into the assembly using
the GAP4 software package v4.11 and SeqMan (Lasergene). The completed
chromosomes achieved coverages between 16-26x and 99.67-99.93% of the bases
carried Q40 or higher quality scores. The final gap in the chromosome of L.
monocytogenes 7 SLCC2482 was marked with a sequence of 100 Ns. All replicons
were deposited in the EMBL database (see Table 1 for accession numbers).

Annotation

The data was annotated using GenDB, which includes steps for the identification of
protein coding sequences (CDS), rRNA and tRNA genes as well as similarity searches
against major gene and protein databases [81]. The annotation was enriched using a
separate bidirectional best BLASTP step to incorporate data from L. monocytogenes
4a 1L99 (EMBL-Bank: FM211688) and the surface protein prediction software Augur
[82]. All preliminary information was assembled in GECO [80] for comparative
analysis and curated manually.

Comparative analyses

Homologous coding sequences were identified by BLASTCLUST [83] as
implemented in the comparative genomics software GECO |80]. The standard
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similarity criterion was set to a minimum of 60% amino acid identity and 80%
coverage of both proteins. Chromosomal regions were checked manually using the
comparative genome browser of GECO in order to find orthologous CDS which
satisfied the homology criteria and were located in a syntenic region in comparison to
a reference strain. In some cases a stricter analysis based on 80% amino acid identity
and 90% coverage was additionally employed to reduce the number of false positives.
In order to avoid excessive redundancy, we denote only one gene of a homologous
cluster in brackets, which can be further assessed using either the GECO LisDB
server (hitp:/bioinfo.mikrobio.med.uni-giessen.de/geco2lisdb) or the supplementary
homology matrix (Additional File 1).

Pan-genome analysis

The pan-genome size of L. monocytogenes was predicted based on the chromosomes
of 16 sequenced strains compared in this study. We employed the standard
BLASTCLUST homology cutoff of 60% amino acid identity and 80% coverage for
this analysis. Chromosomes were added 10000 times in a randomized order without
replacement, and the number of core (mutually conserved), and accessory (found in at
least one but not all strains) genes was noted using GECO. Since mean and median
values for each step showed little variation, mean numbers of gene classes were
plotted. In order to predict a possible future pan-genomic distribution for this species
we performed a power law fitting as described previously [39].

Identification of large insertions

The colinearity of chromosomes of L. monocytogenes allowed a relatively simple
method to identify large insertions. First we masked the sequence inversion
surrounding the oriC in strain 08-5923 (LM5923 2737-0270) and 08-5578
(LM3578 2788-0270) by reordering coding sequences to follow the usual
chromosomal layout as found in strain 1/2a EGD-¢. CDS were then compared in a
bidirectional best BlastP analysis using similarity criteria of more than 60% amino
acid identity and 80% coverage of both CDS. Core-CDS existing in all compared
strains were identified by single linkage clustering (AB + BC = ABC). All core-CDS
showing a break in the synteny (translocation, inversion) relative to reference strain
1/2a EGD-e were removed from the pool. Finally, the number of CDS located
between syntenic core-CDS was plotied as a bar chart per strain. Exact borders of
mobile genetic elements were identified based on annotation, deviation of GC-content
and comparative analysis with sequenced phages and strains of genus Listeria.

CRISPR/Cas analysis

Spacer/repeat-arrays were identified with PILER-CR 1.02 and CRT 1.1 using
standard parameters with the exception of maximum repeat length. which was
increased to 40 [84.85]. Resulting arrays were combined and controlled manually
leading to the removal of eleven false positives inside LRR- and LPXTG-domain
containing coding sequences. Consensus sequences of repeats of remaining loci were
employed for a BLASTN search versus chromosomes of all strains resulting in the
identification of multiple decaying spacer/repeat modules that had been ignored by
Piler and CRT due to repeat sequence mismatches of up to 20%. Spacers were
compared to 10 published bacteriophages of genus Listeria (A006: NC_009815,
A118: NC 003216, A500: NC 003216, A511: NC 009811, B025: NC 009812,
B054: NC_009813, P100: NC 009813, P35: NC 009814, P40: EU855793, PSA:
NC _003291), 16 chromosomes and 4 plasmids of strains of this study and the NCBI
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nt-database using BLASTN. Alignments showing up to 1 mismatch were deemed
homologous. Finally, all spacers where compared to each other using BLASTCLUST
considering perfect matches only and mapped to mirror the order of spacers inside the
respective loci to visualize the degree of relatedness (Additional File 3, software
BlastclustToMatrix available upon request). Softening of the homology cutoffs to
80% nucleotide identity at 80% coverage did not result in a meaningful increase of
matches. Cas genes were identified by sequence homology to published data found in
the NCBI NT database and Pfam [86].

Phylogeny

A phylogenetic core-genome tree was created based on mutually conserved core CDS
of all compared strains including out-group strains L. innocua 6a Clip1 1262, L.
welshimeri 6b SLCC5334 and L. seeligeri 1/2b SLCC3954. These were extracted
from a GECO homology matrix (amino acid identity =60%. coverage = 80%)
{(Additional File 1) following removal of all clusters showing paralogues. A total of
2018 protein coding genes were concatenated resulting in approximately 2 Mb of
nucleotide sequence information per strain. The data was aligned using Mugsy [58]
and resulting locally collinear blocks were joined per sirain and imported into
MEGAS and SplitsTree4 [87.88]. Based on the alignment we created multiple
phylogenomic trees (maximum parsimony, minimum evolution, neighbor joining)
including 100 bootstrap replicates. Since tree topology was identical in all cases and
relative branch lengths showed little variation, we only present trees based on the
neighbor joining algorithm.

In order to identify the impact of indels on phylogeny we built a second tree based on
the presence and absence of 2953 accessory genes using GeneContent [59]. Distance
between strains was calculated with the Jaccard coefficient [89] and a tree was
inferred using the neighbor joining reconstruction method including 100 bootstrap
replicates.

Identification of surface-associated genes and putative
internalins

Surface-associated genes were identified based on sequence similarity to known
motifs (P60, LysM, GW, LRR, LPXTG, lipo) using various Hidden Markov Models
(HMM) and SignalP as implemented by Augur [82]. A domain was considered
present if HMM e-value < 10 and HMM score = 5. All surface-associated homology
matrices were created using a higher standard cutoff (80% amino acid identity, 90%
coverage) in order to achieve a higher degree of resolution and thus identify even
small amounts of sequence dissimilarity. Clusters showing paralogous CDS were
manually split according to a GECO synteny analysis.

All CDS containing a leucine rich repeat (LRR) domain were assumed to be putative
internalins and checked for the presence of a signal peptide. False positives and
negatives as revealed by synteny analysis were corrected manually and the homology
cutoff was reduced to 50% identity and 40% coverage if necessary. Apprehension of
internalin-types based on predicted internalins from a previous study [90] as well as
domains identified by Augur completed the analysis.

Measurement of bacterial growth

Bacterial cultures were grown over night at 37°C in brain heart infusion broth (BHI)
and diluted 1:200 the next day for fresh cultures. Automated measuring at 37°C was
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performed using the Infinite 200 plate reader (Tecan) in 96-well plates with 150 pl
volume/well.

Galleria mellonella infection model

Bacterial inoculums were injected dorsolaterally into the hemocoel of last instar
larvae using 1 ml disposable syringes and 0.4 x 20mm needles mounted on a
microapplicator as described previously [91]. After injection, larvae were incubated at
37°C. Larvae were considered dead when they showed no movement in response to
touch. No mortality of Galleria larvae were recorded when injected with 0.9% NaCl.
The majority of experiments were conducted independently with 20 animals and three
biological replicates, while 10 animals per experiment and two biological replicates
were used for strains 1/2a 08-5923, 1/2a 08-3578, 1/2a SLCCS5850 and 4b IF2365.
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Figures

Figure 1 - Pan-genomic distribution

Distribution of CDS based on a homology measure of 60% amino acid identity and
80% coverage. Chromosomes were added 10000 times without replacement in a
randomized order and the number of core (mutually conserved) and accessory (found
in at least one but not all strains) genes was noted. Since mean and median values for
each step showed only little variation the mean numbers of gene classes were plotted.
In order to predict a possible future pan-genomic distribution for this species we
performed a power law fitting. A) Pan-genomic CDS after each consecutive addition
of a strain, B) mutually conserved CDS, C) conservation of CDS and homology
clusters.
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Figure 2 - Insertions between syntenic core genes

Bar chart of CDS inserted between syntenic core-CDS existing in all strains depicted
relative to reference strain 1/2a EGD-e. The oriC inversion of strains 08-3923 and 08-
5578 was removed for this analysis. Mobile genetic elements (MGE) are classified as
prophage (red triangle). transposon/I8 element (blue square), genetic island (green
circle). The MGEs were numbered according to their relative position in strain 1/2a
EGD-¢. Putative anchor genes in the chromosome (ex.: tRNA, comK) are included in
square brackets. If different elements inserted at the same chromosomal locus, the
strains involved are denoted in round brackets. Multiple designations per element are
delimited by a colon. If an element was not described yet, the genus bearing the
highest overall nucleotide similarity to the respective region was included instead (e.g.
Bacillus subtilis, Enterococcus faecalis). Lineages are denoted with roman numbers.

Figure 3 - Phylogenomic and -genetic trees

(A) Neighbor joining tree based on an alignment of 2018 mutually conserved core
genes (amino acid identity =60%, coverage >80%) of 19 strains of genus Listeria.
Bootstrap support of 100 replicates was always found to be above 80% and thus
omitted. Lineages of L. monocytogenes are marked in roman letters and phylogenomic
groups (PG) describe closely related strains. (B) Data of panel A reimagined as
cladogram to highlight branching. (C) Neighbor joining tree of gene content
(presence/absence). Only bootstrap support values below 80% (100 replicates) are
indicated.

Figure 4 - Galleria mellonella mortality rates

Mortality rates of Galleria mellonella larvae over the course of seven days post
injection. Respective standard deviations can be found in the supplementary material
(Additional File 11).

Tables

Table 1 - Origin of compared strains of species L.
monocytogenes.

Table 2 - General features of the chromosomes of
compared strains.

Supporting information

Additional File 1 - Species homology matrices (.xIs)

General homology matrices showing the distribution of all coding sequences among
16 strains of species L. monocytogenes and 19 strains of genus Listeria at different
cutoffs. This table is sorted for maximum conservation (core genes = top, specific
genes = bottom).

Additional File 2 - Insertional hotspot ranges (.xls)
Hotspots showing at least three separate insertions denoted by locustag ranges.

Additional File 3 - Comparative genomic GECO figures of hyper
variable hotspots (.pdf)
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Comparative GECO depictions of insertional hotspots highlighting extensive
mosaicism.

Additional File 4 - Mobile genetic elements (.xls)
Distribution of mobile genetic elements ordered by relative position in the
chromosome of L. monocytogenes 1/2a EGD-e.

Additional File 5 - Comparative genomic GECO figures of transposons
ICELm1 and TN554 (.pdf)

Comparative GECO depiction using a homology measure of 60% amino acid identity
and 80% coverage. Displays content and conservation of two transposons.

Additional File 6 - Comparative genomic GECO figures of 1S3 elements
(.pdf)

Comparative GECO depiction using a homology measure of 60% amino acid identity
and 80% coverage. Displays duplication of 183-like transposon.

Additional File 7 - Comparative genomic GECO figure of CRISPR/Cas
loci (.pdf)

Comparative GECO depictions of three CRISPR/Cas loci using a minimum CDS
homology measure of 60% amino acid identity and 80% coverage Cas genes and
spacer/repeal arrays are framed. Locus 1 displayed no associated Cas genes. Locus 3
includes a trans-acting sSRNA called tracrRNA that was described to compensate for a
missing endoribonuclease in conjunction with host factor RNase IIL

Additional File 8 - CRISPR/Cas loci (.xIs)

Homology matrices and positions of CRISPR/Cas genes and associated arrays of three
loci. Spacers were additionally mapped versus the NCBI nt database to identify
possible target sequences.

Additional File 9 - Known virulence genes (.xIs)
Homology matrix of known virulence genes.

Additional File 10 - Growth curves BHI (.pdf)
Growth of L. monocytogenes in BHI medium at 37°C.

Additional File 11 - Galleria standard deviations (.xIs)
Standard deviations calculated for independent experiments considering mortality
rates of Galleria mellonella larvae over the course of seven days post infection.

Additional File 12 - Detailed analyses of reductive evolution of
virulence-associated genes (.pdf)

In-depth information about previously described virulence and pathogenicity
indicated genes that are absent or truncated in one of the compared strains.

Additional File 13 - Plot of Surface-associated CDS (.pdf)
Bar plot depicting the distribution of all surface-associated protein coding genes
among studied strains.
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Additional File 14 - Distribution of surface-associated genes displays
conserved lineage-backbones with strain-specific adaptations (.pdf)
Detailed analysis of presence and absence of surface-associated genes.

Additional File 15 - Surface-associated CDS (.xIs)

Homology matrices of genes containing a surface-associated domain (NLPC/p60,
LysM, GW, LRR, LPxTG, Lipobox, signal peptide).

Additional File 16 - Putative transposition of lipoproteins /mo1264-5 in
lineage III (.pdf)
Comparative GECO depiction using a homology measure of 80% amino acid identity

and 90% coverage. Displays the putative transposition of lipoproteins Imol 264-5 in
lineage 111 into the locus that putatively held iniC previously.

Additional File 17 - Internalins (.xIs)
Homology matrix of genes containing a leucine rich repeat domain and an optional
signal peptide.

Additional File 18 - Lineage-specific CDS (.xls)

Homology mairix of coding genes specifically present in one lineage.

Additional File 19 - Lineage I/1I exclusive CDS (.xls)
Homology maitrix of genes conserved in 13/14 strains of lineages I and I1, while being
absent from both strains of lineage 1L

Additional File 20 - Serogroup and -type ancestral indels (.xIs)

Homology matrix of CDS found to be commonly present or absent (ancestral indel)
for either one or multiple serogroups or -types.

Additional File 21 - Strain-specific CDS (.xIs)

Homology matrix of coding genes specifically present in one strain.

Additional File 22 - Small non-coding regulatory RNAs (.xls)
Homology matrix of sSRNA candidates.
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