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2 Introduction

2.1 From Sanger to Next-Generation Sequencing (NGS)

The first sequencing of prokaryotic DNA was performed in 1977 following the
development of the chain-termination method by Frederick Sanger [1]. The first
completely resolved prokaryotic genome was that of phage phiX174 harbouring 5000 bp
[2]. It took another 20 years of technological development in DNA sequencing to reach the
next milestone which was the sequencing of the chromosome of Haemophilus influenzae
Rd. bearing 1.8 Mb in 1995. This task involved 40 researchers and took one whole year
[3]. Since 1995 the number of bacterial genomes sequenced has grown exponentially and

at the end of 2011 the complete genomes of over 1700 bacterial species were available.
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Figure 1. Completely sequenced prokaryotic genomes listed by the NCBI database (Nov. 2011).

The dramatic reduction in cost of sequencing bacterial genomes has now permitted
large scale projects including those of metagenomes of the microbiota of the gut and
environmental samples and includes the sequencing of 10k bacterial genomes until the end
of 2012 [4]. Nevertheless, it is expected that this growth rate will even be exceeded in the

coming years with the development of novel high-throughput sequencing technologies.
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Figure 2. Sanger and 454 sequencing mechanisms [5, 6].

The shift in the pace of DNA sequencing was made possible by technical
developments that allowed Sanger sequencing to be replaced by other novel technologies.
Modern capillary Sanger sequencing employs a modified DNA synthesis reaction of a
single-stranded template using a combination of normal nucleotides and labelled
dideoxyribonucleoside triphosphates (ddNTP) with different fluorescent markers. The
latter terminate further synthesis by a DNA polymerase leading to a mix of sequence
fragments of different sizes which end with a labelled chain-terminating ddNTP.
Fragments are separated by size via electrophoresis in gel-filled capillary tubes and the
type of fluorescence is automatically recognized by a camera leading to read lengths of up
to 1000 bp. The main drawback for application of the Sanger technology on whole-genome
sequencing is based on the necessity of cloning sheared genomic DNA into vectors for

replication [7].

This was no longer necessary with the development of the first massively parallel
next generation sequencing technology by Roche/454 in 2005. Here, two different adapters
are attached to each end of a single-stranded fragment of genomic DNA. One of these

adapters is then linked to a bead and the sequence is amplified by polymerase chain



reaction (PCR) inside a water-oil emulsion to create multiple copies per bead. Beads are
separated into picolitre-sized wells on the sequencing chip and the reaction is carried out
with a primer homologous to the second adapter of each immobilized DNA fragment using
pyrophosphate nucleotides. These are cyclically flowed across the chip one type of
nucleotide at a time, resulting in the release of pyrophosphate groups relative to the
number of nucleotides incorporated. Pyrophosphate is converted to ATP by a sulfurylase,
which is harvested by a luciferase to emit light that can be recognized by a camera
resulting in read lengths of up to 500 bp. A known weakness of pyrosequencing stems
from the elevated error rates for homolopolymeric tracts (repetitions of one nucleotide),

since the signal strength is only linear for up to eight consecutive nucleotides [8].

Concurrent technologies for massively parallel sequencing have appeared quickly
[9]. The idea of sequencing populations of amplified template DNA molecules was taken
up by other commercial entities employing different chemistries (SOLiD, Illumina/Solexa)
resulting in higher coverage but relatively short read lengths of 50-100 bp. The IonTorrent
strategy does also employ an amplification step, but replaced the optical measurement of
DNA synthesis with recognition of released hydrogen ions after incorporation of a
nucleotide, leading to cost reductions. More recent developments try to sequence single
DNA molecules to avoid the bias introduced by amplification. Pacific Bioscience
sequencing (SMRT) is based on an immobilized DNA polymerase. During synthesis,
fluorophores are cleaved from the incorporated dNTPs and can be continuously detected,
leading to very long reads of up to 5000 bp, but also high error rates of up to 15%. Future
third-generation techniques will likely include nanopore sequencing, where single DNA
molecules in solution can be driven electrophoretically through a nano-scale pore, leading

to highly confined spaces, which may offer advancements in cost, speed and quality [10].

When considering de novo sequencing of prokaryotic genomes, 454
pyrosequencing offers several advantages. The unique combination of relatively long and
high quality reads permit the unambiguous integration of repeat sequences, thereby
simplifying the finishing phase of current whole-genome sequencing and reducing the total
cost. In contrast, sequencing technologies that have relatively short read lengths require a
higher coverage, more bioinformatic analysis and a higher number of additional gap-

spanning long reads to successfully complete a genome.



Read length Throughput Accuracy Cost per Gb

Sanger 96 Lane Capillary 1200 115 Kbp 99.9% $$$
Roche-454/GS-FLX Titanium 500 500 Mbp 99.9% $$
lllumina/HiSeq 2000 100 200 Gbp 99.5% $$
ABI/SOLIiD 5500xI 50-100 >100 Gbp 99.9% $$
Pacific Biosciences >1000 50 Mbp 85% $$
lonTorrent 200 1 Gbp 99.6% $

Table 1. General features of prevalent sequencing technologies [11,12].

Introduction of high-throughput technologies and an increase in computing power
has led to an explosion of primary data deriving not only from bacterial genome sequences
but also from the exploration of bacterial communities in different ecological niches.
Currently, sequence data is collected by various databases including the NCBI [13] or the
EBI [14] and analyzed by workflows for annotation, protein structure, etc. established at
these websites. However the qualities of these first-pass annotation tools, while useful are
not adequate for further in-depth comparative analysis. Therefore, specialized databases
focusing on specific aspects or single organisms have been established with input from
dedicated researchers in the field. In addition, there is a lot of activity in constantly
generating novel bioinformatics software tools for the processing and analysis of data and

their integration into pathways and networks.

2.2 From reads to replicons - Assembly and finishing

strategies

Current genome sequencing projects combine a high-throughput primary sequencing with
PCR Sanger reads to close gaps which remain, either due to the presence of repeats or non-
unique regions (e.g. rRNA) that could not be automatically resolved by de novo assembly

of reads.
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Figure 3. Gap closure strategy to completely sequence replicons.

High-throughput sequencing leads to a large number of overlapping sequence
fragments of 30-1000 bp (reads) depending on the technology employed. These have to be
joined to consecutive sequences (contigs) using various assembly strategies optimized for
read size and amount of coverage supplied by a host of different tools [15]. The 454
Newbler assembler is arguably the dominant tool for de novo assembly of long reads due

to its unsurpassed performance in the field [16].

Due to the random sequencing approach, order and orientation of contigs in the
sequenced replicon is unknown. Contigs can principally be scaffolded by using three
methods: (i) by comparison to one or multiple related reference replicons, (ii) by mate-pair
sequencing of both ends of a larger insert library which allows the determination of order
and distance of two reads relative to each other, and (iii) by optical mapping based on
digestion of immobilized DNA molecules and determination of size and order of fragments

[17-19].

In the presence of a closely related complete replicon, reference mapping is
probably the optimal solution, since little additional experimentation to close the gaps is
required. In order to completely sequence replicons, gaps between contigs have to be filled
by Sanger sequencing of PCRs overlapping both contigs. This necessitates the

identification of primers, which specifically bind only inside the sequence bordering the



gaps. This step is facilitated by software packages such as Oslay or Projector2, which are
able to predict specific primers. However, fully automated layout of contigs according to a
reference genome may not be optimal [20,21]. Additional commercial solutions exist that
identify specific primers against a background (e.g. PrimerPremier) but these can only be
retrieved gap by gap and rely on extensive manual preparation and interpretation. One of
the most widespread tools to predict primer pairs without regarding specificity is the open
source software Primer3, which has been widely adopted because of its rich set of features

and accessibility [22].

The resulting PCR sequences need to be aligned and joined with the respective
bordering contigs in order to achieve a contiguous sequence using either open source (e.g.

Consed, Hawkeye) or proprietary software (e.g. Geneious, CLC, SeqMan) [23].

2.3 A primer for sequence comparison

Today, the primary bottleneck is no longer the production of sequence data but the
comparison of new sequences with known sequences whose function have already been

resolved. Various alignment programs offer comparison functions tailored for different

situations.
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Figure 4. Alignments between two or multiple sequences.

Pairwise alignment programs compare only two sets of nucleotide or amino acid
sequence (e.g. BLAST, FASTA) [24]. BLAST is probably the most widely used tool and
offers very fast local alignments by a heuristic search that is suited for the identification of
similar regions within two sequences which could represent an evolutionary or functional

relationship. Another program from the BLAST suite of software is called BLASTCLUST



and can automatically join multiple pairs of similar sequences into single-linkage clusters
(AB + BC = ABC) representing sequence families. This removes the need to compute all-
vs-all pairwise comparisons since no further alignments are necessary after a sequence has
been sorted into a certain cluster, thereby saving increasing amounts of time as the dataset

grows.

Multiple sequence alignment programs (e.g. ClustalW, Muscle) can find similarities
between several sequences using more complex algorithms [25]. The resulting alignment is
frequently used as an input by software which tries to depict relationships between

organisms in form of a phylogenetic tree.

In order to align large sequences of millions of bases (e.g. prokaryotic
chromosomes) whole genome alignment programs are necessary (e.g. Mummer, Mugsy,
Mauve, MAVID) [17,26-28]. These offer less sensitivity but can identify homologous

regions between complete replicons on typical desktop hardware.

All of these tools allow the identification of sequences deemed to be similar
according to a user-defined cutoff of identity and/or coverage which indicates a functional
or phylogenetic relation (homology). Genes which resulted from a speciation event are
called orthologs, while those which arose from duplication in one strain are referred to as
paralogs [29]. The identification of orthologous genes in different organisms is frequently
facilitated by the so called bidirectional best pair, which denotes those genes in two
replicons that display the highest similarities when comparing all genes of one replicon to
all genes of another replicon and vice versa. However, to reliably predict orthology, the
comparison is often extended to the surrounding genes, whose conservation (synteny) can

serve as an additional indicator of vertical inheritance.

2.4 Small non-coding regulatory RNA identification

While genome sequences can reveal the genetic repertoire of a strain, they do not correctly
predict the expression of genes under various conditions due to the complexity of the
sensing and regulatory networks involved, as well as of the impact minor genomic
differences. Transcriptome-based approaches are directed at uncovering the amount of
transcripts including protein-coding mRNAs or small non-coding regulatory RNAs
(sRNA) using either microarray hybridization or RNA sequencing, thus uncovering a

second layer of regulation [30]. The class of SRNA has recently moved into the focus of



attention due to its involvement in different cellular processes, such as environmental
adaptation and pathogenesis [31]. Bioinformatic de novo identification of new sRNAs
based on the localization inside intergenic regions and the presence of promoter or
terminator structures results in high false positive rates, since these traits do not necessarily
result in transcription or a regulatory effect of the resulting RNA. The presence of the
nucleotide sequence of known sRNAs can nonetheless be identified in other strains by
homology searches [32]. While various software programs exist that serve to collect and
compare published SRNA sequences, these are unable to quickly identify a batch of SRNAs
in multiple genomes including the genomic neighborhood, a drawback that we tried to

address with the development of a specialized software called sSRNAdb [33,34].

2.5 Capturing diversity — genome, transcriptome, pan-

genome, meta-genome

Selective pressure leads to constant adaptation of prokaryotes based on mutation (deletion,
duplication, recombination), or horizontal gene transfer [35,36]. These processes can
modify single nucleotides (e.g. single nucleotide polymorphisms = SNPs) or extensive
areas of the affected replicons. Differentiating between an insertion in one strain and a
deletion in another is not a trivial task, which has led to the use of the term “indel” to

describe unclear situations.
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Figure 5. Subset of molecular evolutionary mechanisms based on mutation (a), horizontal gene
transfer (b), and combinations thereof influencing populations (c, d) [35].

Horizontal gene transfer can result from a number of processes. Bacteriophages
inject their DNA into bacterial hosts which may either lead to lysis of the bacterium or the
inclusion in a lysogenic prophage state. Mobile elements bear transposition genes to
extract themselves from replicons and reinsert at different positions or inside other
replicons and thus spread genes with a high adaptive potential (e.g. pathogenicity factors,
stress response, heavy metal resistance, host adaptation). They are frequently found on
extrachromosomal plasmids which serve as storage and transfer facilities for mostly non-
essential genes. Genomic islands represent combinations of genes originating from
prophages, mobile elements and/or plasmids highlighting the fluidity of processes shaping
bacterial genomes. These horizontally transferred regions can be identified because of
differing sequence composition, the presence of mobilization genes or by comparison to

closely related reference genomes that do not harbor them [37,38].

In order to capture the diversity of whole species or genera, the pan-genome
concept was developed, which relies on a comparison of multiple available genomes per
taxa [39]. These are used to divide genes into three categories: (i) core genome that is
present in all strains and codes for basic housekeeping functions, (ii) accessory genes
which are present in several but not all strains and contain a varying adaptive potential

useful for molecular fingerprinting, and (iii) strain-specific genes which represent the
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youngest and most volatile genetic sequences. Other nomenclatures only distinguish
between the core and dispensable genome, whereby the latter also includes strain-specific
genes. The size of a pan-genome is associated with the niche and lifestyle of the respective
taxa, since survival in diverse environments necessitates a larger amount of accessory
genes (e.g. Bacillus cereus, Escherichia coli) than, for example, survival inside isolated
niches or as parasitic or symbiotic organisms (e.g. Streptococcus pyogenes, Haemophilus
influenzae) [38,40-42]. Communities of microorganisms found in an environmental niche
are considered as a metagenome that will help to understand complex interactions between

microbes and their environment in the future [43].

While software tools exist to identify differential conservation of regions inside a
pan-genome, these were found to have poor visualization features, require high level
bioinformatic abilities to be used effectively, are usually not locally installable, or are only
helpful for specific sub-problems such as the identification of discriminatory regions for
diagnosis [44,45]. In order to deal with these problems, various pan-genome analysis
modules were apprehended to an existing software for comparative analysis of prokaryotic

replicons called GECO [46] (see chapter 3.1.4).

2.6 Annotation

In order to understand the contents of a genome, its functional units such as protein-coding
open reading frames (ORF) or RNAs (tRNA, rRNA) have to be identified by recognition
of known sequences with an established function [47-49]. A host of software tools attempt
to solve these problems using web-based or local installations, more or less manual
supervision, by distributed or desktop computing, and with diverging degrees of
modularity [50]. While fully automatic procedures exist for this task, they rarely produce
optimal results. Gene names may not be identified at all (e.g. RAST) or disregard
consistent nomenclature for modules of genes (e.g. GenDB) [51,52]. This artifact is a
result of frequent reliance on the best BLAST hit inside a database bearing genes of many
different organisms, which may use differing annotation schemes and where relation is
based on inconsistent measures of sensitivity and specificity. Furthermore, truncated or
fragmented genes are rarely recognized properly, leading to annotation based on spurious
matches. To overcome this, many annotation suites offer interfaces which present all
identified similarities to genes inside various databases (e.g. NCBI nr = non-redundant

protein sequences, Pfam = protein domains, COG = clusters of orthologous groups
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encompassing functional categories) and allow a manual correction based on these data
[53-55]. An external tool frequently used to assess and improve upon the putative function
of problematic genes is the STRING database, which offers network correlations of
genomic, transcriptomic and additional experimental data aggregating the evidence into a

concise image for the user [56].

Use of these tools is hampered by the complexity of installation, lack of influence
on the results and/or lack of maturity of many open source software program. Thus,
GenDB or Ergatis pipeline software could not be installed locally due to minor differences
amongst Linux distributions, despite personal involvement of authors of these projects.
Recently, comparative analysis of syntenic regions of multiple strains has gained traction
to improve upon quick and congruent identification of open reading frames or annotation

[46,57,58].

2.7 Phylogenetic trees

Phylogenetic trees attempt to depict evolutionary relationships of genes or organisms based
on (i) presence/absence of phenotypic markers (e.g. resistances, metabolic functions,
surface antigens), (i1) nucleotide sequence similarities (microarray hybridization, sequence
alignments of genes or proteins), or (iii) a combination thereof (gene content =
presence/absence of genes which denotes presence/absence of functions) [35,59]. These
data are computationally analyzed to infer putative ancestry and relative distance of
elements based on their location in the resulting branching diagram. The tree can be
presented as a phylogram, where distances are informative, or as a cladogram, which only

depicts topology.
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Figure 6. Phylogram of species of genus Listeria based on a whole-genome alignment.

In the case of sequence-based comparisons, multiple sequence alignment programs
are necessary to overlap the underlying sequences prior to construction of a phylogenetic
tree based on the identified variances [60]. In short, distance based methods (e.g. neighbor
joining, minimum evolution) rely on the computation of pairwise distances, followed by
sequential clustering of taxa starting with the most related pair in order to identify the tree
with the shortest total length, which is computationally the most efficient strategy.
Character-based methods (maximum parsimony/likelihood) evaluate all possible trees,
which is more sensitive but also time consuming and thus only applicable to smaller
datasets. Finally, bootstrapping is used to check reproducibility of a tree by random
sampling of positions from the multiple sequence alignment with replacements, followed
by recreation of the tree. This process is repeated multiple times to discern the number of
trees which confirm the original topology. These and other algorithms are available from
phylogenetic inference suites (e.g. Mega, SplitsTree), while further software exists for the

visualization of resulting trees in publication journals (e.g. Dendroscope) [61-63].

The significance of a phylogenetic tree correlates with the amount of underlying
data, so that a whole-genome alignment covering millions of bases is considered most

accurate, while reliance on only few genes largely reduces the number of informative sites,
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which are furthermore subject to stronger variation of evolutionary rates (e.g. 16s rRNA,

MLST).

2.8 Comparative visualization

Comparative visualization is an important tool to quickly convey information about
numerical (e.g. degree of sequence similarity, expression, GC content) or categorical data
(e.g. functional category, prophage) of whole genomes or specific regions. While dozens of
different software exists for this task, here the introduction will only focus on three of

them, which include all features found to be valuable for the publications on which this
thesis is based.

Linear Circular

Mauve GenomeViz

||
A )
U e
R

Ty y
By,
! - ¥y,

Wi
R LI

\
\“\
¥

[T
1 i

Figure 7. Examples for linear or circular visualizations. Mauve depicts homology of contigs versus
a reference genome, GECO shows conservation of a locus in three replicons on gene level, and
GenomeViz displays four whole-genome alignments versus a reference.

For example the whole-genome visualization software Mauve can quickly create
multiple whole-genome alignments using the Muscle program and display these in a linear
fashion (see Figure 7) [17]. Similar regions are color-coded, thereby allowing immediate
visualization of insertions, deletions, and translocations, valuable in mapping contigs
versus a reference replicon. It should be noted that Mauve can also give misleading results
when encountering non-unique regions on the chromosome, which are displayed as regions
with no similarity. GenomeViz allows circular display of numerical or categorical data,

which must be pre-computed by the user [64]. While this requires basic knowledge in
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informatics, the resulting flexibility ensures a wide array of possible data visualizations
(e.g. G/C content, alignment scores, RNAs, mobile elements). GECO focuses on limited
genomic regions useful for the identification of syntenic, paralogous, fragmented or
horizontally transferred genes [46]. Homology is pre-computed by BLASTCLUST and the
client/server architecture does not necessitate a local installation, as long as only published

replicons are compared.

2.9 Genus Listeria

Listeriae are Gram-positive Firmicutes related to the genera Bacillus, Clostridium,
Enterococcus, Streptococcus and Staphylococcus all of whom have a low G+C content.
The lifestyle of listeriae ranges from saprotrophic to opportunistic pathogenic [65].
Currently, there are eight species assigned to this genus (see Figure 6). However, only
species L. monocytogenes has been described to be a human pathogen [66]. Non-
pathogenic species are hypothesized to have developed following genome reduction of

pathogenic progenitor strains of species L. monocytogenes [67,68].

In approximately 30% of all wild-type strains, large plasmid species have been
described. These plasmids occur in both pathogenic as well as non-pathogenic strains [69-
71]. An overrepresentation of listerial plasmids in strains isolated from the environment
and food processing facilities implies that possession of a plasmid confers a greater
selective advantage in these niches as compared to clinical isolates, where plasmids are

rarely found [72,73].

2.10 Species L. monocytogenes

Human listeriosis caused by L. monocytogenes is one of the deadliest foodborne diseases
presently known and several outbreaks in recent years resulted in high mortality rates of up
to 30% [74-77]. Thus, for example, an outbreak of listeriosis between September and
December of 2011 in the USA affected 146 individuals with 30 cases of mortality [78]. In
contrast, the highly publicized E. coli HUSEC outbreak in Germany in 2011 involved 3400
affected individuals with 39 deaths [79]. Despite the low incidence rate in human
infections, L. monocytogenes is thus a highly relevant germ, whose ubiquitous nature and
resistance to acid, high salt concentrations and low temperatures lead to frequent

contamination of food production plants.
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The species L. monocytogenes is subdivided into four lineages and 12 serotypes
[80]. Lineage I is overrepresented among human clinical isolates and clinical outbreaks,
lineage II is associated with sporadic isolates from humans and animals, and lineages III
and IV comprise strains that are rare and predominantly found in animals [81]. Strains of
lineage II frequently display virulence-attenuated phenotypes due to deletions in major
virulence genes [82-84]. Serotypes most commonly associated with human listerial
infections are 1/2a, 1/2b and 4b [85]. Many genes found to be important for virulence or
pathogenicity of the species code for surface-associated proteins, which modulate adhesion
and interaction with the host using a number of recognizable protein domains (LPXTG,

GW, P60, LysM, LRR) [86].

Prior to this thesis, only four complete genome sequences of genus Listeria were
publicly available. This included two strains of species L. monocytogenes and one strain
each of species L. innocua and L. welshimeri. Thus, genomic data was limited to two of the
12 serotypes of species L. monocytogenes [87]. The pan-genome of the species was
previously assessed based on microarrays of 20 genomes (18 of these in draft-state) and
was found to be a closed pan-genome, thus implying that L. monocytogenes has limited

ability to effectively modity its genetic repertoire [88,89].

2.11 Resistance to bacteriophages

In order to protect their genome, bacteria have developed strategies dealing with invading
foreign DNA. Restriction modification systems digest alien DNA [90] while abortive
infection modules (Abi) encode for toxin/antitoxin systems that lead to cell death upon a
modification of transcription or translation during a phage infection [91]. More complex
frameworks resemble adaptive immune systems and were termed clustered regularly
interspaced palindromic repeats (CRISPR) [92]. Here, the combination of spacer/repeat
modules derived from phage sequences with CRISPR-associated genes (cas) facilitates a
specific RNA-interference-like silencing of phage gene expression. The presence of
CRISPR arrays inside a genome can be predicted by the identification of repeats using

available software such as PILER-CR and CRT [93,94].
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2.12 Main objectives of this study

The primary task of this thesis was the design, implementation, and application of software
to create a pipeline to (i) assist complete sequencing of replicons included in a genome
sample, (i1) comparatively annotate these replicons, (iii) comparatively analyze these in
conjunction with publicly available data, (iv) and to create visualization tools for

representation in publications.

The thesis aimed at examining evolutionary forces that have driven the
differentiation of strains within the genus Listeria. This includes (v) the role of plasmids in
niche adaptation, (vi) the size and distribution of the listerial pan-genome, (vii) forces
shaping the compositions of chromosomes (mobile elements, hotspots), and finally (viii)

the identification of new candidate genes required for its pathogenic lifestyle.
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3 Results and Discussion

The bioinformatic pipelines created and developed in this study are the results of thesis-
specific publications presented in this section. Since different approaches were used in

these publications, these are briefly denoted as p1-p7 (publication 1-7).

3.1 Bioinformatic pipelines

This section describes bioinformatic pipelines for assembly, genome finishing, annotation

and analysis.

3.1.1 Assembly and scaffolding of 454 pyrosequencing data

All genomes described in this study have been sequenced to closure, i.e. a single contig.
This includes one chromosome and five plasmids that were finished by in-house
sequencing (Listeria monocytogenes 7 SLCC2482 chromosome and plasmid = p2 and p7,
Escherichia coli HUSEC41 plasmids 1-4 = p4). Primary 454 shotgun data of genomic
DNA was assessed for sequencing quality by checking control data such as the mean read
length (LM7=232bp, HUS41=395bp) and the total amount of nucleotides sequenced
(LM7=51m, HUS41=280m), which in turn was a measure of good sequencing quality. All
reads were assembled de novo without a reference genome using the software programs
SeqMan, CLC, and the 454 Newbler. The largest contigs were in all cases produced by the
454 Newbler assembler. Additional gaps introduced by the two other candidate assemblers
were checked for read coverage quality and orthologous sequences found inside reference
genomes and determined to be erroneous. Thus, the 454 Newbler assembler was employed

for all subsequent studies.

Since closely related reference replicons were available for all genomes, most
contigs could be scaffolded by comparison using the Mauve whole genome alignment

software.
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Figure 8. Example of scaffolded contigs of the chromosome of L. monocytogenes 7 SLCC2482
using Mauve. The ordered scaffold shows that Mauve was able to automatically order the large
majority of contigs versus the reference replicon.

Due to known problems of Mauve considering assembly of non-unique sequences,
an additional program was written in Java to allow the scaffolding of ambiguous contigs by
harvesting BLAST searches versus reference replicons (BlastCollapser). This software
summarizes data in a tabular form and includes information on all similar regions of a

contig inside a reference to allow a concise overview of the possible mapping positions.

While the four plasmids in the genome of E. coli HUSEC41 had previously been
identified by gel electrophoresis, the plasmid of strain L. monocytogenes 7 SLCC2482 was
only recognized by the presence of two large contigs that did not fit into published
chromosomes of species L. monocytogenes, but which resembled known plasmid

sequences.

3.1.2 Finding specific primers for the finishing phase of genome

sequencing

In order to rapidly predict specific primers in all gaps of an optimized user-defined scaffold
of ordered contigs, a semi-automatic Java application called Minimap was written. Despite
its name, it does not actually map contigs against a reference to identify their correct order
and orientation, but relies on a predefined input to supply this data that can be produced by
other software (e.g. Mauve, Projector2, Oslay). This enables the user to quickly adapt their
scaffolding order in case of an error. Additionally, the user can supply a reference genome
to automatically identify the putative size of gaps, which is helpful to determine optimal

parameters for the subsequent PCR-based analysis.
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Figure 9. Minimap discards a selectable region from the contig borders (red) and predicts candidate
primer pairs (black arrows) for PCRs from the following locus (green) for each gap in one run.

Minimap extracts the sequences bordering a gap (e.g. 450 bp of each contig) and discards
the sequence closest to the gap (e.g. 150 bp) to permit an overlap of dedicated PCR
sequence with the contig borders. In the example above, the resulting 300 bp of both contig

borders are entered into Primer3, which predicts optimal primer pairs for each gap.

3.1.3 Joining contigs and gap closure PCRs

The proprietary software SeqMan (p2 and p7) and Geneious (p4) were used for gap-wise

assembly of bordering contigs with gap-spanning PCR sequences.
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Figure 10. Gap assemblies using SeqMan and Geneious, depicting different visualization levels of
gap-spanning PCR reads and adjacent contigs. The Geneious screenshot includes flowgram data to
assess the quality of the basecalls.

Gap assemblies started with strict trimming of low quality bases of PCR reads and a

high similarity to the bordering contig sequences. If no assembly was possible, the degree
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of trimming and minimum similarity was consecutively lowered to enable at least a partial

inclusion of respective PCR reads.

Reads covering multiple highly similar regions (e.g. TRNA modules) are usually
collapsed inside one contig by the assembler, resulting in gaps. In order to be separately
resolved, gap-spanning PCRs of rRNA loci were produced and sequenced using published
primers [95]. The putative locations of rRNA gaps were predicted based on the similarity

to reference replicons, where these had already been identified.

Other misassemblies became apparent due to the presence of partially overlapping
contigs or in differences when compared to reference replicons. One such error was
identified in Escherichia coli HUSEC41 plasmid 4, which showed six contigs with
overlaps that differed only by few SNPs and that could not be joined despite several
attempts to produce gap-spanning PCRs. While this does not necessarily indicate an error,
the identification of homopolymeric tracts that could not be resolved uniformly by the 454
sequencing and repeats in these contigs suggested a possible problem. A separate
reassembly of all reads of the respective six contigs with a lower stringency resulted in

three larger contigs without overlaps, which could be joined successfully.
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Figure 11. Geneious assembly of primary contigs (red), reassembled contigs (yellow) and PCR
reads (black).

All contig positions with unclear base-calling were controlled by either manual

assessment of the underlying read distribution, by comparison to reference replicons or

polished by PCR to ensure a high quality. Finally, the sequence of each gap including
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surrounding contigs was exported per gap resulting in supercontigs which could be jointly

assembled into one consecutive sequence per replicon.

3.1.4 Comparative analyses using GECO

The locally installable GECO webserver was employed for comparative analyses in all
publications described here, and can be accessed through any web browser. The abilities of
the software package have been extended and improved considerably to allow faster and
more extensive analyses since its publication in 2007. The original server has been
partially upgraded since then, but only the most recent installation contains the full

functionality [96,97].
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Figure 12. Example of a GECO visualization of the Listeria virulence gene cluster (VGC).
Homologous genes are color-coded (black = core) and putative HGT predicted by deviating
sequence composition is framed in black. Mutation or loss of virulence genes in apathogenic
species (L. seeligeri, L. ivanovii, L. innocua, L. welshimeri) in relation to putative ancestor L.

monocytogenes is clearly visible.

Among the additions to GECO since its original publication in 2007 is a direct link
for the extraction of sequence data connected to each gene in the visualization servlet. This
feature accelerates access to various sequence-based databases (e.g. NCBI, Pfam,
STRING). The primary advantage in relation to the older version is represented by the

introduction of multiple powerful homology lists and matrices, which are intended for
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assistance in annotation, pan-genome prediction and analysis, and batch-wise extraction of

nucleotide or amino acid sequences for groups of genes (pl, p2, p4, p6, p7).

Listeria . .
. . - Listeria
annotation monocytogenes Listeria innocua . .
welshimeri
EGD-e
core { Chromosomal replication initiation Imo0001|dnaA 1in0001|dnaA lwe0001|dnaA
DNA polymerase lll, beta chain Imo0002|dnaN 1in0002|dnaN lwe0002|dnaN
[ |conserved hypothetical protein ImoOO?;a .................. I|n0029 ........................ 5
transcriptional regulator Lacl family Imo0031 1in0030 -
{ no annotation found Im0007"d ----------------------- Iwe0056 ---------
accessory similar to transcription regulator Imo0106 - lwe0094
similar to phage intagrase proteins - I|n1254,lln1743lwe1203 ---------
\ [no annotation found - lin1255, lin1742 lwe1204
(" |similar to Bacillus anthracis CapA Im0001"7- ----------------------- - 5
ornithine carbamoyltransferase Imo0036 - -
ifi no annotation found - I|n0124,lln2378 ................. 5
Specilic < putative recombinase - 1in0085, 1in2413 -
hypothetical protein - - Iwe0352, Iwe0353 -
L Conserved hypothetical protein - - lwe0071, Iwe0072

Figure 13. Schematic pan-genome distribution of a homology matrix of three strains offered by
GECO (cluster-mode) based on a user-defined homology cutoff. Each line represents genes of a
homologous cluster functionally equivalent to a protein family, which may include multiple
paralogous genes per replicon. Annotation is taken from the first gene inside a cluster starting from
the left.

These allow quick large-scale comparisons of homologies of complete replicons
inside spreadsheets. Lists can be sorted in different ways: (i) by degree of conservation
ranging from core to specific genes (cluster-mode), (ii) by syntenic layout to identify
chromosomal hotspots and insertions (synteny-mode), (iii) and finally by homology to a
reference strain including separate annotations of all strains (annotation-mode).
Furthermore, indels between two strains including paralogous expansion/compression
(gain/loss-mode) and mean/median numbers useful for the description of size and

conservation of a total pan-genome (pangenome-mode) can be produced.

When a list of interesting genes are identified using taxonomic or functional
distribution, simple batch-extraction of clusters including nucleotide or amino acid
sequences based on homology to these is possible. This data can serve as input for multiple
sequence alignment software (e.g. for the extraction of MLST genes for a phylogenetic

tree) or for other databases.
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Batch-extraction of nucleotide sequences based on absolute replicon coordinates
enables comparison of sequences overlapping multiple genes or inter-genic sequences.
This can be employed to comparatively identify junction regions that still contain sequence

remnants left inside a locus following a deletion event.

3.1.5 Annotation pipeline

The annotation pipelines used for publications in this thesis have changed considerably
over time to become more independent from monolithic annotation suites. Initially, we
used the GenDB software established at the CEBITEC Bielefeld as a central platform for
annotation of genomes. As this thesis progressed, this dependence on the GenDB platform
was found to be a bottleneck in the processing of data and a local pipeline was established

to enable rapid annotation and analysis of genomes.

For example, in 2008/2009 (p1, p6) sequencing data was exported and integrated
into the automatic annotation environment of GenDB. These data had then to be directly
imported into the database by the authors of GenDB. Further collaborative effort was
necessary to annotate remaining genes inside GenDB. The export of the final annotation
had to be modified manually by GenDB staff in Bielefeld in order to satisfy submission
criteria for the annotation of truncated genes, tRNA, and rRNA as requested by the EBI.
Thus, at this stage, it was only possible to effectively use GenDB in collaboration with the

University of Bielefeld.

In order to facilitate local analysis of data deriving from genome sequences
available in Giessen, we implemented a modular approach (p2, p4, p7). In this analysis, a
primary first-pass automatic annotation by RAST or GenDB was imported into GECO and
an annotation matrix of highly similar genes in reference genomes was exported
(bidirectional best pair annotation mode). The remaining genes were comparatively
annotated by homology to multiple reference replicons inside the GECO visualizer
ensuring consistent nomenclature for modules of genes. In the case of inconsistent
references, live-queries versus public databases (NCBI, Pfam, STRING) were included to
update spreadsheet information. Similarly, identification of surface-associated proteins by
Augur enabled the use of consistent notation by adding the type of domain in brackets (e.g.
cell wall surface anchor family protein (LPXTG motif)). Recognition of truncated genes by

browsing genomes in search for homologous regions that displayed a gene with differing
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lengths in one or several replicons completed the annotation process. The resulting matrix
was integrated into a database created in this thesis, overlaying and extending the primary
automatic annotation. Finally, data was automatically checked for errors (double spaces,
non-consecutive numbering of identifiers, etc.) before export of an annotated flatfile to be

submitted to the EBI database prior to publication.

Listeria Listeria
Listeria monocytoge monocytoge

EC Gene monocytoge  nes 4d nes 4e

number name Product nes 4b L312 ATCC19117 SLCC2378

3.6.3.31 ABC transporter *0033 *0033 *0033
2.7.76 rpoC  DNA-directed RNA polymerase, beta' subunit 0259 0269 0274
hypothetical protein *0265 *0275 *0280
hypothetical protein *0266 *0276 *0281
hypothetical protein *0289 *0300 *0304
hypothetical protein *0309 *0327 _
tatC Sec-independent protein translocase *0360 _ _
1.11.1.- tatA Sec-independent protein translocase *0361 _ _
hypothetical protein *0364 _ _
iron permease, FTR1 family *0365 _ _
1.11.1.- iron-dependent peroxidase, putative *0367 _ _
hypothetical protein *0378 _ _
hypothetical protein *0379 _ _
hypothetical protein *0380 _ _
hypothetical protein *0382 _ _

Figure 14. Excerpt of the final annotation matrix produced for strains of L. monocytogenes (p7).
Numbers inside replicon columns refer to the respective locustags to be overwritten (e.g. Imo0001).
All genes that could not be automatically annotated by high bi-directional best pair homology to a
well-annotated reference were marked with an asterisk. If only one gene inside a cluster did not
pass this cutoff, the complete cluster was manually assessed in detail.

The new comparative annotation approach is most useful for the simultaneous
annotation of multiple replicons and in the presence of well-annotated and closely related
references. Since only one annotation per cluster is necessary, it is not only faster but also
ensures a congruent annotation of orthologous genes. Identification of diverging or
fragmented genes is simplified and only basic knowledge of correlative functions of

spreadsheet software is necessary.
3.1.6 Total replicon visualizations using Mauve and GenomeViz identify
global similarities

Visualization of homologous regions of complete replicons is a common first step in
assessing the degree of relationship connected with evolutionary patterns of insertions and

deletions.

26



EEa e T P T T e O copper-detox
L.m.1/2b pLM33 R ERE Sty ——— I cadmium-detox
. P e A o ng m:'r;. EFLE O arsenite-detox
[ MM ] OO Il
L.m.1/2a pF2-515 3503 080TE00 00 e TN £ 08, © D 3ol g e
LomaBacgasae L 0% 1S apeRA e R R T 77
2885 £ Ol pemik
Laia )
L.m.7 pLM7UG1 o I, r Dru:q_n:nndz::umt:h_“ R/M, Abi
N6dan 2N sadoo  osboo  nobon  asdoo  aoboo  asboo B sob kdp potassium
SENELLY
L.m.1/2c pLM1-2cUG 1 :' S \‘."\.‘
T
7EI [ai=) g '7‘1
L.m.1/2bpJ1-194 R = e N v e T PN P
n B i S e ByE =480 —<500 30000 35000 obo0 adosw

5056 855060
————
=

L.m.1/2b pLM1-2bUG1 & pgy e, —

e — ;
T R N N

L.m.1/2b pR2-503

L.m.4b pN1-017

L.m.1/2a pLM5578

o o 7
L.m.1/2apLMJO161 [T FRPPIITYN 1 T o

55800 60600 65600 70500 75500 & 50800

L.m.4b pLM80

L.gr. pLGUG1

L.in. pLI100

L.m. pCT100

Figure 15. Mauve alignment of listerial plasmids including functional modules (p2). All plasmids
share a common theta-type replicon (left and right of the dotted lines, respectively).

Thus, the ancestral relationship of all of the Listeria plasmids could easily be
visualized, together with the various degrees of conservation resulting from multiple indels
(p2). Subsequently, functional modules were clustered to reveal the impact of these
adaptations i.e. on the ability of the host to resist heavy metal or oxidative stress, as well as
invasion of foreign DNA. A similar approach was undertaken for the depiction of listerial
chromosomes, but the higher degree of similarity of these replicons resulted in a figure

bearing only little informative value.
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Figure 16. GenomeViz depiction of transcriptome data showing coding sequences (gray), phage
genes (blue) and virulence genes (black), as well as their degree of intracellular regulation (red=up,
green=down) inside four listerial strains from outside to inside (p6).

GenomeViz is more suitable for the display of similar genomes due to its ability to
include various types of discriminating data. Thus, the intracellular up-regulation of
prophage genes in listerial chromosomes was immediately recognizable (p6). The software
package GenomeViz is suited for the display and comparison of similar genomes because
of its ability to include varying types of data and for plotting this data in common formats.
By zooming onto the areas of difference or similarities, information relating to individual
genes can now be represented and analysed in greater detail. Similarly, any set of data e.g.

SNPs, can now be mapped onto these genomes and analysed in a similar fashion.
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3.1.7 Creating and assessing phylogenies

A further option is to depict relations between organisms using taxonomic trees. Here,
minor sequence diversion (phylogenetic) or the presence/absence of genes approximately
representing functions that are frequently the result of horizontal gene transfer

(phenotypic) is possible.

In order to compare the difference between these approaches, multiple trees were
generated to assess the evolutionary distances between the sequenced listerial

chromosomes (p7).
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Figure 17. Phylogenies of listerial chromosomes displaying (A) a phylogram of a 2 Mb alignment
of core genes, (B) a cladogram of the same data to allow the recognition of branchings, (C) a
phylogram of the accessory gene content (p7). Lineages of L. monocytogenes are denoted by roman
numbers (I-III) and only bootstrap support values below 80% are acknowledged. Phylogenomic
groups (PG) mark strains that are closely related according to their core genome SNPs.

In order to visualize a representative set of SNPs between strains, which could
roughly represent temporal divergence of strains when assuming comparable rates of
evolutionary adaptation, nucleotide sequences of all core genes were included. Thus, a

whole-genome cluster matrix of 19 listerial strains, harbouring the most representative pan-
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genomic distribution of genes of genus Listeria currently available, was created with
GECO. In order to limit the comparison to completely conserved orthologs, all non-core
clusters or clusters with paralogous genes were removed from this list. Identifiers of all
remaining core genes of the strain Listeria monocytogenes EGD-e were extracted and
nucleotide sequences of homologues inside all strains were exported by GECO, aligned,
and transformed to phylogenomic trees using multiple algorithms. These resulted in
identical topologies with consistent bootstrap support values of >80%, implying a high

stability of the observed branching.

Another tree was built based only on the distribution (presence/absence) of
accessory genes to identify the impact of indels, which represent gain and loss of specific
functions often based on horizontal gene transfer. A whole-genome matrix of all strains
was extracted from GECO and the presence or absence of a homologue inside a cluster
was transformed to “1” and “0”, respectively. This matrix was supplied to the GeneContent
software and a tree was inferred, which revealed low bootstrap support at the central genus

junction indicating indels of early accessory genes that lead to contradictory topologies.

The resulting trees showed a largely conserved topology similar to known MLST
phylogenies based on housekeeping genes, but differed considerably when considering
branch lengths. Long common histories of strains of each lineage as displayed by the core-
genome tree have resulted in only a small number of conserved lineage-specific genes.
Gene content furthermore implies relatively homogeneous distances between strains of
different lineages of L. monocytogenes and obligate apathogenic species, implying a lack
of conservation of accessory genes often associated with horizontal gene transfer. Thus, the
observed differences in phenotype of apathogenic species and lineages of L.
monocytogenes seem to result mostly from adaptation due to SNPs and a relatively small
number of gene-scale indels. In order to assess the impact of groups of genes on tree
topology the respective indels could be easily removed from the underlying matrices. This
revealed a slightly obfuscating influence of prophages and mobile genetic elements,
because of the insertion of multiple genes in one evolutionary event, leading to a bias in

the "true" phylogenetic signal represented by the SNP-based core genome tree.

While the steps included in this analysis could also be facilitated in a more manual

fashion using a combination of other tools, the ability of GECO to instantly reveal pan-
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genomic distributions of genes, which can be easily filtered for clusters of interest followed
by extraction of the respective nucleotide or amino acids, greatly simplifies the application.
3.1.8 Pan-genome distribution and prediction of total size

In order to understand the diversity present in a pan-genome and predict its total size, the

extent of conservation can be depicted in the form of graphical plots.
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Figure 18. Pan-genome analysis showing (A) pan-genome size after consecutive addition of strains,
(B) mutually conserved core genes, (C) total degree of conservation in 1-16 strains (p7).

A module was added to GECO that consecutively adds homology distributions of
1-x strains to assess changes in the number of pan-genome and core genes within an
increasing number of included strains. For the species L. monocytogenes pan-genome,
chromosomes of 16 strains were added 10000 times without replacement and in a
randomized order. The size of the total species pan-genome is extrapolated by power law
regression that was previously described to reflect the rate of discovery of new genes in a
pan-genome based on currently available data [98]. Furthermore, lists produced by GECO
can be filtered to reveal the distribution of genes in the current pan-genome by considering
the exact degree of conservation ranging from core to strain-specific genes (GECO whole-

genome cluster matrix).

The results indicate that L. monocytogenes is a highly conserved species with a core
genome comprising approximately 75% of each strain, and is thus similar to species
Streptococcus pyogenes, Streptococcus agalactiae, and Haemophilus influenzae. An
abundant core genome seems to be the hallmark of specialized parasites as well as
primarily saprotrophic commensal bacteria such as listeriae, which imply that these
genomes are highly adapted to the respective growth niches. Limited natural competence,
which has been described for the genus [66], and the presence of restriction modification

systems and adaptive immune systems in some strains of the pan-genome support the
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observed stability. Nevertheless, it is capable of adapting and integrating horizontally
transferred genes. The pan-genome prediction of 6000 genes after 100 strains have been
sequenced, i.e. twice as large as the genome of each individual strain, indicates that the

pan-genome of Listeria monocytogenes is larger than previously suggested [88,89].

Thus, implementation of this functionality in GECO reduces the amount of time

necessary to obtain an overview of pan-genomic populations to a matter of minutes.

3.1.9 Delineating the impact of duplication and horizontal gene

transfer

Gene duplication and horizontal gene transfer are crucial processes for the evolution of

genomes leading to variation of gene dosage and the acquisition of new functions [99].

Putative duplicates can be detected based on GECO homology matrices, which
automatically join paralogous genes of one replicon inside a cluster. The ages of the
respective duplications are related to the observed degrees of sequence similarity, since
duplicates are frequently subject to relaxed selective pressure and heightened mutation.
Different measures of homology used for the creation of matrices can thus differentiate
between predicted ages of duplication events. HGT is recognizable as a deviation of the
sequence composition of a gene from that of the remaining genes of the host chromosome
(e.g. using SIGI-HMM). While these methods result in reasonable approximations, highly
similar genes horizontally transferred from a related strain can still be misclassified as
duplication. Furthermore, the codon-usage of HGT genes is subsequently adapted to that of

the host strain, thereby masking the origin of older insertions.

In order to delineate the impact on the evolution of species L. monocytogenes, these
processes were identified and correlated with putative functions (p6). Most duplications in
listerial genomes seem to be ancient since they predate speciation and the number of highly
similar genes was found to be low. Classification of duplicated genes by metabolic
pathways showed that carbohydrate metabolism was primarily affected, which probably
represents an adaptation of the last common ancestor of listeriae to nutrients available in its
growth environments. Putative horizontally transferred genes were rarely classifiable,
implying that these relatively recent events had little apparent impact on housekeeping, but

may have supplementary function in promoting growth and/or virulence in specific niches.
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3.1.10 Comparative identification of hyperdynamic hotspots and mobile

genetic elements

The colinearity of chromosomes of L. monocytogenes permitted the use of an elegant
method to identify regions of dissimilarity analogous to a previously published approach
based on phylogenetic conservation [38] (p4, p7). Apart from mobile genetic elements and
prophages, this analysis also uncovered hyperdynamic loci frequently associated with
multiple insertion elements, suggesting reduced purifying selection at these sites, which

create hotspots for the insertion of additional content.
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Figure 19. Bar chart depiction of non-core regions of 16 chromosomes of L. monocytogenes
relative to the layout of reference strains EGD-e (p6). An inversion found in strains 08-5923 and
08-5578 was removed previously. Identified mobile elements and their putative target genes are

noted if applicable, as well as hyperdynamic hotspots.

A synteny homology matrix exported from GECO identifies commonly conserved
core genes, as well as genes located in between. All core genes showing a break in the
synteny (translocation, inversion) relative to a reference strain are removed from the pool.
The final result is the number of genes located between syntenic core genes, which can be

plotted as a bar chart for each individual strain using standard spreadsheet software. The
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exact borders of mobile genetic elements were later refined based on annotation, deviation
of GC-content and comparative analysis with sequenced bacteriophages and strains of

genus Listeria using the GECO visualization interface.

Within the species L. monocytogenes, insertions of foreign DNA and other
modifications were highly associated with nine highly variable regions, which contain one
fourth of all accessory genes. Apart from well-known major pathogenicity factors such as
internalin A/B and Listeriolysin S, these loci also show a large number of transposases,
restriction-modification systems and surface-associated genes, which represent numerous
separate events of insertion, deletion, and recombination. Mobile genetic elements are rare
in the species (three transposons, two islands), but display some adaptive potential as seen
by the integration of genes for heavy metal resistance, as well as cell-surface-associated
proteins. Furthermore, nine different prophages were detected that seem to bear a function
in intracellular survival. These encompass one third of the accessory genome. Strains of
serogroup 4 were previously described to be resistant to phages due to a differing cell wall
composition [100]. This is supported by comparative data on 4b strains, but excludes strain

4a 199, that harbours three prophages.

This strategy can identify putative single insertional events implicating mobile
elements (indicated by high peaks in a subset of strains), as well as hyperdynamic hotspots
(indicated by clustered sets of lower peaks in all strains. Nonetheless, distinction between
insertion and deletion necessary for the reliable detection of horizontal gene transfer is not
a trivial task and requires manual inspection. A gene present in only one strain of a species
may also have been vertically inherited and lost in an ancestor of all other strains of the
species. While the phylogenetic distribution is a helpful first indicator, delineation of these
processes necessitates an inspection of homologous regions in strains showing a putative
deletion for remnant nucleotide sequences of the missing gene (junction sequence). This
task can be accelerated by using the sequence extraction interface included in GECO,
which retrieves any number of nucleotides from a replicon based on the location, followed

by comparison with multiple sequence alignment software.
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3.1.11 Finding and describing genes which support taxonomic or

phenotypical divisions

Identification of genes that are determinants for phylogenetic or phenotypic groups is a
significant step of pan-genomic analysis that is simplified when using GECO homology
matrices (pl, p6, p7). Columns bearing strains of the respective taxa (e.g. lineages,
serotypes, pathogenic/apathogenic) can be filtered using any spreadsheet software to reveal

specifically conserved indels.

In order to gain an overview of the general functional category of genes, these can
be classified according to sequence-clusters collected by public databases (e.g. COG,
KEGG). The presence of a surface-associated domain that may indicate a protein-
interaction frequently associated with virulence or pathogenicity can also be predicted

based on sequence similarity (e.g. using Augur).
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Figure 20. Functional classification of accessory genes according to the COG database can reveal
the direction of gene-scale adaptation of different strains (core genes are denoted in brackets inside
the legend).

Using these strategies, 45 genes were found to be conserved in pathogenic lineages
I/Il and absent from less pathogenic lineage III, and frequently indicated in functions
which may be advantageous for survival inside a host (e.g. metabolism, stress response,

invasion), supporting a mostly reductive evolution of strains of lineage III.



We furthermore identified 33 lineage-III-specific, 22 lineage-1I-specific and 14
lineage-I-specific core genes. Interestingly, the distinct lineage core repertoire of lineage II
includes predominantly genes involved in carbohydrate metabolism organized in three
operon-like islands, while those of lineages I and III mainly consist of hypothetical and
surface-associated proteins scattered over the respective chromosomes. This indicates that
ancestral strains of lineages I and III diverged from lineage II by gene loss related to
carbohydrate metabolism and gain of surface-associated genes serving different needs of

interaction with the environment.

Serogroups or —types rarely displayed specifically conserved core genes, with the
exception of serogroup 4, which were already described to be responsible for differences in
teichoic acid composition [101]. Thus, observed variable antigenes of other serogroups or
—types either result from minor changes inside coding genes, from differences located in

intergenic regions, or a combination thereof.

Similarly, no specific core indels could be found for strains of serotypes most
commonly associated with human listeriosis (1/2abc, 4b), implying multiple varying genes

or minor mutations to be effectors of virulence and pathogenicity.

Analysis of surface-associated proteins displayed conserved lineage-backbones
with frequent strain-specific adaptations. Internalin-like proteins revealed a relatively
homogeneous distribution in lineage 1. Lineage II and III show more profound variation
implying complex lifestyles for these strains. A total of nine new putative internalins were
identified in this study, which represent future candidate genes for research into virulence

factors.

3.1.12 Bioinformatic identification of small non-coding regulatory RNAs

While wet-lab technologies such as microarray hybridization or RNA-Seq are most reliable
in discovery of new sRNAs, the presence of known sRNA sequences can be identified in
other strains using bioinformatic approaches. The sSRNAdb software was designed to allow
identification of sSRNAs based on sequence homology (BLASTN) to published, predicted
and experimentally verified SRNAs (p5).
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Figure 21. sSRNAdb comparative regional visualization of SRNAs including genomic
neighbourhood. Comparative display of loci surrounding homologs (thin red arrow) of a reference
sRNA (broad red arrow) including other known sRNAs (orange arrow), protein-coding genes (blue

arrow) and terminators.

The software developed can be locally installed and focuses on the ability to search
for large numbers of SRNAs inside whole genomes with different degrees of detail. These
include (i) a query interface for tabular data of known sRNA, (ii) an alignment interface to
extract a matrix of presence/absence of multiple SRNAs in multiple replicons based on a
defined measure of homology, or to identify differences between sRNAs down to the level
of SNPs, and (iii) a regional visualization interface to find and compare sRNAs including

the surrounding locus of genes and associated promoters and terminators.

Complete genome sequences of listerial chromosomes and plasmids were searched
with sSRNAdb for all experimentally verified SRNAs of strain L. monocytogenes EGD-e.
This analysis identified a high degree of conservation of chromosomal sRNAs and the
presence of additional SRNAs on listerial plasmids, which may therefore serve as sSRNA
transfer vectors (p2, p7). Nonetheless, difference in the distribution of trans-encoded RNA
was seen on the chromosomes, hinting at a diverse range of regulatory adaptations. This is
in contrast to highly conserved cis-regulatory elements that were considered to be present

in the last common ancestor of L. monocytogenes.

3.1.13 Identification and visualization of CRISPR adaptive immune

systems

CRISPR systems comprise of multiple Cas (CRISPR associated) genes, which encode for

proteins that process exogenous DNA for insertion into CRISPR arrays (spacer), which
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when transcribed subsequently silence the incoming homologous DNA. In order to assess
the impact of CRISPR systems in the genus Listeria, the homology and distribution of Cas

genes and arrays were identified and compared.

CRISPR spacer/repeat-arrays were identified with available software (e.g. PILER-
CR, CRT), complemented by BLASTN searches of consensus repeat sequences and
manual assessment to remove false positive predictions. In order to identify possible
targets, resulting spacers of CRISPR arrays were compared to published sequence data
using BLAST. Cas genes were identified by sequence similarity to previously annotated
Cas genes in the NCBI or Pfam databases, and by searching the annotation of genes

located in the vicinity of CRISPR arrays using GECO.
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Figure 22. GECO homology depiction of genes of a chromosomal region of 16 strains of L.
monocytogenes strains harbouring two identified CRISPR arrays (number of spacers depicted
inside box) (p7). Locus 1 lost its associated cas genes and is likely dysfunctional. Locus 2 was
putatively inserted into an ancestor of strains L. m. 4a .99, 7 SLCC2482 and 1/2b SLCC2755,

since no remnant sequence of this module could be identified in other strains.

A detailed analysis and visualization of these data necessitated the combination of
homology and positional information. Thus, a Java-based program called
BlastclustToMatrix was written to combine the clusters created from a homology analysis

of spacers by BLASTCLUST with the order of spacers in the respective replicons. The

39



result of this analysis is a tab-delimited spreadsheet, which permits the identification of

specific and homologous spacers, as well as their position in the respective CRISPR arrays.

A B

Spacer Spacer

4 5 6 7 8 1 2 3 4 5 6 7 8
u u u PSA  A500 B054
U U U U U

Lineage Strain 1
L. m. 4c SLCC2376 u
L. m. 4a 199 U
L. m. 3a SLCC7179 u
L. m. 3c SLCC2479 10
L. m. 1-2¢c SLCC2372 10
1l L. m. 1-2a 08-5923 29
L. m. 1-2a 08-5578 29
L. m. 1-2a SLCC5850 u
L. m. 1-2a EGD-e 10
L. m. 7 SLCC2482

L. m. 1-2b SLCC2755
L. m. 3b SLCC2540
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Figure 23. Extract of CRISPR array locus 1 of 16 strains of L. monocytogenes (p7). (A) Depiction
of identical spacers with the same numbers and unique spacers with "U" sorted by distance to Cas
genes (column 1=youngest, 8=oldest). Modules bearing related spacers were colour coded. (B)
Putative target of CRISPR spacers to be silenced with a maximum of one nucleotide mismatch
(perfect matches = bold). Spacers targeting prophages located in the same chromosome are shown
with a border.

Analysis of 16 L. monocytogenes strains revealed, that five strains exhibited
putatively functional CRISPR/Cas systems of two subtypes. The heterogeneous
distribution, which was not correlated to the presence of prophages in the respective
strains, suggests a supplementary function for these systems. All identifiable spacers
targeted known bacteriophages, including 11 instances of spacers targeting prophages
located in the same chromosome, which may lead to active silencing. The only commonly
present array (dysfunctional locus 1) displayed a clear separation between spacers of all
lineages indicating that (i) the last common ancestor of L. monocytogenes harboured a
CRISPR system, and that (ii) it was lost in a common ancestor of lineage I and also during
multiple independent events in strains comprising lineages II and III. Nine strains were
found to possess other restriction modification systems, which could also contribute to
degradation of invading DNA. Nonetheless, for five strains no identifiable defence against
bacteriophages was detected. Therefore, observed chromosomal stability of listeriae may
result from (i) limited natural competence, (ii) the presence of yet unknown genes serving

a purifying function, or (ii1) a largely destructive effect of HGT that may disrupt regulatory
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structures or increase the energetic burden leading to a loss of fitness for the respective

highly adapted strain.

Thus, the type and degree of relatedness of CRISPR arrays between various strains,
putative age of spacers, target bacteriophages, and possible silencing of prophages already
present in the chromosomes could be recognized. The diversity of spacers inside these loci
may also be useful for future typing systems. Use of the described prediction and analysis
strategy relies on open-source software that was partially developed for publications

underlying this thesis (GECO, BlastclustToMatrix).

3.1.14 Problems encountered and possible solutions to further

streamline analyses

Presently, comparative annotation with GECO incorporates multiple manual steps
including visual interpretation of syntenic regions, semi-automatic connections to third-
party databases (Pfam, STRING, COG) for spurious matches, assembly of information
within external spreadsheet software, and reliance on an unpublished software component
to update annotation and export flatfiles. Replacement of these with concise web-based

interfaces with precomputed data inside GECO will improve the annotation process.

The lengthy gap closure phases pose another problem, since they necessitate
constant transfer of annotation to the most recent sequence version. While these data can
already be mapped semi-automatically using available GECO annotation matrix functions,
the process should be extended to distinguish between current and former contig borders to

improve sensitivity and specificity.

Delineation between insertion and deletion is currently based on extensive manual
assessment to identify putative loci by phylogenetic distribution and deviating sequence
composition, and to compare resulting nucleotide alignments to recognize junction
sequences. Automation of these steps will be highly useful to permit efficient analysis of

large datasets.

Since some homology matrices (e.g. synteny mode) demand large processing
capacities from the webserver due to the use of live BLAST searches, GECO is unable to
support many large numbers of concurrent users. Future plans include the support of

distributed computing solutions to relieve the webserver.
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3.2 Summaries of Publications
The following text offers a brief summary and complete of results of publications

employing the software packages described above.

3.2.1 Complete genome sequence of Listeria seeligeri, a non-
pathogenic member of the genus Listeria
3.2.1.1 Methods and Contribution

Annotation: The author was a lead participant in annotation according to principles

outlined above.

Bioinformatic analyses: The author performed the phylogenomic analysis using MAVID

and MEGA, functional mapping by COG classification using Augur and comparative

analysis with related species with the GECO analysis server.

Draft: The author drafted the manuscript.

3.2.1.2 Summary

Analysis of non-pathogenic type strain L. seeligeri SLCC3954 isolated from soil identified
common loss of genes related to intracellular survival combined with limited gene gain
focused on metabolic pathways relevant for a saprophytical lifestyle, indicating a common
evolutionary path towards genome shrinkage already described for other apathogenic
species. Thus, an ancestor of species L. monocytogenes may have consecutively lost

determinants for pathogenicity thereby spawning other apathogenic species.
3.2.2 Comparative analysis of plasmids in the genus Listeria

3.2.2.1 Methods and Contribution

Genome finishing: The author conducted all bioinformatic steps involved in the complete

sequencing of plasmid pLM7UGI1 from a genomic 454 pyrosequencing run as already

described.

Annotation: The author comparatively (re-)annotated 14 plasmids according to principles

outlined above.
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Bioinformatic analyses: The author comparatively analysed and visualized the data

including global synteny analysis using Mauve, creation of a phylogenetic tree based on
the replication initiation protein using Clustalw and Dendroscope, as well as comparative
analyses using GECO and installation of a public server (http://bioinfo.mikrobio.med.uni-

giessen.de/geco2plasmids).

Draft: The author drafted the manuscript.

3.2.2.2 Summary

In order to assess the evolutionary origin and functional contribution of plasmids in genus
Listeria, four new plasmids were sequenced to closure and annotated, thus extending the
public data available by the first plasmids of L. monocytogenes serotypes 1/2c and 7 as
well as the first plasmid of species L. grayi. These were comparatively analyzed in
conjunction with 10 additional publically available listerial plasmid sequences. Prior to the
incorporation into the analysis a complete reannotation of these plasmids was performed in

order to remove artefacts based on different gene calling strategies.

All plasmids displayed a common theta replicon-type consisting of replication and
partitioning genes (repA-C) and a gene encoding an error-prone translesion DNA
polymerase IV that probably functions as an adaptive mutator generating genetic diversity.
Common to all plasmids was also the presence of a diverse range of transposition-related
genes. Listerial plasmids showed further homologies indicating ancestral relations and
ongoing horizontal gene transfer towards broad-host range plasmids of other Firmicutes
like Streptococcus, Enterococcus, and Bacillus, which are typical inhabitants of the gut
microbiota, thus implying the eukaryotic host, but also soil and water as niches for growth

and transfer of these elements.

Interestingly, four putative SRNAs previously identified in the chromosome of L.
monocytogenes EGD-e were also present on various plasmids, implying the dissemination

of non-coding regulatory RNAs by plasmids.

A number of genes were identified which may serve a role in defence against
bacteriophages, oxidative stress response, multidrug efflux, and heavy metal detoxification
which can increase bacterial fitness in the environment (e.g. soil and food processing
facilities) or the eukaryotic host and may result from selective pressures prevalent to these

niches.
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Taken together, the vast majority of plasmid-borne content represents supplemental
functionality that may induce a non-effective energetic burden when constantly

implemented in the chromosome, thus facilitating survival under stress conditions.

3.2.3 Genome-wide identification of small RNAs in the opportunistic

pathogen Enterococcus faecalis

3.2.3.1 Methods and Contribution

Bioinformatic analyses: Creation and application of a software (Crumbs) to automatically

design intergenic tiling-arrays for the detection of sSRNAs optimized for optimal coverage

according to the available size of the chip.

3.23.2 Summary

The first experimental genome-wide identification of SRNAs in the Gram positive
opportunistic pathogen E. faecalis V583 was facilitated based on tiling microarray
analysis. Thus, a software tool named CRUMBS was written in order to select probes for

custom microarray designs.
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CRUMBS 2.0 (sRNA probe extraction): window size: 50, overlap: 15
Enterococcus faecalis V583 + plasmids pTEF1, pTEF2, pTEF3

intergenic fragments gene and control fragments
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Figure 24. CRUMBS schematic overview of probe selection intended for the detection of
intergenic SRNA transcripts and positive control.

The selection process attempts to pick overlapping probes (fragments) from
intergenic regions while avoiding including mRNA of protein-coding genes. Therefore,
only those probes are considered valid, which do not overlap with a protein-coding gene in
the anti-sense direction, which necessitates a different handling of intergenic regions that
cannot accommodate one probe without overlap. Additionally, a 5’-sense overlap of
sRNAs with protein-coding genes was also included. Positive control probes can be
selected from known sRNA, tRNA, and rRNA genes. Size and overlap of probes are
variable and can accommodate different types of microarray chips. Since the software
relies on public flatfiles that include gene locations to automatically select probes, it can be

used to rapidly design custom microarrays for any prokaryote.

Thus, 11 sRNAs could be successfully characterized in Enterococcus faecalis
V583, thereby providing an impetus to the understanding of gene regulation in this

important human pathogen.
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3.2.4 Complete sequences of plasmids from the hemolytic-uremic

syndrome-associated Escherichia coli strain HUSEC41

3.2.4.1 Methods and Contribution

Genome finishing: The author conducted all bioinformatic steps involved in the complete

sequencing of four plasmids of E. coli HUSEC41 from a genomic 454 pyrosequencing run.

Annotation: The author performed the majority of the comparative annotation processes

for these four plasmids according to principles outlined above.

Bioinformatic analyses: The author comparatively analysed the data in conjunction with

reference replicons using Mauve and GECO.

Draft: The author drafted the manuscript.

3.24.2 Summary

Four plasmids from a historical enteroaggregative Shiga toxin-producing Escherichia coli
(HUSEC) serotype O104:H4 strain, HUSEC41/01-09591, isolated in 2001 in Germany,
were completely sequenced and annotated. Two of these were found to be mobilizable and
homologies to published plasmids were established in brief. Among the encoded functions
are resistances towards streptomycin and sulphonamides. Future sequencings and analyses
are supposed to reveal the degree of relation to the E. coli HUSEC strain responsible for an

outbreak in Germany in 2011.

3.2.5 sRNAdb: A small non-coding RNA database for gram-positive

bacteria

3.2.5.1 Methods and Contribution

Design and implementation: The author conceived and designed major aspects of the

sRNAdD database, application and interfaces, and implemented core structures in JAVA.

Draft: The author assisted in drafting the manuscript.

3.2.5.2 Summary

In order to identify and compare sRNAs inside prokaryotic genomes based on sequence
similarity, sSRNAdb was developed. The main advantage of this client/server based

software is its ability to rapidly detect and visualize multiple sSRNAs within complete
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replicons including the genomic neighbourhood of protein-coding genes, promoters and
terminators to clearly recognize differences between homologous regions. The public
server contains all published experimentally verified SRNAs of gram-positive bacteria, as
well as in silico predictions. SRNAdb can be locally installed to include user-generated

data.

3.2.6 Comparative genomics and transcriptomics of lineages I, II, and
III strains of Listeria monocytogenes
3.2.6.1 Methods and Contribution

Annotation: The author was a major participant in the annotation of L. monocytogenes 4a

199 according to principles outlined above.

Bioinformatic analyses: The author comparatively analysed the data in conjunction with

reference replicons using GECO and created figures of several loci (monocin, internalin
modules GHE-C2DE), performed the predictions of horizontally transferred genes using
SIGI-HMM, identified putative duplications using several homology analyses and
correlated these data with metabolic pathway categories, and assisted in the creation of two

GenomeViz figures depicting genome- and transcriptome-based similarities.

Draft: The author assisted in drafting the manuscript.

3.2.6.2 Summary

The main objective of this study was research on genome and transcriptome differences
between phylogenetic lineages of species L. monocytogenes, especially of the less virulent
lineage III. We completely sequenced virulence-attenuated strain 4a 199, being the first
strain of lineage III and serotype 4a, as well as a second strain of serotype 4b (CLIP80459)

and compared these to public data.

Loss and divergence of surface- and virulence-associated genes was identified as a

recurrent pattern for strains of lineage III.

Correlation of duplications and HGT with metabolic pathways revealed that the former
may have been used by an ancestor of all listeriae to extend carbohydrate metabolism,
while the latter has resulted in the insertion of genes putatively coding for supplementary

functions for specific niches (e.g. virulence).
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All of the compared strains display remnants of an ancestral dysfunctional
bacteriophage resistance CRISPR system, while strains of serotype 4a harboured a second
putatively functional CRISPR locus. These adaptive bacterial immune systems were thus
putatively present in an early ancestor of the genus, have then been lost in later early
ancestors, and finally reinserted by horizontal gene transfer into an ancestor of strains of

serotype 4a.

All strains displayed intracellular up-regulation of genes implied in virulence, stress
response and metabolism, which represent the core intracellular response of Listeria
monocytogenes in order to adapt to available nutrients and challenges of this niche.
Interestingly, pervasive intracellular up-regulation extended to prophage genes, an effect
that was confirmed by attenuated growth of chromosomal deletion mutants of genes /maB
and ImaD of the only common prophage locus (monocin) in the murine infection model.

The specific intracellular function of listerial prophage genes remains unknown.

Intracellular transcriptomic differences between strains were manifest at
intracellular regulation of carbohydrate flux and flagellar genes. Strain 4b F2365, which
does not down-regulate glycolysis in favour of the pentose phosphate pathway, as seen
with its more pathogenic cousins, suggesting that this property contributes to poor
intracellular growth of this strain. Strain 4a L99 also seems to be unable to down-regulate
its intracellular transcription of flagellin, which may lead to increased detection by the host

and promote rapid clearance.

In combination with observations of phenotypical attenuation of virulence in the
mouse model [102], these data imply a reductive evolution of strain 4a 199 and in
extension lineage III, which may signal an ongoing shift from a facultatively pathogenic
lifestyle to an obligate saprophytical one to establish a less stressful and thus less contested

presence in the host.

3.2.7 Dynamic integration hotspots and mobile genetic elements shape

the genome structure of the species Listeria monocytogenes

It should be noted that the supplementary material of this publication is currently

accessible at the following website until the publication process has been completed:
http://bioinfo.mikrobio.med.uni-giessen.de/dl/thesis_ck

user: thesisck321
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password: thesisck321

3.2.7.1 Methods and Contribution

Genome finishing: The author conducted all bioinformatic steps involved in the complete

sequencing of the chromosome of L. monocytogenes 7 SLCC2482 from a genomic 454

pyrosequencing run as already described.

Annotation: The author comparatively annotated 12 chromosomes of L. monocytogenes

according to principles outlined above.

Bioinformatic analyses: The author comparatively analysed and visualized the data

including global synteny analyses using Mauve, creation of phylogenetic trees based on
core gene alignments and gene content using GECO, Mugsy, MEGA and GeneContent,
current and future pan-genomic distribution of genes inside the species using GECO and
power law regression by Excel, identification and analysis of prophages and mobile
elements using GECO, identification of surface-associated genes using Augur,
identification and analysis of CRISPR/Cas systems using PILER-CR, CRT, BLASTN,
BLASTCLUST and BlastclustToMatrix, and installation of a public GECO server
(http://bioinfo.mikrobio.med.uni-giessen.de/geco2lisdb).

Draft: The author drafted the manuscript.

3.2.7.2 Summary

In order to fully access the genetic potential for survival in the environment and the
infected host, and thus evolutionary forces shaping the species, 11 new strains

encompassing all serotypes of L. monocytogenes were completely sequenced.

The species pan-genome was extrapolated based on 16 finished chromosomes,
thereby including the largest number of different genes currently available for species
comparison. L. monocytogenes displays a large core-genome (78% of genes) indicative of
a highly conserved species. The majority of accessory genes are located in nine
hypervariable hotspots and 15 mobile genetic elements or prophages, highlighting few
chromosomal regions as carriers for most horizontally transferred genes. The observed
chromosomal stability is not correlated with the presence of CRISPR/Cas systems or other
defences versus foreign DNA (RM, Abi), hinting at other mechanisms to maintain strain

integrity.
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Differences observed between phylogenomic and accessory gene content trees
imply that observed phenotypes of listerial species may largely result from deletions,

adaptation due to SNPs and a relatively small number of gene-scale insertions.

Deletion of genes described to be vital for virulence or pathogenicity was amplified
in strains of lineages III and II, confirming previous observations. Phenotypical
experiments found that only half of the compared strains could efficiently invade Caco-2
cells, which serve as a primary intestinal barrier. Virulence characteristics were
additionally assessed by injection into Galleria mellonella larvae, which identified five
strains as being virtually apathogenic under these circumstances, including both strains of

lineage III.

The distribution of small non-coding RNAs implicated the presence of partially
conserved regulatory RNA repertoires in all lineages, which may contribute to survival in
the environment or the host. Further candidate genes bearing pathogenic or diagnostic
potential were predicted based on the presence of functional domains and phylogenetic

distribution.

Summarily, this study presented a multitude of genes that are common or
disparately conserved considering lineages, serogroups, serotypes, and strains that will

assist diagnosis and future research of species L. monocytogenes.
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4 Summary

In this thesis, a general approach to complete de novo sequencing, annotation and
bioinformatic analyses of bacterial genomes and pan-genomes was devised and
implemented. The tools developed and implemented were used to process and analyse
genome- and transcriptome-based data that allowed a reconstruction on the phylogeny of
the genus Listeria and the evolution of adaptation traits enabling its survival in the

intracellular environment.

An efficient finishing pipeline was constructed using a combination of commercial
and open source components connected by self-written software that was successfully
employed for the assembly of one bacterial chromosome and five plasmids. In order to
achieve a congruent and exact annotation for 12 chromosomes and 18 plasmids, a modular
comparative annotation system was created including rapid primary automatic annotation
followed by manual corrections that can be easily used to predict functions for a large

amount of prokaryotic replicons simultaneously.

Considerable extensions to the author’s previously published GECO comparative
analysis suite were implemented to assess relations of prokaryotic strains inside pan-
genomes. These can be employed to (i) predict the total size of a pan-genome, as well as
the distribution of conservation to identify indels supporting taxonomic or phenotypic
divisions, (ii) rapidly export data necessary for the construction of phylogenomic and
phenotypical trees to delineate between minor mutations and horizontal gene transfer, (iii)
to identify and visualize diverging regions inside related replicons to recognize
hyperdynamic hotspots, mobile elements and prophages, (iv) and to comparatively
visualize limited regions for detailed assessment. A public GECO-LisDB comparative
analysis server was set up bearing the largest number of completely sequenced listeriae

available to date [97].

In order to allow comparative identification of small non-coding RNAs, a
client/server software called sSRNAdb was devised, which can rapidly detect the presence

of sSRNAs inside complete replicons.

These pipelines were employed for evolutionary analysis of genus Listeria focusing
on pathogenic species L. monocytogenes. All compared chromosomes of the species

displayed extensive similarities indicative of a highly conserved functionality. Observed
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differences between phylogenetic trees indicate that minor SNP variations may have a
profound impact on adaptation and thus available niches, while gene-scale indels often
associated with horizontal gene transfer are rarely conserved. Most duplications found
inside the genus are ancient and do not contribute to current evolutionary adaptation of

listeriae.

Differentially distributed genes were predominantly found in nine highly variable
regions or as a part of rare mobile genetic elements or prophages, highlighting the stability
of the backbone of the species. Interestingly, only a subset of strains displayed putatively
functional CRISPR adaptive immune systems of different types, or other identifiable
defences against aggressive foreign DNA, indicating other factors to sustain the observed

chromosomal stability, which now deserves further attention.

A further factor expanding the genomes in a subset of strains is represented by
plasmids, which putatively descended from a common ancestor. Plasmid-encoded genes
with identifiable functions frequently belonged to the category of stress response, which
may be most beneficial in defence against disinfectants applied in food processing

environments.

New candidate genes that may influence virulence of Listeria were predicted based
on their phylogenetic distribution, functional domains and intracellular expression.
Prophage-related genes had a major effect on intracellular survival of listeriae as

recognized by attenuated virulence of deletion mutants.

Loss of virulence was previously identified as a recurring pattern of listerial
evolution and could be seen in genomes, intracellular expression and phenotypes of several
compared strains of all lineages, especially lineage IIl. This indicates a drift towards an
obligate saprophytic or commensal lifestyle within the eukaryotic host, which may support
exchange of genetic information in the nutrient-rich gastrointestinal tract and serve as a

vector for transportation to a new location.

In conclusion, these studies aimed at the development of pipelines intended for the
identification of evolutionary patterns within the pan-genome of Listeria monocytogenes
and related species and uncovered new candidate genes valuable for diagnostics and

virulence research.
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5 Zusammenfassung

Im Verlauf dieser Dissertation wurden Werkzeuge entworfen und implementiert, die die
vollstindige de novo Sequenzierung, Annotation und bioinformatische Analyse von
bakteriellen Genomen und Pan-Genomen erlauben. Diese wurden eingesetzt um Genom-
und Transkriptomdaten zum Zwecke der phylogenetischen Rekonstruktion des Genus
Listeria zu untersuchen und die evolutiondre Anpassung an die intrazelluldre Nische zu

analysieren.

Hierzu wurde eine effiziente Pipeline konstruiert, die die notigen Schritte der
Sequenzierung von der Assemblierung bis zum Liickenschluss umfasst. Diese basiert auf
einer Kombination kommerzieller und freier Software, die durch eigens entwickelte
Programme verbunden wurden und erfolgreich zur Sequenzierung eines bakteriellen
Chromosoms und fiinfer Plasmide eingesetzt werden konnten. Weiterhin wurde ein
modulares komparatives Annotationssystem erstellt, welches eine gleichmifige parallele
Annotation mehrerer bakterieller Genome ermdglicht. Mit dessen Hilfe wurden 12

prokaryotische Chromosomen und 18 Plasmide annotiert.

Die bereits publizierte GECO Plattform zur komparativen Genomanalyse wurde um
mehrere leicht zugingliche Werkzeuge zur Pangenom-Analyse erweitert. Diese konnen
eingesetzt werden, (1) um die erwartete GroBe eines Pangenoms vorherzusagen und den
Grad der Konservierung einzelner Insertionen und Deletionen zu bestimmen, welche
ausschlaggebend fiir taxonomische oder phenotypische Gruppen sind, (ii) um rasch Daten
zu exportieren, die zur Erstellung phylogenetischer oder phenotypischer Biume genutzt
werden konnen, um die moglichen Auswirkungen von geringfiigigen Mutationen und
horizontalem Gentransfer gegeniiberzustellen, (iii) um divergente Regionen in mehreren
Genomen zu identifizieren, was zur Erkennung hyperdynamischer Hotspots, mobiler
Elemente und Prophagen genutzt werden kann, (iv) und um begrenzte Regionen im Detail
komparativ zu visualisieren. Ein 6ffentlicher GECO Webserver wurde aufgesetzt, der diese
Funktionalitit fiir die zur Zeit groBte Anzahl vollstindig sequenzierter Listerien-Genome

zur komparativen Analyse bereitstellt [97].

Weiterhin wurde eine Software (SRNAdb) entwickelt, welche die rasche
Identifizierung und Visualisierung von kleinen nicht-kodierenden RNAs aufgrund von

Sequenzihnlichkeiten erlaubt.
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Diese Pipelines wurden zur Analyse der Evolution des Genus Listeria und

besonders der pathogenen Spezies L. monocytogenes eingesetzt.

Alle verglichenen Chromosomen der Spezies zeigten weitreichende Ahnlichkeiten,
was auf einen hohen Grad an Verwandtschaft hindeutet. Die beobachteten Unterschiede
zwischen phylogenetischen Bidumen zeigen, dass geringfiigige Mutationen starke
Auswirkungen auf die Anpassung an verschiedene Nischen haben, wihrend Insertionen
und Deletionen vollstindiger Gene hidufig mit fliichtigem horizontalem Gentransfer
assoziiert sind. Die grole Mehrzahl der Duplikationen im Genus stammt aus der Zeit vor
der Aufspaltung in einzelne Spezies, welche somit zur laufenden evolutionidren Anpassung

der Listerien wenig beitragen.

Differentiell verteilte Gene wurden hauptsdchlich in wenigen hyperdynamischen
Regionen oder als Bestandteil von Prophagen und mobilen Elementen gefunden, was die
hohe Stabilitit der listeriellen Chromosomen hervorhebt. Diese beruht jedoch nicht auf der
Prisenz von CRISPR Immunsystemen oder anderen identifizierbaren Gegenmalnahmen,
die den Einbau von fremder DNA verhindern, sondern konnte eine Folge einer bereits

erreichten anndhernd optimalen Anpassung sein.

Die Genome einiger Stimme werden auflerdem durch Plasmide erweitert, welche
vermutlich von einem gemeinsamen Vorfahren abstammen. Auf diesen
extrachromosomalen Elementen fanden sich Gene, die hdufig mit der Anpassung an
StreBsituationen (Desinfektionsmittel, Antibiotika) assoziiert waren und so zum Uberleben

in Produktionsanlagen der Lebensmittel verarbeitenden Industrie beitragen konnen.

Weiterhin wurden mit Hilfe der phylogenetischen Verteilung, der Prisenz
funktionaler Dominen, sowie der intrazelluliren Expression neue Gene identifiziert,
welche moglicherweise zur Virulenz oder Pathogenitit von Listerien beitragen.
Eingeschriankte Virulenz von Deletions-Mutanten hat gezeigt, dass einige Prophagen-

assoziierte Gene auf noch unbekannte Art zur intrazelluldren Anpassung beisteuern.

Die Verringerung der Virulenz wurde bereits als verbreitetes evolutionédres Muster
von Spezies L. monocytogenes beschrieben, was die vorliegende Arbeit durch Genom-,
Transkriptom- und phenotypische Daten bestidtigen konnte, insbesondere hinsichtlich der
Abstammungslinie III. Diese weist auf eine Verschiebung in Richtung eines obligat
saprophytischen oder kommensalen Lebensstiles innerhalb eines eukaryotischen Wirtes

hin, was den Austausch von genetischer Information im néhrstoff- und bakterienreichen
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Gastrointestinaltrakt begiinstigen konnte. Der Wirt dient vermutlich aufBlerdem als

Transportmittel um eine Verteilung der Listerien zu gewéhrleisten.

Zusammenfassend 14Bt sich sagen, dal in den zugrundeliegenden Publikationen
bioinformatische Pipelines erstellt und angewandt wurden, welche zur Aufkldrung
evolutionirer Muster des Pangenoms von Listeria monocytogenes und verwandter Spezies
genutzt werden konnten. Weiterhin wurden neue Gene identifiziert, welche zu zukiinftigen
diagnostischen Methoden beitragen konnen oder moglicherweise mit der Virulenz

einzelner Stimme im Zusammenhang stehen.
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6 Abbreviations

Abi
asRNA
bp

cas
CDS
COG
CRISPR
ddNTP
DNA
FIC
HGT
HMM
indel
LIPI
LRR
Mb
MLST
NCBI
ncRNA
ORF
PCR
RNA

SNP

Spp.

abortive infection

antisense small non-coding RNA

basepairs

CRISPR-associated

coding sequence

clusters of orthologous groups

clustered regularly interspaced short palindromic repeats
dideoxyribonucleoside triphosphates
deoxyribonucleic acid

filamentation induced by cyclic adenosine monophosphate
horizontal gene transfer

hidden markov model
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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 seeligeri 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 dnaA gene, which is positioned diametri-
cally opposite to the replication terminus. We identified six
16S-23S-5S 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.
monocytogenes, L. innocua, L. welshimeri, and L. seeligeri and
conclude that the “phylogenomic” relationship corresponds
exactly to phylogenetic analysis based on either 16S 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.

We thank Alexandra Amend, Claudia Zorb, Nelli and Juri Sch-
klarenko, and Prisca Viehoever for excellent technical assistance.

This work was supported by the fund obtained from the BMBF through
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Abstract

Background: We sequenced four plasmids of the genus Listeria, including two novel plasmids from L. monocytogenes
serotype 1/2c and 7 strains as well as one from the species L. grayi. A comparative analysis in conjunction with 10 published
Listeria plasmids revealed a common evolutionary background.

Principal Findings: All analysed plasmids share a common replicon-type related to theta-replicating plasmid pAMbetal.
Nonetheless plasmids could be broadly divided into two distinct groups based on replicon diversity and the genetic content
of the respective plasmid groups. Listeria plasmids are characterized by the presence of a large number of diverse mobile
genetic elements and a commonly occurring translesion DNA polymerase both of which have probably contributed to the
evolution of these plasmids. We detected small non-coding RNAs on some plasmids that were homologous to those
present on the chromosome of L. monocytogenes EGD-e. Multiple genes involved in heavy metal resistance (cadmium,
copper, arsenite) as well as multidrug efflux (MDR, SMR, MATE) were detected on all listerial plasmids. These factors promote
bacterial growth and survival in the environment and may have been acquired as a result of selective pressure due to the
use of disinfectants in food processing environments. MDR efflux pumps have also recently been shown to promote
transport of cyclic diadenosine monophosphate (c-di-AMP) as a secreted molecule able to trigger a cytosolic host immune
response following infection.

Conclusions: The comparative analysis of 14 plasmids of genus Listeria implied the existence of a common ancestor.
Ubiquitously-occurring MDR genes on plasmids and their role in listerial infection now deserve further attention.
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Introduction determined that 95% of the L. monocylogenes plasmid-positive strains
were resistant towards cadmium versus only 13% of the plasmid-
negative strains [14] and that the cad4C genes were similar to those
previously detected in Staphylococcus aureus [18]. Only in two cases
antibiotic resistance of L. monocytogenes could be traced to a plasmid
[19,20]. Plasmids were also previously described for L. imnocua [2]

7]. Since L. monocytogenes exhibits resistance towards heat and cold and L. grayi [12]. Furthermore plasmids pAMbetal and pIP501 of
stress it can proliferate in food processing environments [8] and © y

thus colonize dairy and meat products which have caused several
outbreaks as well as sporadic cases of listeriosis [9]. Three
serotypes of the species L. monocytogenes viz. 1/2a, 1/2b and 4b are
responsible for 95% of all human clinical infections [10].
Extrachromosomal DNA was previously detected in many L.
monocylogenes wildtype strains with rates of isolation ranging from 0—
79% with an overall average of 30% [11-15]. Two studies which
examined 173 [14] and 322 [16] isolates of L. monocytogenes
respectively found an overrepresentation of plasmids in strains
from food and the environment in comparison to those obtained
from clinical cases. It was shown that plasmids were found more Results and Discussion
frequently (75%) in recurrent L. monocytogenes strains sampled from
food/processing environments than in those from sporadic strains Listeria plasmids overview
(35%) [17]. Plasmids were also more frequently associated with We determined the entire sequences of plasmids from L.
serogroup 1 strains compared to those from serogroup 4. It was monocytogenes 7 UG1 SLCC2482, L. monocytogenes 1/2c¢ UGI

The genus Listeria comprises six non-pathogenic species L.
marthu, L. innocua, L. welshimeri, L. seeligerr, L. grayi, and L. rocourtiae,
and two species with pathogenic potential viz. L. monocytogenes and
L. wanovii, which can cause both human and animal infections [1—

Streptococcus could be transferred to L. monocytogenes where they
stably replicated underlining the broad-host range of these
replicons and their potential for horizontal transfer between
strains of these genera [12,21]. The contribution of plasmids to the
infectious process has not been examined and their evolutionary
history is not yet well understood apart from homologies to other
gram-positive plasmids such as with plasmid pXO2 from Bacillus
anthracis which is required for the pathogenic properties of this
species [22-24].
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SLCC2372, L. monocytogenes 1/2b UGl SLCC2755 and L. grayi
subspecies grayi UGl DSM20601. For comparative analysis we
included sequences of the plasmids pLLM33 of L. monocytogenes Lm1,
pCT100 of L. monocytogenes DRDCS8, pLM80 of L. monocytogenes
H7858, pLM5578 of L. monocytogenes 08-5578 and pLI100 of L.
wmnocua Clipl11262 which were downloaded from the NCBI website
as well as further five gapped L. monocylogenes plasmid sequences
from strains FSL J1.194, FSL R2-503, FSL N1-017, FSL F2-515
and JO161 which were retrieved from the Broad Institute (http://
www.broad.mit.edu) database. All plasmid contigs were remapped
and reannotated.

It should be noted that plasmids sequenced by the Broad
Institute were found to contain a large number of SNPs leading to
truncated genes. A recent study assumed that higher selective
pressure was responsible for this phenomenon [23], but other
studies with this data have also indicated truncations in many
essential housekeeping genes on the chromosomes of these strains
[25] indicating an alternative explanation i.e. sequencing errors.
Indeed the average sizes of coding sequences from L. monocytogenes
plasmids sequenced in this study vary between 260 and 264 while
those obtained from the Broad study range from 131 to 245 amino
acids, respectively (Table 1).

Since it is not feasible to include locus tags for up to 14
homologs of a gene we decided to only include a gene name or
annotation in the text which can be used in conjunction with a
homology matrix (Table S1) to identify the respective loci.
Furthermore a public Geco server [26] including all plasmids of
this study as well as their reference annotations was set up (http://
bioinfo.mikrobio.med.uni-giessen.de/geco2plasmids/).

Phylogenetic clustering based on replication protein
All plasmids contained a similar minimal replicon consisting of
three genes necessary for replication (r¢pA) and partitioning (repB, r¢pC)

Plasmids in the Genus Listeria

as well as the origin of replication [27-32] and a gene encoding a
DNA polymerase IV. The replicon is a member of the pAMbetal
family of theta-replicating plasmids and its proteins are most closely
related to plasmids from the genera Bacillus (pXO2, pAWG63,
pBT9727), Streptococcus (pSM19035) and Enterococcus (pRE25, pVEF1,
pVEF2) with protein identities ranging from between 36-56%. An
exception to this homology was found to be RepC which shows no
sequence similarity but a similar location, size and orientation as its
putative functional homologs in the plasmids of the aforementioned
genera. The genes encoding repB/C are overlapping indicating an
operon. Interestingly, the translesion DNA polymerase has previously
been suggested to stimulate spontaneous deletions during DNA repair
[33,34] and could thus contribute to variation and adaptation of both
plasmid and host genes when present.

To examine the relationship of the plasmid backbones we joined
all fragments of the RepA proteins and used CLUSTALW [35] to
create a phylogenetic tree (Figure 1). This methodology clearly
confirms the relatedness of these plasmids to those present in other
gram-positive strains and separated the plasmids of genus Listeria
mnto two distinct phylogenetic groups consisting of L. monocytogenes
serotypes 7, 1/2¢, 1/2b, 4b FSL N1-017 and serogroup 4 DRDCS8
in one cluster and L. monocytogenes serotype 1/2a, 4b H7858, L.
innocua and L. grayi in the other. The plasmid of L. monocytogenes 1/2b
strain F'2-515 was an exception to this since it clustered with group 2
confirming observations from a previous study [23]. Plasmid sizes
generally correlate with the clustering based on the replication
initiation protein ranging from 32-57 kb in group 1 and 77-83 kb
in group 2 (Table 1), again with the exception of F2-515 which
belongs to group 2 but has a size similar to plasmids of group 1.

Comparative genetic analysis
The replicon-based distinction is mirrored by the gene content
to some extent, which indicates a highly similar set of genes for

@ PLoS ONE | www.plosone.org

Table 1. General features of 14 plasmids of genus Listeria.
Mean Number
Length of Amino Source/
Host Plasmid Isolation  Status [bp] ORFs? MGEs®  Acids per CDS Accession
L. monocytogenes 1/2b Lm1 pLM33 cheese closed 32307 36 9 258 GU244485
L. monocytogenes 1/2a FSL F2-515 pF2-515 meat contigs (11) 37163 61 12 131 Broad Institute®
L. monocytogenes 7 UG1 SLCC2482 pLM7UG1 human closed 50100 55 13 260 FR667690
L. monocytogenes 1/2c UG1 SLCC2372 pLM1-2cUG1 human closed 50100 54 13 264 FR667691
L. monocytogenes 1/2b FSL J1.194 pJ1-194 human contigs (1) 57536 69 16 223 Broad Institute©
L. monocytogenes 1/2b UG1 SLCC2755 pLM1-2bUG1 human closed 57780 63 16 261 FR667692
L. monocytogenes 1/2b FSL R2-503 pR2-503 human contigs (3) 56540 86 20 159 Broad Institute®
L. monocytogenes 4b FSL N1-017 pN1-017 trout contigs (3) 56037 62 13 245 Broad Institute®
L. monocytogenes 1/2a 08-5578 pLM5578 human closed 77054 76 1 291 CP001603
L. monocytogenes 1/2a J0161 pLMJO161 human contigs (2) 82700 920 10 266 Broad Institute®
L. monocytogenes 4b H7858 pLM80 meat contigs (2) 81588 88 1 264 AADR01000010,
AADR01000058
L. grayi subspecies grayi UG1 DSM20601 pLGUG1 chinchilla  closed 79249 99 8 224 FR667693
L. innocua 6a Clip11262 pLI100 cheese closed 81905 84 24 273 AL592102
L. monocytogenes 4 DRDC8 pCT100 milk closed 37279 34 6 292 U15554
“Open Reading Frames.
PMobile Genetic Elements.
“http://www.broad.mit.edu/annotation/genome/listeria_group.
Plasmid length does not include spacers which were inserted between contigs. All genes automatically predicted by GenDB [58] to encode a recombinase, transposase,
integrase, invertase or resolvase are denoted as mobile genetic element (MGE).
doi:10.1371/journal.pone.0012511.t001
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Figure 1. Phylogenetic tree of the replication initiation protein. Phylogenetic tree based on the replication initiation protein RepA of
plasmids of genus Listeria and related genera. In the case of pF2-515 and pN1-017 multiple proteins had to be merged due to premature stopcodons.
Clustalw [35] was used to create the multiple sequence alignment which was visualized using Dendroscope [60]. The clustering of the replication

initiation proteins shows a clear separation into two phylogenetic groups.

doi:10.1371/journal.pone.0012511.g001

most plasmids of group 1, with a more heterogenous distribution
for group 2 (Figure 2). Genes were considered homologs if BlastP
found a sequence identity of at least 30% covering more than 80%
of both proteins (Table S2). Apart from the replicon no other
feature 1s conserved overall, but all plasmids contain a cadmium
resistance operon (cadA/C) [18] with the exception of pLGUGI
which lacks cadC and harbors a transposase at that relative
position.

Apart from pCT100, plasmids of group 1 are closely related to
each other and mainly differ by two putative indel events. Most of
them can be grouped into two types which will be referred to as
pLisI (pLM7UG1, pLM1-2cUG1) and pLisII (pJ1-194, pR2-503,
pLM1-2bUG1, pN1-017). The smallest plasmid pLM33 was
previously described to contain multiple transposases, remnants
of Listeria phage A006, CRISPR associated protein Cas5 implied
in phage defense and a Clp protease related to Lactobacillus which
is involved in environmental stress response [23]. Despite
clustering with group 2 according to its rep-protein, the sequence
of plasmid pF2-515 shows a much higher homology to plasmids
of group 1 which is not reflected by its gene-content due to a
large number of false stop codons leading to a computed average
protein length of only 131 amino acids. The indel between
pLM33 and pLisl is 18 kb in size and contains multiple
transposases, a copper-transporting P-type ATPase and a multi-
copper oxidase (MCO) implied in copper detoxification [36].
Either one or both copper resistance genes show putatively
premature stopcodons in pLM7UGI, pJ1-194, pR2-503 and
pN1-017. All plasmids excepting the smallest plasmids, pLLM33,
pF2-515 and pCT100 contained a protein with a FIC domain
(filamentation induced by cyclic adenosine monophosphate)
which is implicated in the disruption of cellular functions

@ PLoS ONE | www.plosone.org

following transfer to the host cell cytoplasm during infection
[37]. The plasmids of type pLisl and pLislI differ by 6 kb. This
region encodes a transposase, a cadmium-transporting ATPase as
well as an NADH peroxidase and a periplasmic component of an
ABC-type glycine/betaine transport system closely related to
Aerococcus viridans ATCC 11563 with an identity of 97% and 55%
respectively. NADH peroxidases are described as being necessary
for decomposition of hydrogen peroxide accumulated during
aerobic growth [38]. This could play a role in intracellular
survival against hydrogen peroxide stress [39] as well as in
defense against disinfectants which are also known to induce
general and oxidative stress responses [40]. All plasmids of group
1 apart from pCT100, and pLGUGI of group 2, carry the
sequence of the PemlK toxin/antitoxin stable maintenance
system described for Lactobacillus salwarius UCC118 plasmid
pSF118-20 [41]. In most cases one of the genes (pLM7UGI,
pLM1-2cUG]I, pJ1-194, pLM1-2bUG1, pR2-503) could not be
identified by the gene prediction, which implies a decay of this
functionality in those strains.

Only half of the sequence of pCT100 is shared with any other
plasmid of the genus Listeria, including the replicon, a cadmium
resistance system, a copper transporter and an insertion of 6 kb
shared with pLI100 related to 12 kb plasmid pEWI104 of
Lactococcus lactis subsp. cremoris W10. Sequences present in this
6 kb fragment include two genes probably involved in replication
and a single-gene type I restriction and modification (R/M) system
called LlaGI which was shown to confer decreased bacteriophage
sensitivity to its host [42]. The other half of pCT100 consists of
multiple genes indicated in copper detoxification and a Na*-driven
multidrug efflux pump which belongs to the MATE family
(multidrug and toxic compound extrusion) [43].

September 2010 | Volume 5 | Issue 9 | e12511
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Figure 2. Complete alignment of plasmid sequences. Whole-sequence alignment of 14 plasmids of genus Listeria as computed by Mauve [59].
Relevant loci are marked specifically. These include genes involved in heavy metal detoxification (copper, cadmium, arsenite), multidrug resistance

(MDR: SMR, MATE), phage defense (R/M systems, Abi), oxidative stress

response, an incomplete type IV secretion system (T4SS), a PemlK stable

inheritance module, a Kdp-type potassium transport system and a sequence duplication. It should be noted that Mauve was not able to identify all

homologies due to algorithmic limitations.
doi:10.1371/journal.pone.0012511.g002

All plasmids of group 2 excepting pLGUG]! showed extensive
homology to plasmids of group 1 further indicating a common
ancestor. Plasmids pLM5578 and pLI100 share 76% and 45%
nucleotide identity with pLislII respectively, with only 18% identity
for the plasmids pJ0161 and pLLM80. The latter two plasmids are
closely related to each other and will be referred to as type pLisIIL.
Both contain a 40 kb region that is similar to plasmid pXO2 from
B. anthracis which can also be found in pLGUGI1 and to some
extent in pLM5578 which is thought to include an incomplete type
IV secretion system [22]. This system was shown to be insufficient
for conjugation in pXO2 [31]. They also share a locus of 20 kb
containing 24 genes including multiple transposases and two
restriction modifications systems, one of them related to type III
R/M system LlaFl of Lactococcus lactis [44]. This locus also harbors
a gene encoding a triphenylmethane reductase described for the
degradation of toxic synthetic dyes in Citrobacter [45] and a system
of two genes ebrAB, which create a heterodimer channel involved
in multidrug efflux in Bacillus subtilis [46]. The latter system
belongs to the small multidrug resistance family (SMR) and is
implied in resistance towards ethidium bromide and quarternary
ammonium compounds [47] commonly found in disinfectants and
could support persistence in food processing environments.

@ PLoS ONE | www.plosone.org

Plasmid pLMJ0161 contains a specific insertion of a gene
encoding an Abi-like protein implied in phage resistance [48].
The second half of pLGUGTI harbors a specific insertion spanning
24 kb which consists of a duplicated sequence comprising 17 genes
most of them hypothetical. In addition this locus includes a
Tn552-family transposase and a PemI/PemK post segregational
killing system. Other pLGUGI specific genes encode a MATE
family multidrug efflux pump distantly related to the one found in
pCT100. In pLI100 regions homologous to pLislI are interrupted
by multiple pLI100-specific insertions. One of these consists of six
genes related to potassium transport which span a region of 10 kb
and are located on the same strand implying an operon. This Kdp-
ATPase system [49] consists of a two-component signal transduc-
tion system (kdpD/F) and a potassium-transporting ATPase (kdpA/
B/(). It 1s widely distributed among bacteria and archeae and
plays a vital role in osmotic adaptation and pH regulation [50]. A
homologue of this system exists in the chromosome of all fully
sequenced strains of genus Listeria (data not shown) and contributes
to growth during osmotic stress and low temperature in L.
monocytogenes [51]. Another pLI100-specific insertion is an arsenite
resistance operon related to integrative conjugative element
ICESde3396 of Streptococcus dysgalactiae  subsp. equisimilis  strain
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NS3396 (EU142041) spanning 12 kb and consisting of seven genes
which may contribute to the survival of L. imnocua in the
environment. Adjacent to this region a coenzyme A disulfide
reductase gene was identified which is implied in oxidative stress
response in Borrelia burgdorfers bb0728 [52].

In general, the plasmids of genus Listeria harbor a large and
diverse number of mobile genetic elements. Between 6 and 24
genes per plasmid were annotated as transposase, resolvase,
integrase, recombinase or invertase. This suggests that plasmids
may act as an evolutionary sink for mobile genetic elements which
may have shaped the diversity and evolution of plasmids in the
genus Listeria.

Small non-coding RNA

Recently small non-coding RNAs (sRNAs) have become a focus
of research because of their roles in bacterial regulatory
mechanisms [53]. Interestingly we could identify multiple putative
sRNAs on listerial plasmids. One class of RNA was already
described for plasmids where they are predominantly implied in
replication control, segregation and conjugation [54]. To identify
additional sRNAs a software called sRNAdb (J. Pischimarov,
unpublished), which employs BlastN, was used to find sequence
similarities previously described in L. monocytogenes. Using a cutoff’
of 60% identity and 80% coverage, four putative sSRNAs [55] were
identified on plasmids of genus Listeria (Table S2). These comprise
two pairs of homologues being 28/ri50 and rli44/rli46.
Homologous sequences to 128/rli50 could be identified in
pLM80-like, pLI100 and pCT100 while ri44/rli46 could be
found in pLM33, pI2-515, pLisll, pLisIII and pLGUGI.

Conclusion

Here we report on the completion of four new plasmid
sequences, including two novel plasmids from L. monocytogenes
serotype 1/2c and 7 strains as well as one from the species L. grayt.
In the comparative analysis presented here we compared
sequences of 14 plasmids from three species using additional
sequences either previously published or deposited in databases.
We found that all plasmids share a common replicon-type related
to theta-replicating plasmid pAMbetal [56] implying a common
ancestor. Nonetheless a phylogenetic division must have occurred
when considering the replication initiation protein. This division
was mostly mirrored by the genetic content which showed clear
distinctions between those groups apart from two atypical plasmids
(pF2-515, pCT100). Based on regions of synteny, we are able to
trace diversification and evolution driven by indels that account
for the range of plasmid sizes detected. The presence of a
commonly occurring translesion repair DNA polymerase on all
plasmids suggests a mechanism by which genetic deletions are
generated. Since plasmids of genus Listeria are related to Bacillus,
Enterococcus and Streptococcus and were described to be transferable
between some of these genera [12,21], it is likely that exchange
amongst these bacteria takes place in many different environmen-
tal niches e.g. gut and soil. Also, the unexpected detection of a
large number of mobile genetics elements present on these
plasmids imply that these could be involved in increasing genetic
diversity or even altering gene expression both at chromosomal
and episomal sites. Furthermore we found multiple independent
systems involved in defense against phages (type I and III
restriction systems, Abi-like) in group 2 implying a role for
plasmids in the dissemination of these genes to ward off
bacteriophage infection. The detection of small non-coding RNAs
on a number of plasmids that were homologous to those present
on the chromosome of L. monocytogenes EGD-e suggests that sSRINAs
might be transfered via plasmid conjugation.
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The overrepresentation of plasmids in studies examining strains
from food and the environment [14,16] and in recurrent L.
monocytogenes strains sampled from food/processing facilities [17] is
an intriguing observation. However, the presence of multiple genes
mvolved in heavy metal resistance (cadmium, copper, arsenite) as
well as multidrug efflux (MDR, SMR, MATE) and oxidative stress
response (peroxidase, reductase) on listerial plasmids could assist
survival and their presence may have resulted from selective
pressure due to the use of disinfectants in food processing
environments. Finally, we note that MDR efflux pumps have
recently been shown to promote cyclic diadenosine monophos-
phate (c-di-AMP) as a secreted molecule able to trigger the
cytosolic host response following infection [57]. The implication
for the presence of MDR genes on plasmids and their role in
listerial infection now deserves further scrutiny.

Availability

Four plasmid sequences from this article have been deposited in
the EMBL/GenBank database under accession numbers
FR667690 (pLM7UG1), FR667691 (pLM1-2cUG1), FR667692
(pLM1-2bUG1) and FR667693 (pLGUGI). An EMBL-formatted
version of all plasmids can be downloaded (http://bioinfo.mikrobio.
med.uni-giessen.de/publications/listeria_plasmids/listeria_plasmids_
embl.tar.gz). The data can also be compared and retrieved using Geco
(http:/ /bioinfo.mikrobio.med.uni-giessen.de/geco2plasmids/).

Materials and Methods

Public data sources

Contigs of five gapped L. monocytogenes plasmids were
downloaded from the homepage of the Broad Institute (http://
www.broad.mit.edu/annotation/genome/listeria_group) originat-
ing from strains FSL J1.194 (2.44), FSL R2-503 (2.52, 2.53, 2.54),
FSL N1-017 (2.75, 2.76, 2.77), FSL F2-515 (2.1405, 2.1406,
2.1407, 2.1408, 2.1409, 2.1410, 2.1411, 2.1412, 2.1413, 2.1414,
2.1415) and JO161 (1.50, 1.51). The plasmids pLM33 of
L. monocytogenes Lml (GU244485), pCT100 of L. monocytogenes
DRDC8 (U15554), pLM80 of L. monocytogenes H7858
(AADRO01000010, AADR01000058), pLM5578 of L. monocytogenes
08-5578 (CP001603) and pLI100 of L. wmnocua Clipl1262
(AL592102) were downloaded from the GenBank database
(http://www.ncbi.nlm.nih.gov/genbank/index.html).

Isolation and sequencing

The remaining strains from L. monocytogenes 7 UG1 SLCC2482,
L. monocytogenes 1/2c UG1 SLCC2372, L. monocytogenes 1/2b UGI
SLCC2755 and L. grayi subspecies grapr UGl DSM20601 were
isolated using Epicentre’s MasterPure gram-positive DNA purifi-
cation kit as recommended by the manufacturer. The DNA was
sequenced on a 454 GS-FLX System to coverages between 16—
57x. The resulting reads were assembled de novo with the 454
Newbler assembler and mapped vs. published plasmids to identify
homologous contigs. PCR-based techniques were used to close the
remaining gaps which were sequenced with Sanger ABI Big Dye
technology. The sequencing was performed by Roche (Germany),
Goettingen Genomics Laboratory (Goettingen, Germany) and
Agowa (Berlin, Germany).

Bioinformatics

All contigs of gapped plasmids were scaffolded according to
finished plasmids and joined to a consecutive sequence using the
spacer ‘“‘nnnnnttaattaattaannnnn’ to prevent the gene prediction
from crossing contig borders. All sequences were then reordered to
a putative origin adjacent to the replication initiation gene (repd) as
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described for the homolog replicon of B. anthracis plasmid pXO2
[29] and automatically annotated using the GenDB system [58].
The annotation was corrected based on a comparative syntheny
analysis as offered by Geco [26]. In order to compute a
phylogenetic tree Clustalw [35] was applied on replication
Initiation proteins using standard parameters. A multiple sequence
alignment of the complete plasmid sequences was created with the
Mauve software [59] using a progressive alignment including seed
families to increase sensitivity. Mauve was not able to identify all
homologies correctly with any combination of parameters. The
chosen alignment is the optimal result considering false positives/
negatives (data not shown).

Supporting Information

Table S1 This matrix shows a single-linkage clustering of all
proteins of 14 plasmids of the genus Listeria using a minimum of
30% amino acid identity and 80% coverage. Annotation was
included from the first protein of each cluster starting from the left.
Clusters were sorted according to their size to ensure that mutually
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Abstract

Small RNA molecules (sRNAs) are key mediators of virulence and stress inducible gene expressions in some pathogens. In
this work we identify SRNAs in the Gram positive opportunistic pathogen Enterococcus faecalis. We characterized 11 sRNAs
by tiling microarray analysis, 5’ and 3’ RACE-PCR, and Northern blot analysis. Six sSRNAs were specifically expressed at
exponential phase, two sRNAs were observed at stationary phase, and three were detected during both phases. Searches of
putative functions revealed that three of them (EFA0O080_EFA0081 and EFB0062_EFB0063 on pTF1 and pTF2 plasmids,
respectively, and EF0408_EF04092 located on the chromosome) are similar to antisense RNA involved in plasmid addiction
modules. Moreover, EF1097_EF1098 shares strong homologies with tmRNA (bi-functional RNA acting as both a tRNA and an
mRNA) and EF2205_EF2206 appears homologous to 4.55 RNA member of the Signal Recognition Particle (SRP)
ribonucleoprotein complex. In addition, proteomic analysis of the AEF3314_EF3315 sRNA mutant suggests that it may be
involved in the turnover of some abundant proteins. The expression patterns of these transcripts were evaluated by tiling
array hybridizations performed with samples from cells grown under eleven different conditions some of which may be
encountered during infection. Finally, distribution of these sRNAs among genome sequences of 54 E. faecalis strains was
assessed. This is the first experimental genome-wide identification of sRNAs in E. faecalis and provides impetus to the
understanding of gene regulation in this important human pathogen.
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Introduction

Some RNA molecules such as riboswitches, transfer-messenger
RNA (tmRNA) and small non-cording RNAs (sSRNAs) act usually
as post-transcriptional regulators in bacteria [1]. sRNAs have
become increasingly recognized as an emerging class of gene
expression regulators for cellular processes, stress response and
virulence genes and their transcription is tightly regulated and
induced by distinct environmental conditions [2]. Bacterial sSRNAs
found on chromosomes are typically 50-400 nucleotides in length
and frequently encoded in intergenic regions (IGRs). They may
bind to the imperfect complementary sequence of the ribosome
binding region of the target mRNA, which is often encoded at
separate loci, thus inhibiting 30S ribosomal subunit association
and translational initiation [1,3]. In some Gram positive and
Gram negative species such as Escherichia coli [4] and Listeria
monocytogenes 5], the formation of sSRNA-mRINA duplex requires
the RNA chaperon protein Hfq [6,7] leading to an increase of
mRNA degradation by ribonucleases such as RNase E and RNase
IIT [2]. Some sRNAs located in plasmids and phages act as
antisense RNAs on cs-encoded mRNAs and mainly control

@ PLoS ONE | www.plosone.org

replication initiation, conjugation efficiency and transposition
[8,9]. In addition, plasmid-encoded sRNAs, called /ak/sok system
of E. coli plasmid R1 [10] and par system of Enterococcus faecalis
pADI [11], stabilize their host plasmids by programming for death
any cell that loses the plasmid [9,12].

In recent years, several bioinformatic approaches have been
performed to identify putative sRNAs in bacterial genomes
including E. coli, L. monocytogenes, Bacillus subtilis and Pseudomonas
aeruginosa, and identified more than 200 sRNAs [13]. Recently,
Livny et al. predicted w silico over 45,000 sSRNA candidates from
932 bacterial genomes [14]. In parallel, different experimental
strategies including ¢cDNA sequencing, shotgun cloning and
isolation from RINA-protein complex have been performed and
sometimes lead to the discovery of new transcripts [15,16]. Tiling
microarrays are powerful approaches to identify sSRNAs on a
genome-wide scale. Thus large numbers of SRNA candidates have
been found in Caulobacter crescentus, Streptococcus —pyogenes, S.
pneumoniae, and L. monocytogenes genomes [17,18,19,20].

E. faecalis is a human commensal Gram-positive bacteria as well
as one of the leading causes of hospital acquired infections in
United States and Europe [21]. The first whole genome sequence
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of E. faecalis V583 strain (the first vancomycin resistant enterococct
identified in U.S.A.) was determined in 2003 and 53 more
sequences are now publically available [22]. In silico study
performed by Livny et al. led to the prediction and annotation of
17 putative sSRNA-encoding loci in . faecalis [14]. Surprisingly, in
comparison with E. coli and B. subtilis, the number of predicted
sRNAs in V583 is roughly 10-fold lower, suggesting that this
number is likely under-estimated. Recently, 45 sRNAs and 10
putative mRNAs have been identified in E. faecalis using i silico
prediction combined with “5'tag-RACE” [23].

In this work, we developed custom-made tiling microarrays
containing only IGRs of FE. faecalis V583 chromosome and
plasmids, and first performed hybridization with RNA extracted
from exponential and stationary-phase cells. Fifty-three statistically
significant positive signals were detected and the 12 putative
sRNAs most highly expressed were selected for further character-
ization. Transcription of these candidates under several stress
conditions was then analyzed.

Materials and Methods

Bacterial strain and growth conditions

All experiments were performed with E. faecalis V583 strain
[24]. For our first tiling array assays, cells were grown at 37°C in
M17 0.5% glucose medium and collected at exponential phase
(ODgpp=0.5) and at 24 h stationary phase. Growth in BHI
medium with or without aeration was tested. Cells were collected
at exponential phase (ODgg = 0.5), onset of starvation (ODgg = 2)
and late stationary phase (24 h). For experiments under stress
conditions, bacterial cells were grown to ODgyp=0.3 in M17
medium and HyO, (2 mM), lactic acid (pH 5.5), or bile salts (BS)
(0.08%), were added before an additional 30 min incubation at
37°C. For the growth in urine and serum, E. faecalis was inoculated
into human urine or horse serum (Eurobio, Courtaboeuf, Fr)
during overnight. Cells were then pelleted and resuspended into
fresh urine or serum for 3 hours at 37°C. Urine collected from
four healthy volunteers was pooled, centrifuged and sterilized by
filtration (0.22 um-pore sizes). Written consent from all partici-
pants involved in our study was obtained. French CPP (Comité de
Protection de Personnes) exempted this study from review because
volunteers were informed of the goal of this study, no health
information was collected and no biological analysis was
performed on these samples.

RNA extraction and tiling microarray hybridization

Total RNA was extracted using Trizol reagent (Invitrogen,
Carlsbad, CA) as described by Toledo-Arana et al. [20], with the
following modifications. Bacterial cells were resuspended into
200 ul of “max bacterial enhancement reagent” (Invitrogen) and
transferred into micro tubes containing glass beads and 400 ul
acid phenol (Ambion, Austin, TX). Bacteria were mechanically
lysed using Mixer Mill 200 (30/s, 30 min, Retsch, Haan,
Germany). After centrifugation for 10 min at 14,000 g at 4°C,
aqueous phase was transferred to 2 ml tubes containing 1 ml
Trizol reagent, mixed and incubated for 5 min at room
temperature (RT). 200 ul chloroform was added, mixed gently
and incubated for 3 min at RT. Tubes were centrifuged for
15 min at 12,000 g at 4°C and aqueous phase was transferred into
2 ml tubes containing 200 pl chloroform, mixed gently and
centrifuged again. RNAs contained in the aqueous phase were
precipitated by addition of 500 pl isopropanol and incubated for
10 min at RT. After centrifugation, RNA pellets were washed with
75% ethanol and dried at RT. Purified RNA pellets were
resuspended in DEPC-treated pure water.
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To enhance detection sensitivity by enriching of sSRNAs and
removing non-sRNA, 10 ug RNA were fractionated using
flashPAGE Fractionator (Applied Biosystems, Foster City, CA).
Fractionated RNA was labelled using mirVana labelling kit
(Applied Biosystems) and then hybridized onto the tiling array.
1745 “big intergenic regions (IGR)” (more than 49 nt) and 1070
“small IGR” (from 1 to 49 nt) have been deduced from E. faecalis
V583 genome sequence. 50 nt long probes with an overlap of
15 nt were loaded on our IGR custom-made tiling arrays. rRNA
and tRNA probes were used as positive control showing signal
intensity of hybridization at least 10 fold the threshold level. Since
the values of intensity observed in apparent untranslated regions
were between 1000 and 2000, 2000 was used as threshold. For
each experiment (one sample per growth condition) two chips
were used; one corresponding to the forward, and one to the
reverse strand. Production, hybridization and data collecting were
carried out by Febit biomed GmbH Company (Heidelberg,
Germany). The detection was carried out using streptavidin
phycoerythrin at different exposure times. Data analyses and
visualization were performed by Genedata Phylosopher Business
Group (Basel, Switzerland). We have deposed the raw data at
GEO/ArrayExpress under accession number GSE28741, we can
confirm all details are MIAME compliant.

5" and 3’ rapid amplification of cDNA ends (RACE)
analysis

For these analysis, new RINA samples were prepared as
described above. 5" RACE was performed using 2nd Generation
5'/3" RACE kit (Roche, Mannheim, Germany) according to the
manufacturer’s instructions. For polymerase chain reactions
(PCR), we used Go Taq polymerase and its buffer (Promega,
Madison, WI). The primers used for cDNA synthesis, and for the
PCR reactions are listed in Table S1.

For 3" RACE experiments, total RNAs were treated with
poly(A) polymerase (Epicentre, Madison, WI) for 15 min at 37°C.
After 3’ end RNA poly(A) tailing, cDNA was synthesized with
QuantiTect Reverse Transcription kit (Qiagen, West Sussex, UK)
and oligo(dT)-anchor primer supplied in 5'/3" RACE kit. cDNA
products were directly used as templates for PCR performed with
the gene-specific primers (Table S1) and the respective PCR
anchor primer. After sequencing, 5" and 3’ ends sequences were
determined.

Northern blotting

Northern blots were performed according to standard proce-
dures [25]. Five ug of total RNNA were separated on 1.2%
formaldehyde agarose gel and transferred to Hybond N*
membrane (Amersham, UK). 0.1-1 kb RNA Marker (Sigma,
USA) was used to estimate the sizes of RNA bands. DNA
oligonucleotides probes (Table S1) were labeled with o**P-ATP
using Terminal Deoxnucleotidyl Transferase Recombinant en-
zyme (Promega) as recommended by the manufactured protocol.
Membranes were prehybridized for 1 h in hybridization buffer
(0.25 M NaHyPO,, 0.25 M NayHPO,, 5% SDS) at 45°C,
followed by addition of labelled probes and overnight hybridiza-
tion at 45°C. Membranes were washed with washing buffer
(3xSSC buffer, 0.2% SDS) for 5 min at RT and were then
exposed to storage phosphor screen (Packard Instrument Compa-
ny, Mariden, CT) for 3 h.

In silico analysis
Rho-independent terminators were predicted with TransTerm
(http://nbcl1.biologie.uni-kl.de/framed/left/ menu/auto/right/trans
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term/) [26]. Blast searches between F. faecalis strains were carried out
using a species-level BLAST database (http://www.ncbinlm.nih.gov/
). The Rfam database was employed to determine putative functions of
sRNAs (http://rfam.sanger.ac.uk) [27]. In order to predict target genes
for the identified sSRNAs sRNATarget (http://cch.bmi.ac.cn/sRINA-
target/) [28] and IntaRNA  (http://rna.informatik.uni-freiburg.
de:8080/IntaRNA jsp) [29] servers were used.

Construction of EF3314_EF3315 sRNA deletion mutant

For the deletion assay, a DNA fragment containing ligated
upstream (869 bp) and downstream (839 bp) sequences of the
EF3314_EF3315 sRNA, was cloned into plasmid pMAD [30] (see
Table S1 for primers used). 1 pg of recombinant plasmid was
finally used to transform competent cells. After electroporation,
300 ul of cell suspension was plated onto GM17 agar containing
50 ug ml~ ' of erythromycin and X-Gal (100 ug ml™'). Plates
were incubated for 48 hours at 30°C. A few dark blue colonies
were obtained and analysed for presence of the plasmid by PCR
using primers madR and madF (Table S1). Some blue colonies were
then cultured twice in GM17 liquid medium with erythromycin
(50 ug ml™") at 45°C over-night. In the next step, the cultures
were used to inoculate (0.05% v/v) GM17 liquid medium without
antibiotic. The tubes were incubated for 6 hours at 30°C followed
by incubation at 45°C over-night. This step was repeated 2 to 3
times. Serial dilutions of the culture were plated on GM17 agar
containing 100 pg ml~' of X-Gal and incubated for 48 hours at
45°C. White colonies were then isolated on GM17 agar with or
without erythromycin. Antibiotic sensitive clones were analysed by
PCR on the presence of a deleted sRNA.

Two-dimensional protein gel electrophoresis and protein
identification

Protein samples from wild type and AEF3314_EF3315 mutant
cells harvested in exponential growth phase were performed as
described by Giard et al. [31]. First dimensional electrophoresis
was carried out using 17 cm RcadyStripTM IPG Strips (pH 4-7)
and Protean®IEF Cell apparatus (Bio-Rad Laboratories, Rich-
mond, CA, USA) as recommended by the manufacturer. Second
dimensions were performed in 14% polyacrylamide gels without
stacking gel using the Millipore Investigator' ™ 2-D electrophoresis
system (Millipore, Bedford, MA, USA) as described by Giard et al.
[31]. 2-D gels were then stained using Coomassie Blue. Spots of
interest were excised from the gel, and peptides were digested by
trypsin as described by Budin-Verneuil ¢t al. [32]. An electrospray
ion trap spectrometer (LCQ DecaXP, ThermoFinnigan, San Jose,
CA, USA) coupled on line with HPLC was used for peptides
analysis. Mass spectrometry were acquired in a mode that
alternated a full MS scan (mass range: 400-1600) and a collision
induced dissociation tandem mass spectrometry (MS/MS) of the
most abundant ion. Data were analysed using the sequest
algorithm incorporated with the ThermoFinnigan BioWorks
software.

Results and Discussion

Tiling microarray-based identification of E. faecalis SRNAs

Tiling microarray has become a comprehensive approach to
sRNA discovery. Identification of sSRNA candidates transcribed by
E. faecalis V583 was undertaken with two samples of cells harvested
in mid-log growth phase and stationary phase after 24 h of
incubation at 37°C in M17 glucose media. Analysis of IGRs tiling
microarray data revealed 53 regions with intensity values of
hybridization five fold higher than signals from apparent
untranslated regions. Importantly, only one (see below) of these
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putative sSRNAs identified by microarray was also predicted by
bioinformatic approach as performed by Livny et al. [14]. This low
overlap between microarray and i silico analysis is consistent with
that observed in other bacteria [18]. These data show that
computational and experimental methods are two complementary
ways to identify sSRINAs. As carried out for identification of sSRNAs
from S. pneumoniae using tiling arrays, we choose a stringent
intensity cutoff to avoid false positives for identifying short length
RNA [19]. Using a threshold of intensity of ten fold the
background level led to the identification of 12 putative sRNAs
(Table 1). No experimental evidence (neither sequence from
RACE-PCR nor signal on Northern blot) was obtained for one of
them (EF0940_EF0941). Since the IGR between EF0940 and
EF0941 is only 51 bp in length, the corresponding probe
putatively hybridized with the transcription product of EF0941.
Thus, the candidate has been excluded from our study. The 11
other candidates that hybridized in specific intergenic regions were
selected for further detailed characterization.

Experimental validation of 11 sRNAs in E. faecalis

One of the main goals of this study was to determine the
sequence and the expression pattern of the 11 selected sRNA
candidates. First, using a new RNA preparation, we performed
Northern blot analysis to confirm the transcription of these RNAs
during exponential growth phase and stationary phase and to
determine the approximate size of each candidate. We observed a
transcript for 10 out of the 11 candidates tested. Six of them
(EF3314_EF3315, EF0820_EF0821, EFA0080_EFA0081,
EF1368_EF1369, EF0408_EF0409 and EF0605_EF0606) were
specifically expressed during exponential phase (Figure 1A-T); 1
sRNA (EF0869_EF0870) was specifically expressed after 24 h of
starvation (Figure 1H); and 3 (EF1097_EF1098, EF-
B0062_EFB0063 and EF2205_EF2206) were detected in compa-
rable amounts in both phases (Figure 1G, J, K). These expression
patterns were in good agreement with the results of tiling
microarray except for EF1097_EF1098 which was much more
expressed in stationary phase than under growing conditions on
our chips. For unexplained reasons, no signal has been detected
for EF0136_EF0137 (Figure 1I) by Northern blot analysis under
our experimental conditions.

In order to determine the exact sequence of each sRNA
candidate we identified the transcriptional start sites by 5'-RACE
except for EFAO080_EFA0081 for which no result was gained.
The 3" ends of the transcripts were obtained either by 3'-RACE
(Figure 1B, D, E, F, G, H, K, Table 1) or by combining transcript
length data deduced from the Northern blots and computational
prediction of transcriptional terminators [26] (Figure 1A, C, ],
Table 1). Since neither putative terminator nor experimental data
of the 3’ end of EF0136_EF0137 (Figure 1I) were obtained, the
end of the sequence mentioned corresponds to the 3" end of the
tiling array probe. 5'-3" RACE data of EF0820_EF0821 did not
correlate to Northern blot results. From RACE-PCR, a 370 nt
long sSRNA was deduced that is larger than the predicted size (app.
100 nt) from Northern blot (using probe hybridizing on the 5’
region), suggesting that the large EF0820_EF0822 transcript was
processed to short SRNA by modification of its 3" end. Except for
EF0820_EF0822, where the 99 last nucleotides correspond to the
beginning sequence of EF0820, we could not identify obvious
coding sequences (CdS), i.e. ORFs (open reading frames) with start
codons connected to putative ribosome-binding sites in reasonable
distances (around 8 nucleotides) inside the other sSRNA candidates.
Nevertheless, definitive exclusion of the presence of CdS in these
regions needs experimental verification.
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Altogether, the length range of the identified sSRNAs was 87-628
nucleotides and the deduced sequences and promoter regions of the
11 sRNAs are shown in Figure 1. In comparison with sRNAs
identified by Fouquier d’Hérouel et al. [23] using i silico prediction
and “5'tag-RACE” strategy, only four overlap with our sRNA
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Table 1. sRNAs in E. faecalis V583 detected by tiling microarray.
X Expression
Intergenic Left sncRNA Right . Expreasswn ration
Region gene strand gene Size  Flanking genes value (Expo/Stat)
start stop (nt) Expo Stat
sRNAs expressed at exponential phase
A. EF3314_EF3315 < «— «— 3201675 3201582° 94 EF3314:cell wall surface 65025.9 1249.6 52
anchor family protein
3201535° 141 EF3315:triphosphoribosyl-
dephospho-CoA synthase
B. EF0820_EF0822 <« — — 784383 784014 370 EF0820:rplY; 50S ribosomal protein 37086.5 1376.8 26.9
L25/general stress protein Ctc
EF0822:HAD (haloacid
dehalogenase)
superfamily hydrolase
C. EFA0080_EFA0081 — «— — 63478°
63423° 99 EFA0080:UvrC family RNAI 375379 30629 123
transcriptional regulator
EF0081:hypothetical protein
D. EF1368_EF1369 <« — «— 1345556 1346183 628 EF1368:hypothetical protein 35465.0 3058.9 11.6
EF1369:Cro/Cl family
transcriptional regulator
EF1370:drug resistance transporter,
EmrB/QacA family protein
E. EF0408_EF0409 — — «— 381297 381708 412 EF0408:PTS (phosphotransferase RNAI 47418.0 116483 4.1
system) system, IIA component
EF0409:hypothetical protein
F. EF0605_EF0606 <« — «— 569151 569329 179 EF0605:hypothetical protein 41977.3 11288.0 37
EF0606:Dps (DNA-binding protein
from starved cells) family protein
sRNAs expressed at stationary phase
G. EF1097_EF1098* — «— «— 1067257 1066894 364 EF1097:hypothetical protein tmRNA  3390.8 63399.5 0.05
EF1098:hypothetical protein
H. EF0869_EF0871 <« - — 829525 829052 474 EF0869:Cro/Cl family 2655.4 47286.9 0.06
transcriptional regulator
EF0871:cation transpoter
E1-E2 family ATPase
I EF0136_EF0137 — -« — 137278 1370664  >213 EF0136:hypothetical protein 1755.7 28560.7  0.06
EF0137:nucleotidyl transferase
domain-containing protein
sRNAs expressed at exponential and stationary phase
J. EFB0062_EFB0063— — — 55834 55623° 212 EFB0062:UvrC family RNAI 49218.4 52343.1 0.94
transcriptional regulator
EFB0063:replication
control protein PrgN
K. EF2205_EF2206 — — «— 2119382 211929 87 EF2205:hypothetical protein 4.55 416040  55672.1 0.75
EF2206:cytidine/deoxycytidylate
deaminase family protein
2 Intensity of hybridization from the intergenic probe showing the highest signal in exponential or stationary phase.
b: Computer prediction of the putative 3’ end (using TransTerm software).
% 5’ end corresponding to the 5’ end of probe.
d: 3’end corresponding to the 3’ end of probe.
doi:10.1371/journal.pone.0023948.t001

candidates (EF0605_EF0606, EF1097_EF1098, EF0869_EF0871,
and EF2205_EF2206 corresponding to 7¢25C, ssrA, ref19C, and fs,
respectively). This shows that several techniques as well as different

growth conditions (see below) are necessary for more exhaustive
identification of sSRINAs.
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Piiiid

e —

Expo. Stat.

Expo. Stat

Expo. Stat.

ATTCARGARAGCGATTGACAAATACCACGAAACACAGTATATT TTATTAC

GAAATCATTCTTATCAGAGTATACAAATACGAT GATAARCAGT TGAAGCG
AATCTTGATTTGC TTTTCCTAAACCTGATTCTT TTAGAATCAGGTTTTTG
TTTATCTARAAGGCGGCATTCGT TCARRAACGGCTGTCGCETT TTTTTAT

94 or 141 nt

AARGATGAARL

GAARRAGGTAATTCCTTGACG

ARARATATARGT
GTTACGGTTAA TAAGTAAAGT AAATAAAGGT TTCTCAAARACAGCGTAAT
GACCTGGGAGAGAACAACGAT AACAATGAACCATTCCCATGAGTGTTGCC
TGGCAATATTTGTGGGGATTT TTTGATTATTGTTAGCATTT TTCTAGACA
AGAACARCTGA AAARAGAGTT TCTTTTTTCCATTATGTTTIT GTTTCTGAG
TTTRACCAAAT CACTCATTAT TTCAAGGAGGARTTAGGTTA TGTCAGTAC
AATTAGRAGTTAAAGAAAGAGCTATCCGTCCACGTTCACTAAGARATCAG
CTACGTCACGAAGGGAAAGTACCTGCCATTG TTTACGGTTACCARATTGA
AAGTACACCAATCTATTTTGAAGAAAARGAC TTATCAARRATT

AACATGGIGCTAACACCGTT

370 nt

AAARTCACTCCTTCTTATTCAATTCAAARGCTCAAATTTT CCTAAAAARR
TACCAATTAT TATAACTAAC TATACAGA ATAACTATAAGTTTATCAA

TAAATATATT TTTCTACTAC TATTTTATTARTAAAATAGC ATCGATGARA

ATTGCTACCACTGTATTCTT TACCAATTCC TGCATAGTCACAAAACTTGA

CCCARAATARARATATGCTA TACTARAAGT GCGHRACGACATTARRTCET

RCAQAT ARGCAA TCCTACGGCGAATAGGATTGCTTTTTTTTA

CACTAGTTGCGACTTCTAGCGTGTGTGTTGATAGCAGCTT ACTTTCGGCT
ATCGTCTTCC TCGTCCAACACACGAGAAAT CATTTCCAGAACCAATCCTA

CRARGATTGG TGCGATAACEACGACAT TARRT T TCAC AfRTARCACE
CCTCCARTCGAGGCGAGCTGCCGCATTART TATATCATAR TTTGARATTC
TGCCAATTTAATAATAARACCTTCARCARTTTAT

>99 nt

TATAGCTGARAL

ATGA TARRARRGGC ACRAACCACT AT TACGTTA
TGCCAATTATCCCGAATTGGTTTTTTCATACTTACTCC TACCAAGAGT AA

ATAACAACCTTCATTTCC ACCACAGACGACGGTCGTGG TGGTTTTTTTTG

TTTAGGTGCTAGTTTTTT TGCTATCAAT TGACTAGGAGAAGTGAACGT TC
TACGITCT TTAAGAATTT GTCATTTCARATTTACGGAA CCGCAAGRARCG
ATTTGCTTCTTCCTCTAACTGAGTARTT TCTTCTTCTG TTAACTCTTCCE
TAGTAATG TGAATATGTAACTCTTTTTG TGTGCTTTTCATAGGTGCCTGA
TGATTAATCTCTGTTTGT TEGGTGCGGC CCATTARATAGICCAAGGAGAC
AGARAAATAGTCTGCTAT TTTTARARGA TTCTCTACTT TAGGCGARGAGE
TATCCCAACGACGAATTT GTCCATTGGAAATGCCGACG TTTCTTTCTAAT
TGGGCGAGGETTAGTTGC TTTGACTGAGCTART TGTTT ARTGCGAGARAT
TAAGGTCATTTCAAGTCC TCCTTGTGTT TTCCGTTTGC TAATTTTARATT
AGCGTAARAGCGAATGGT TGTCAATTGC GAGCGTGTAR TAAGAAGGTGAA
CATCTCATGAGTGATTTT TTAGAARATT TCCGATGAAR ARRAGAAGAAAT
AGAGTTATTATT

628 nt

CRAGATGAACAAGTTTTARAARGAAGGGAT TTGCTTTATT CAAGTGOCTGA
TGGGGTCAACTTTGGTACGGARGCAGATC GRAARATAGC TACTTTGTTAT
TTGTCGTTGCTTTAAAAAG TCAACGGCAACTAAGCATGC TTCAAGAATT A
GCTTTTTTCTGTTCAGATC TCGAAAACAT TCAGCGGCTCAGTGATTGTCG
AACARTAGA TGARGCGCARARAATTCTGGCTCARGCCTAAAGTTACGTCT
GAAARAATCAATTCAATTT GAAATGTTCAATAATTATTGAAATAATTTTA

TATTAARAARTARAATATT TTAATTTGATAGATTAARCA AARRAGATARG
ARGATICCTTGACAARAARTAGECCCTATGATARATTTAAAGTARIIGT]
E2cERh ECGTGEATGGATGORE T AGACACCCTAT TGTGGTAGH

TCTTTTTT TGCTGTITAGACAGCAGCGG TTGGARGCAACTTGTTTATTC
CTCGTTCTGTTTTTCCAACCARATGGTTACAAGTTTCAGGACAATCCCGA

CAAARATCGGCACAAGAAT TITGTGACR A CGTRCA ToTCaTara ©

TCCTTTCGAGGCAAGTCGC CAATTTGAGT ATAGCATARARAGTTGTTCAT

412 nt
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No Signal on Northern blot

Piiin

i

b

Expo. Stat.

Expo.

Stat.
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ARTGTATGAGCAARTTIGTTGAGC TAATATTTGGATATTTTTATAATAAG
TTTAGGGGTATCCCAATATCACTC TCTAGGGGTG ACTCAGAGCA GGGGAR
GGAGTTACCCCTAAARAGTATGTTAGAATGATTT TATCGCATCATATCCT
TTTTTATGTAATTAGTTGATARAA TCTATCTGTACTTATATTTAACGACT

GAAATCGGTCACTTACTGAAARAACATCTAAGGT AGARATGA

179 nt

GGAATTTATGCTATACTTTGAT AAGTATCAAGGGATACTIATGTTATTTC
GGGGECGTTACGGATTCGACAG GCATAGTTGAGCTTGAATTGCGTTTCGT
AGGTTACGGCTACGTTAARACG TTACAGTTAAATATAACTGC TAARAACG
ARARCARTTCTT TCGCTTTAGC TGCCTAAMAA CCAGC TAGCGAAGATCCT
CCCGGEEATCGEC CATGTECTCGGOTCACGETC CTAATCGARG TGGEATAC
GCTAAATTTTTCCGTCTGTAAAATTTAGAGGA GCTTACCAGACTAGCAAT
ACAGAATGCCTGTCACTCGGCA CGCTGTAAAGCGAACCTTTARATGAGTG
TCTATGAACGTAGAGATTTAAGTGECAATATG TTTGGACCCGGETTCGAC
TCCCGCCGTCTCCATTTTTAGA AAAGTAGAGA ARRACRAARA RGAGCTAR
AACCTTATARAAT

364 nt

TTAATAAGTGTTATARTTTGCAARCGTTTCCARARRGTGCTATTCTTTAR
GTGTAAGGAGGACATGCAAATCAATTGGTTGARGATTTTCTCAGTAGATA
ARAARTCGGTAAACTCAAAGTTG TTAGAATTGC AAGATTCACC TGTARACA
ATACGTGTAGAGTAATTGTTAG TGATAACTCG TATCGGAAAA TAGGGAAR
GGTTATAGAAGGATGGAGTTTC TATAAAGCAT TTACCCTATC TGTTATCA
CCTAACGCAAGT TATCCACCAT CCAAGCGTCGAAACTGTATGARAACAAG
GTTTTAGTTTCACCACATCACGTTCACCTTTTGCTTTACATGTATCGCGA
AATGTAAACACT TATTCAACCAATTGATGTCT TCCCGTTAACARGGCCGA
GCTTAAATTTAAGCTCGGTTTT TTCTTITARGCAATAARRTA TATTTGTA
TCAAATARTCATATGTGTTATATTCAAGGTGCACATTCTATTTTATCTTC
TTTTAAAGGAGGGAATGCTATGCGAAARAAGAAAARATCTTCGTTTGARA

AATTCATG TTTATCGTGE TATGGET

474 nt

CTCCATATAAATTCCAGTAAGCTTCT TCTTCATCAGC TTCTCCAGTTATG
TCTACAGCAARATCAATATCGCTTGT TTCTTTTGCTTCGCTTCTAGCATA
GGAACCAAARAATGTAGATTACTGGAARCATTGTGTTTT TCAGCTACAGGTT
TCACACGTTCTTTGATCTCATTAAGT GTCAGTATCAT TCGTATTCACTCC
TTARATGCCTATTCTACTCCCATTATAGAACAGCAAA TCAAGCTARACAA
TATATAAACACTAACCCATTGCTTAACTTTATTTCCTGARACAACCTA

>213 nt

AATCCC TAGTTGCTTGATAATGTATG COTTGATAGGG TGTGGATATACAR
AGGTTT TTCTAGGCAT GGTGGETAAGCTTCCTTTICTTAGGTTATTARTGC
GTTTGCAGTAATATTG TACTAAAAAACATGCAATAAG GGARGGGCGTACC
TGCTTCTTTTTTGTTGACCTTCTTTAATARTGTGTTA TACTAATAAT GCG
ch;_xcgcqrmmzml\TMWAT};QECCAAAcchGnrnag
GTTTGGGCTATTTTTT TCGTCTTGCG GATAGACGTGT GEGCTAGGAC ARC
TTGCAT GGTTATCTGC TAATCATCTAACCAATGGTCAACTAGTAAGATTA
CTAGACCCACARRAAG TGGEGCARTAACE ACATA
[EACEGC AT CCCAATC GGAGGCARGT TGCCGAAATAA TTATAACATAART
TCGAAT ATACCTATACAGTAGTAR

212 nt

ATCAAAAGAAAGACTAGTCAAAAGARTAAAAATACGTTATACTAGGTTTT
GCCGAAAGGC TAGGACAATG GCGGGCTAGTGAATTGTGTCAGATCCGGAA
GGAAGCAGCACTAAGCAAGT GCCGCCATGTG TCTGATTGAR TAAGGAACE
TATCAAGGCTGAGAAGCCTTTTTTA

87 nt
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Figure 1. Northern blots and sequences of sRNAs (A: EF3314_EF335, B: EF0O820_EF0821, C: EFA0080_EFA0081, D: EF1368_EF1369,
E: EFO408_EF0409, F: EF0O605_EF0606, G: EF1097_EF1098, H: EF0O869_EF0870, I: EFO136_EF0137, J: EFB0062_EFB0063 and K:
EF2205_EF2206). RNA was isolated from cells at exponential (Expo) and stationary (Stat) phases. Northern blot analyses were performed using
o*?P-labelled probes. Arrows on Northern blot picture indicate the sRNAs corresponding bands. The transcriptional start sites and terminators of
sRNAs were determined by 5’ RACE and 3’ RACE or by in silico analysis using TransTerm software. The putative —10 and/or —35 promoter sequences
are underlined, and the sRNA sequence is written in red letters. Putative 3'-ends of EF3314_EF335 sRNA (panel A) is indicated by stars (*). The 3’-end
of the sequenceof EF0136_EF0137 (panel I) mentioned here corresponds to the 3'-end of the tiling array probe. Black arrows in the sequence indicate
the predicted terminators. The fst gene is written in blue letters and direct repeats “a” and “b” (DRa and DRb) of par system are blue and green

boxed, respectively (panels C, E, and J).
doi:10.1371/journal.pone.0023948.g001

Features of sRNAs

As previously mentioned, an antisense RINA regulated addiction
module named “par” system was described on the FE. faecalis
plasmid pAD1 [9]. The components of this toxin-antitoxin (TA)
system are antisense RNA (RNA II) and its target, RNA I
encoding the peptide toxin Fst. Such systems play a crucial role in
plasmid stability by killing any daughter cells that fail to inherit a
copy of the plasmid. Three putative SRNAs identified in our study
(EFA0080_EFA0081 in pTEF1, EFB0062_EFB0063 in pTEF2,
and EF0408_EF0409 in the chromosome) corresponded to the
RNAI components of the TA systems already identified in £.
Jaecalis V583 by Weaver and coworkers [11]. As shown in Figure 1
(G, E, J), RNA I (including f5¢ toxin gene) and RNA II homologues
had two direct repeat sequences and shared the same bidirectional
terminator. One interesting question concerns the role of par
addiction module located on the bacterial chromosome. Several
studies revealed various roles such as in mobile element stability or
stress response [12,33,34]. As pointed out, in the case of pargroso9
(including EF0408_EF0409 sRINA), its association with genes
encoding phosphotransferase components homologous to a
mannitol transport system suggests a potential function in
nutritional uptake [11].

Northern blot and tiling microarray showed that EF1097_EF1098
was expressed in both growth and stationary phases and we were able
to determine the exact sequence of this sRNA (Figure 1G).
EF1097_EF1098 corresponds to E. faecalis tmRNA (sst4) that is a
unique bi-functional RNA acting as both a tRNA and an mRNA. It
functions as the rescue system of ribosomes stalled on aberrant
mRNAs and adds a peptide tag to nascent polypeptides for directed
proteolysis (named trans-translation) [35,36]. tmRNA is universally
conserved and is one of the most abundant RNA 1in the cells [37]. It
has not only an important role in mRNA turnover but also likely in
monitoring protein folding (for review see [35]). Mutations that
mactivate tmRINA are lethal for some species (ie, Neisseria gonnorhoeae,
Haemophilus influenzae, Shigella flexneri) or, for others, affect bacterial
physiology such as virulence (ie, Salmonella enterica, Yersima pseudotuber-
culosts) or stress response (ie, £. coli, B. subtilis) [35,37]. Determination
of the impact of tmRINA deletion in E. faecalis is under investigation in
our laboratory.

We used the Rfam database (a collection of non-coding RNA
families) to determine the putative functions of characterized
sRNAs [27]. We found that EF2205_EF2206 sSRNA matched with
the Signal Recognition Particle (SRP) functional category. SRP is
a ribonucleoprotein complex that targets proteins for secretion
through co-translational process and is composed of protein Ffh
and 4.5S RNA in prokaryotes. Our analysis revealed that
EF_1700 gene (ffi) product and EF2205_EF2206 correspond to
the two components of the SRP in E. faecalis. Interestingly, a recent
study demonstrated that mutation of the gene encoding 4.5S RNA
in S. pyogenes (phylogenetically related to E. faecalis) results in
reduction of virulence [38].

In order to predict target genes of the other sSRNAs identified in
this study, we performed i silico analysis (Table 2, Table S2). Two
different softwares were used for a more precise identification.

@ PLoS ONE | www.plosone.org

sRNATarget server is based on the Naive Bayes probabilistic
method and take RNA secondary structure profile as the feature
[28]. The second, IntaRNA, predicts interactions between two
RNA molecules, and the scoring is based on hybridization free
energy and accessibility of the interaction sites in both molecules
[29]. Numerous putative target genes were obtained by combina-
tion of these two approaches (from 9 for EF3314_EF3315 to 81 for
EF0136_EF0137) (Table 2, Table S2). In silico prediction (Table
S2) as well as sequence analysis suggested antisense activity for
EF1368_EF1369 and EF0136_EF0137. Indeed, EF1369 mRNA
sequence, encoding a putative transcriptional regulator, was fully
complementary to EF1368_EF1369 sRNA. Likewise, the first 136
nucleotides of EF0136_EF0137 were complementary with the
beginning sequence of EF0137 mRNA. The combined w silico
data constitute hypothetical regulons for the sSRNA candidates that
need to be experimentally verified.

In general, sSRNAs act at the post transcriptional level of
regulation [1,3]. Then, in order to observe a putative influence of
one sRNA i E. faecalis, proteomic approach was undertaken
comparing profiles of the AEF3314_FEF3315 mutant and the
parental strain. Two-dimensional gel electrophoresis of proteins
from growing E. faecalis V19 and AEF3314_EF3315 mutant strains
are shown in Figure 2. From two distinct experiments we observed
that intensity of 4 spots were reproducibly different between the
two strains. Numbers 1, 2, and 4 were only present in the mutant
whereas number 3 was only seen in the wild type (Figure 2). By
mass spectrometry, after extraction of proteins from the gel, we
identified these polypeptides. Spots 1, 2, 3, and 4 correspond to
DnaK (EF_1308, 63 kDa), ribosomal protein S1 (EF_1548,
43 kDa), ribosomal protein L6 (EF_0221, 19 kDa), and translation
elongation factor Tu (EF_0221, 43 kDa), respectively. However,
molecular weight (MW) deduced from the gels (around 45 kDa,
30 kDa, 15 kDa, for peptides 1, 2, and 4, respectively) did not
correlated with the expected sizes. Therefore, peptides indentified

Table 2. Number of putative target genes.

Number of mRNA candidate

sRNA sRNATarget (score>0.9)> IntaRNA® common®
EF3314_EF3315 75 319 9
EF0820_EF0822 176 213¢ 44
EF1368_EF1369 876 97¢ 72
EF0605_EF0606 210 854 24
EF0869_EF0871 494 318¢ 62
EF0136_EF0137 1252 92¢ 81

2 http://ccb.bmi.ac.cn/sRNAtarget [28].

P: http://ma.informatik.uni-freiburg.de:8080/IntaRNA.jsp [29].
< list of genes is in Table S2.

9. cut-off <—10 kcal/mol.

€ cut-off <—15 kcal/mol.
doi:10.1371/journal.pone.0023948.t002
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Figure 2. Two-dimensional gel electrophoresis of proteins from E. faecalis V19 (A) and AEF3314_EF335 mutant (B). Arrows indicate
polypeptides that are detected in one gel but not in the other. The position of the polypeptides absent in a given gel are indicated by circles.

doi:10.1371/journal.pone.0023948.9g002

from the mutant samples likely corresponded to protein degrada-
tion products. On the other hand, MW of spot number 3, which is
absent in the mutant, was estimated at around 20 kDa in good
accordance with the calculated size of the intact protein (19 kDa).
These combined results suggested that EF3314_EF3315 might be
involved in the turnover of some abundant proteins in E. faecalis,
especially from the translational apparatus.

Expression of sRNAs in different stress conditions
Generally, the expression of sSRNAs are tightly regulated and
induced by specific environmental condition [2]. We then

performed tiling arrays with new RINA samples in order to analyze
the transcription of sRNAs previously characterized under 11
different conditions of growth some of which may correspond to
stresses encountered during intestinal colonization or during the
infectious process (see Material and Methods). Expression patterns
of the 11 sSRNAs under HyOy, BS, and acid stress conditions, during
growth in presence or absence of Oy and in serum and urine is
presented in Table 3. EF0408_EF0409, EFA0080_EFA0081 and
EFB0062_EFB0063, identified as members of TA systems were
highly expressed at different stages of growth with oxygen (Table 3).
Physiological significance of the induction of transcription of these

Table 3. Expression patterns of sSRNAs under different growth phases and stress conditions.
SRNAs Stress conditions

H,0, pH (acid) BS Expo Early Stat  Stat Expo Early Stat Stat Urine Serum

with O, with O, with O,
EF3314_EF3315 127 2263 596 787 1756 64 3478 659 93 191 112
EF0820_EF0822 114 150 135 370 253 47 473 605 51 59 122
EFAO080_EFA0081 102 186 314 857 43619 2364 5034 1566 3886 1756 2178
EF1368_EF1369 761 2817 874 1178 418 118 171 614 168 144 139
EF0408_EF0409 1756 2916 649 20636 1916 283 1597 1909 136 954 257
EF0605_EF0606 722 2056 246 1880 3246 214 261 113 326 802 129
EF1097_EF1098 4535 32765 106115 1835 22301 2438 1518 1492 3977 41662 11483
EF0869_EF0871 556 159 1236 196 7780 13465 374 119683 31710 5974 30293
EF0136_EF0137 59 108 11 70 27 46 11 125 144 101
EFB0062_EFB0063 125 332 194 2817 802 20636 1756 1236 5503 211 179
EF2205_EF2206 10724 21313 11296 9823 25155 10468 202452 11483 405266 29510 221227
doi:10.1371/journal.pone.0023948.t003
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Table 4. Distribution of the 11 sRNAs among E. faecalis strains.

sRNAs
E. faecalis EF3314_ [EF0820_ EFA0080_ EF1368_ EF0408_ EF0605_ EF1097_ EF0869_ EF0136_ EFB0062_  EF2205_
strains EF3315 EF0822 EFA0081 EF1369 EF0409 EF0606 EF1098 EF0871 EF0137  EFB0063  EF2206
OGR1RF 90 100 90 ) 90 90 100
ARO1/DG ) 100 90 % 100 90 80-90 P 100
ATCC 29200 100 100 80-90 G 90 ) 100 90 80-90 G 100
ATCC 4200 100 100 9 9 100 90 100
CH188 100 100 90 ) 100 90 80-90 100
D6 100 100 9 % 100 90 9 100
DAPTP0512 =) 100 80-90 G 90 9 % 90 80-90 G =)
DAPTP0516 % 100 80-90 G =) % 90 9 80-90 G %
DS5 100 100 100 P 90 90 90 90 80-90 80-90 P 100
E1Sol 100 9 90 % 100 90 80-90 P 100
Fly1 ) 90 90 ) % 90 100
HH22 100 100 100 G 9 100 100 100 80-90 G 100
HIP11704 100 90 80-90 G 90 9 ) 90 80-90 G 100
JH1 100 100 80-90 P 90 % 90 90 80-90 80-90 P 100
Merz96 =) 100 80-90 P 90 9 % 90 80-90 P %
PC1.1 100 100 =) % 90 9 80-90 100
R712 90 100 80-90 G 90 90 90 90 80-90 G 90
S613 % 100 80-90 G 90 9 9 % 80-90 G 9
iy 100 100 90 ) ) 90 90 P 100
™ 100 100 90 100 100 100 100
T2 100 100 80-90 P 90 ) 100 % 90 100 80-90 P 100
T3 100 100 90 % 90 9 80-90 P 100
T8 100 100 90 G 90 % % 90 80-90 G 100
TUSoD Ef11 100 % 80-90 % 90 90 %
TX0012 100 100 90 % % 90 9
TX0017 100 100 80-90 G %0 9 9 90 80-90 G 100
TX0027 100 100 80-90 G 90 90 =) 90 80-90 80-90 G 100
TX0031 100 100 90 % 100 90 100
TX0043 100 100 90 ) 100 90 90
TX0102 100 100 90 % 100 90 100
TX0104 100 100 80-90 G 90 9 90 % 90 80-90 G 100
TX0109 100 100 9 % 90 9 80-90 G %
TX0309A 100 100 90 100 100 100 100 80-90 92 G 100
TX03098 100 100 =) 100 100 100 100 80-90 92 G 100
TX0312 100 100 90 90 100 90 =)
TX0411 100 100 80-90 G 90 % 100 9 9 G 90
TX0470 100 100 80-90 =) =) 100 80-90 100
TX0630 100 100 80-90 G 90 % 100 90 100 9 G 100
TX0635 100 100 9 G 90 ) 100 90 80-90 80-90 G 100
TX0645 100 9 80-90 % 90 90 80-90 80-90 G 100
TX0855 100 90 80-90 G 90 %0 100 % 90 92 G 100
TX0860 100 100 9 % 100 90 9 92 G 100
TX1302 100 100 90 9 % 90 100
TX1322 100 100 90 % 100 % 80-90 G 100
TX1341 100 100 90 90 100 90 100 80-90 80-90 G 100
TX1342 100 100 90 % 20 20 100
TX1346 100 90 90 9 e 90 )
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sRNAs
E. faecalis EF3314_ EF0820_ EFA0080_ EF1368_ EF0408_ EF0605_ EF1097_ EF0869_ EF0136_ EFB0062_ EF2205_
strains EF3315 EF0822 EFA0081 EF1369 EF0409 EF0606 EF1098 EF0871 EF0137 EFB0063 EF2206
TX2134 100 100 80-90 G 90 90 100 90 90 G 100
TX2137 100 100 80-90 G 90 90 100 90 90 80-90 G 100
TX2141 100 90 80-90 90 90 90 90
TX4000 100 100 90 90 90 90 100
TX4244 100 100 90 920 920 90 80-90 80-90 G 100
TX4248 100 100 80-90 G 90 920 920 920 80-90 80-90 G 100
X98 100 100 80-90 P 90 920 100 90 80-90 P 920

100 indicates 100% identity.

90 indicates more than >90% identity.

80-90 indicates between 80 and 90% identity.
White box indicates the absence of homology.
G: on genome.

P: on plasmid.
doi:10.1371/journal.pone.0023948.t004

three homologues especially in presence of oxygen remains unclear.
However, the expressions of these paralogues appeared sequential
during growth phases. EF0408_EF0409 was mainly transcribed
during exponential phase, EFA0080_EFA0081 during early
stationary phase, and EFB0062_EFB0063 after 24 h of stationary
phase (Table 3). These observations suggest that the different TA
systems may have different roles according to the growth phase of
the bacteria.

E.  faecalis tmRNA (EF1097_EF1098) and 4.5S RNA
(EF2205_EF¥2206) showed a high intensity of hybridization under
all conditions tested but BS and late stationary phase induced the
highest level of tmRNA and 4.5S RNA expression, respectively.
Furthermore, EF0869_EF0871 was highly expressed in urine and
serum medium (Table 3). It has been shown that transcription of
some genes encoding fitness and virulence factors are affected
when E. faecalis is incubated in these biological media [39,40]. It is
then tempting to speculate that these sSRNAs could play a crucial
role in the cellular response triggered during the infectious process.

Surprisingly, for unexpected reason, signals corresponding to the
two sSRNAs EF0136_EF0137 and EF0820_EF0822 were very low in
these tiling arrays experiments leading to unexploitable data. On the
other hand, EF3314_EF3315, EF1368_EF1369 and EF0605_EF0606
sRINAs appeared moderately expressed but were obviously induced by
acid stress (Table 3). However, exponential growth phase and early
stationary phase in presence of oxygen were the most favorable
conditions for EF3314_EF3315 and EF0605_EF0606 expressions,
respectively (Table 3). This is in agreement with the induction of
Ref25C  (corresponding to EFO0605_EF0606) in oxidative stress
condition reported by Fouquier d’Hérouel et al. [23].

Our tiling arrays data using RNA samples obtained from cells
incubated under 11 different growth conditions allowed us to
identify 76 new IGRs with intensities of hybridization ten fold
higher than signals from apparent untranslated regions. Probe
sequences and tiling array data obtained with samples from stressed cells are
shown in Table S3. A more detailed analysis of these new candidales is in
progress in our laboratory. In addition, if the threshold was set to five-
fold induction, 174 putative sRNAs were detected in our
experiments. SRNAs are usually transcribed under specific growth
conditions and it is likely that some could be expressed under
stressing conditions not yet tested. Moreover, sSRNAs may have

@ PLoS ONE | www.plosone.org

been missed in our study due to experimental procedure since our
chips only covered intergenic regions of the V583 genome and
since fractionated RNAs have been used for the hybridizations. It
has been generally predicted that genome sizes ranging from 3—
4 Mbp may contain 80-300 sRNAs [14]. Taken together it is
highly probable that the number of SRNA transcripts detected in
E. faecalis will greatly increase in the near future.

Distribution of sSRNAs among E. faecalis strains

To date, the whole genome sequence of 54 E. faecalis strains are
available in the NCBI database. We performed standard BLAST
analysis to detect the presence of the characterized sSRNAs in these
different E. faecalis strains (Table 4). Seven of them are highly
conserved (90 to 100% identical) and present in all E. faecalis
genomes (EF3314_EF3315, EF0820_EF0821, EF1368_EF1369,
EF0408_EF0409, EF1097_EF1098, EF0869_EF0871 and EF2205_
EF2206). The other four are not systematically observed because of
their location on a mobile genetic element (EF0136_EF0137), in the
pathogenicity island (PAI) (EF0605_EF0606) or on plasmids
(EFA0080_EF0081 and EFB0062_EFB0063) [41]. sSRNAs EF0605_
EF0606, EF0136_EF0137, EFA0080_EFA0081 and EFB0062_
EFB0063 homologues (at least 80% identical) are present in 9, 15,
35 and 23 strains of the 54 genomes analyzed, respectively (Table 4).

Homologues of EF0408_EF0409 (more than 90% identity)
(member of TA system, see above) were systematically present in
all E. faecalis genomes. Moreover, additional plasmidic
EFA0080_EFA0081 and EFB0062_EFB0063 homologous were
also observed in some chromosomes showing that most E. faecalis
strains have several par systems arguing for a selective advantage
for the bacterial cell.

Interestingly, EFO605_EFO0606 is located in PAI between a gene
encoding a Dps family protein (EF_0606) and an operon including
a paralogue of gls24 (EF_0605-EF_0604). Dps is a protein involved
in the protection of DNA against oxidative stress and Gls24
corresponds to a general stress protein that is a virulence factor in
E. faecalis [42,43,44]. In S. pneumoniae, two sRNAs had demon-
strated cus-acting effects on the transcription of adjacent genes [43].
From these observations and the fact that EF0605_EF0606 sRNA
is induced under aerobic growth conditions, it may be hypothe-
sized that it has a role in the control of expression of these enzymes

September 2011 | Volume 6 | Issue 9 | 23948



and hence may be implicated in stress response and virulence of E.
Jaecalis.

Perspectives

In this work we have determined the sequences, locations and
expression patterns of 11 sRNAs in E. faecalis V583. These results
provide a starting point towards understanding of the complex
RNA regulatory network governing FE. faecalis physiology and
virulence. Recently, comparative genome-wide analysis of putative
or characterized sRNAs of five major Gram-positive pathogens (L.
monocytogenes EGD-e, Clostridium difficile 630, Staphylococcus aureus
COL, S. pyrogenes M1 GAS, and E. faecalis V583) was reported [46].
This information will help to understand the molecular mecha-
nisms of the pathogenic process which might be useful for the
development of novel microbial diagnosis tools and anti-bacterial
drugs such as antisense PNAs (peptide nucleic acids) [46].

Supporting Information

Table S1 Primers and probes used in this study.
(DOC)
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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 O104: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 of 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 45X. 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.ncbi.nlm.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, blatg,,.,, 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-
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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 ColE1 mobilization proteins (MobA to -D) (GenBank no.
J01566) (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 10> 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
(pHUSECA41-4).
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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 sRNAs 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 assembled from
experiments as well as from bioinformatics 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 SRNAs from available
sequenced gram-positive prokaryotic 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, sSRNAMap
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
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detailed analyses via a web front-end. sSRNAMap is a
webserver-based application for gram-negative bacteria
only. sRNATarBase compiles experimental data and
allows the prediction of sRNA 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. Our
database is a locally installable web-suite, permitting the
comparative analysis of SRNAs 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 distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/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, SRNAdb 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 SRNAdb. 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
feat_id term_id feat_id P
orz_id T orz_id orz_id evidence
start name start
stop start stop
fenzth Tt ep "% fensth ev_id
strand CHAR strand strand ev_type
annotation annotation mathod
status < saquance status madivm
souree R R source source 2v_condition
* *
srna 1
gene 4
s2ne_id INT g srnax
orz_id I i i
Sitd - organism orz_id . =
bemex VARCHWRGSS & 1 oo 2ame e id
_locus_tag [ “;w ::2 ;C_;‘:
St T taxonomy length regulation_state
xop . seq_id strand
:;::d A m ‘Jm
pfotein‘_id 2 ‘mm
annotation LONGIEAT 1 status 1
annotation
1 * *
source
sre_id
1 1 rafarence
pubmed_id
small_gene 1 whole_transcript
zene_id A group_id
gene I ortz_id
o i , sequence e
= I 1 stast
- nucleotida_saq GTEXT
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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 into 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 SRNAdb is a simple process based
on GenBank and tab-delimited flat-files.

Currently, the public sSRNAdb 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 sSRNAs 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://
rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi).

Another interface named blast (Figure 3A) was created
to enable homology searches of sRNAs versus either
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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
alignment programs such as CLUSTALW (http://www.
ebi.ac.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.univie.ac.at/cgi-bin/RNAz.cgi), facili-
tating screens for SRNA-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 sSRNA 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
Arnvig et al. 2009 [13] 9 Mycobacterium tuberculosis H37Rv 19555452
Bohn et al. 2010 [14] 28 Staphylococcus aureus subsp. aureus N315 20511587
Christiansen et al. 2006 [15] 3 Listeria monocytogenes EGD-e 16682563
D'Hérouel et al. 2011 [16] 22 Enterococcus faecalis V583 21266481
Geissmann et al. 2009 [17] 11 Staphylococcus aureus subsp. aureus N315 19786493
Irov et al. 2010 [18] 90 Bacillus subtilis subsp. subtilis str. 168 20525796
Kumar et al. 2010 [19] 50 Streptococcus pneumonia TIGR4 20525227
Livny et al. 2008 [20] 9993 Gram-positive bacteria 18787707
Mandin et al. 2007 [21] 12 Listeria monocytogenes EGD-e 17259222
Mraheil et al. 2011 [22] 150 Listeria monocytogenes EGD-e 21278422
Nielsen et al. 2008 [23] 1 Listeria monocytogenes EGD-e 18621897
Perez et al. 2009 [24] 33 Streptococcus pyogenes MGAS5005 19888332
Rasmussen et al. 2009 [25] 84 Bacillus subtilis subsp. subtilis str. 168 10682248
Tezuka et al. 2009 [26] 12 Streptomyces griseus subsp. griseus NBRC 13350 19465662
Toledo-Arana et al. 2009 [27] 103 Listeria monocytogenes EGD-e 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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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 servlet 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 output from the search servlet. 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 servlet are included in the output.
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Figure 3 Blast servlet form and corresponding output. A FASTA formatted sRNA sequences can be inserted into the query 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)
options 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 Listeria were set as targets and the BOA options were enabled. B The number of sRNAs detected in the target organism is
displayed in a comparative matrix form. C All hits listed in a table and are linked to their corresponding alignment. D A detailed BLAST alignment

of all results can also be plotted.
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Listeria welshimeri serovar 6b str SLCC5334

Query: LhrC-4, LhrC
Start: 255521
End: 255668

Coverage: 100

End: 232598

Length: 31
Confidence: 100
Source: TranstermHP
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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. C Batch mode: sRNAs displayed in Figure 1 are used as input in this example. The output-matrix indicates
occurrence of the sRNA candidates in selected organisms and their directional relationships with respect to their surrounding genes.




Pischimarov et al. BMIC Genomics 2012, 13:384
http://www.biomedcentral.com/1471-2164/13/384

compared to different chromosomes/plasmids in a con-
cise image output.

For the genome wide analysis of multiple SRNA 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 to understand the
distribution and evolution 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 SRNAs. 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 sSRNAdb, 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 sSRNA 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 SRNAs which can be used as puta-
tive drug targets in antimicrobial therapeutic approaches
as well as specific SRNAs 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://bioinfo.mik-
robio.med.uni-giessen.de/sRNAdb.
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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 (L99) and 4b (CLIP80459), and transcriptomes of representative
strains from lineages |, II, and ll, thereby permitting in-depth comparison of genome- and transcriptome -based
data from three lineages of L. monocytogenes. Lineage lll, represented by the 4a L99 genome is known to contain
strains less virulent for humans.

Results: The genome analysis of the weakly pathogenic L99 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 in/B invasion gene. These lineage | 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-e and 4a L99. Comparative transcriptome analysis during intracellular growth uncovered adaptive expression
level differences in lineages |, Il and Il 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 Il strain EGD-e 1/23, the Ima operon, revealed severe attenuation 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 lineages.

Keywords: Listeria monocytogenes, Lineage, Comparative genomics, Gene decay, Comparative transcriptomics,
Flagella, Prophage, Monocin, Isogenic deletion mutants, Murine infection
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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, L. grayi
and L. rocourtiae. L. monocytogenes 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 replicate in both
phagocytic and non-phagocytic cells. The infectious life
cycle has been elucidated 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 (vgc) or Listeria pathogenicity island-1 (LIPI-1) in
the genome. However, a number of genes required for
virulence are not localized in this cluster, including the
two internalins inlA and inlB. 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, strains
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 (F2365) 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 non-
sense and frameshift mutations in several genes. Owing to
a frameshift in inlB, 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 L99 of lineage III. L99 was
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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 sero-
type 1/2a has permitted analysis of the intracellular gene
expression profile of this strain [19-21].

The genome sequences of strains 4a L99 and 4b
CLIP80459 presented in this work provide a unique oppor-
tunity to delineate specific adaptations of these lineage
representives both at the genomic and at the transcrip-
tional level.

Results

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

The overall features of the completely sequenced circular
genomes of L. monocytogenes 4a 199, L. monocytogenes
4b CLIP80459, L. monocytogenes 1/2a EGD-e, L. monocy-
togenes 4b F2365 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: gen-
ome size, G + C content, percentage coding and average
length of protein-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 S-5 S), of which two are
located on the right and four on the left replichore. The
chromosomes of 4a L99 and 4b CLIP80459 are devoid of
mobile genetic elements and harbour no plasmid.

We observed four different prophage regions in the
genome of the 4a L99 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 (lmo4a_0064-
Imo4a_0115), prophage Il at (lmo4a_0148-Imoda 0153,
prophage-remnant: /maDC; 4b ClIP80459 Lm4b_00117b-
Lm4b00134 or monocin region), prophage III at
1224779 bp (Imo4a_1221-Ilmo4a_1293) and prophage IV
at 2668913 bp (Imo4a_2599-lmo4a_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
SLCC5334 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 sphingo-
myelinase C (SmcL) and also a cluster of internalin genes
[8]. These findings confirm previous observations [3]
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Table 1 General features of L. monocytogenes 1/2a EGD-e, L. monocytogenes 4a L99, L. monocytogenes 4b CLIP80459, L.

monocytogenes 4b F2365 and L. innocua 6a CLIP11262

L. monocytogenes

L. monocytogenes 4b L. monocytogenes 4bL. monocytogenes 1/2a

L. innocua6a

4a L99 CLIP80459 F2365 EGD-e CLIP11262
Size of chromosome [bp] 2979198 2912690 2905187 2944528 3011208
G + C content [%] 382 38.1 380 380 374
G + C content of protein-coding 387 385 385 384 378
genes [%]
Protein-coding genes 2925 (1) 2790 (24) 2821 (26) 2855 (9) 2981 (13)
(pseudogenes)
Average length of 301 311 303 306 300
protein-coding genes [aa]
Number of rRNA operons 6 6 6 6 6
(16 S-23S-5 S)
Number of tRNA genes 67 67 67 67 66
Percentage coding 88.9 894 884 89.2 89.2
Number of prophages (genes) 4 (197) 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.

Core and specific genes were analyzed using orthologous pairs excluding prophage genes as described previously [3].

indicating that tRNAs represent genetic “anchoring
elements” for the uptake of listerial prophage DNA by
transduction processes and thus contributing to evolution-
ary genome diversity of listeriae. Pseudogenes were detected
for both 4b F2365 (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) 115 genes are specific
for strain 4b CLIP80459 with respect to strain 4b F2365.
The dominant functions 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 interest-
ingly, inlB although it is reported to be important for
virulence of L. monocytogenes has a frameshift mutation
in this strain [15].

When comparing the genomes of different lineages at
the nucleotide sequence level a number of genomic differ-
ences 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 interna-
lins. Comparison of the 4a L99 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 [mo0409 (inlF),
autolysin [mo1215, as well as proteins involved in surface
antigen biosynthesis like /1102552 (murZ) and [m02549
(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.

Comparison of the virulence genes cluster of lineage |, Il
and lll

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 actA sequence
of the 4b and the 4a genomes. In addition, a small
truncation upstream the mpl gene and a truncation of a
short repeat region distal to the PrfA binding box of mpl
was present in the 4a genome. However, the PrfA
binding site was not affected. Moreover, the alignment
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Figure 1 Comparative SNP analysis of five listerial strains From outside to inside: genome of L. monocytogenes 1/2a EGD-e colored according
to COG categories (two strands shown separately). Number of SNPs normalized by gene length in the comparison of 1/2a EGD-e and L. innocua
6a CLIP11262, 1/2a EGD-e and 4a L99, 1/2a EGD-e and 4b CLIP80459, 1/2a EGD-e 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.
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identity decreased slightly in the latter half of the cluster,
with differences most prominently visible in the regions
containing [m00207 and [mo0209. [mo0207 encodes a
lipoprotein and was identified as one of the most diver-
gent genes of the LIPI-1 when comparing three lineages.

Interestingly, both the L. monocytogenes 4b strains
(CLIP80459 and F2365), and the L. monocytogenes 4a
L99 strain, have an identical repeat truncation in the
ActA protein compared to ActA of the 1/2a EGD-e
(Additional file 2: Table S2 Additional file 3: Table S3).
Such truncations in actA have been reported previously
for strain 4a L99 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 IlI

Several genes encoding internalin-like proteins are
absent in the L. monocytogenes 4a 1L99 genome in com-
parison 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 inlGHE cluster [30] is absent
in the 4a L99 genome (Additional file 5: Table S5)
[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 (Inl]) that has
been shown to be specifically expressed only in vivo [31]
is also absent from the 4a L99 genome. Similarly, Inter-
nalin C [27], involved in cell-to-cell spread and innate
immune response in the vertebrate host [32-35], is
absent in 4a L99 but is conserved in both 4b strains and

1/2a EGD-e. A comparable situation was identified for
internalin F [27], however deletion mutants have not
been shown to be reduced in invasion into non-phago-
cytic cells [36]. Apart from the absence of these charac-
terized internalin genes, several other internalin-like
genes ([mol1666, [mo2470 and Imo2821, Additional file 4:
Table S4) are present in the 1/2a EGD-e and 4b
genomes, but are absent from the 4a L99 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 4c¢ FSL J2-071
(Listeria monocytogenes Sequencing Project, Broad Insti-
tute 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 S10
and Additional file 11: Figure S1). We confirmed by
comparative genomics that these 4a genomes lack a simi-
lar 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 S9
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 4c 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-motif contain-
ing (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].
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The vip gene product, a PrfA-dependent LPXTG protein
(Additional file 7: Table S7), described as a receptor for the
eukaryotic Gp96 surface protein and important for late
stages of infection [40], is also absent from the 4a 199
genome. In addition to these missing genes, Inll is 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 S8),
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 L99 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 L99 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 L99 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 lma genes [43]. Although previously thought to be spe-
cific to L. monocytogenes, it was shown that lmaDCBA 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 L99 genome lacks lmaA
and /maB (Additional file 12: Figure S2). The entire locus
in 1/2a EGD-e and the two 4b genomes has 16 genes, but
only five of these genes are present in the 4a L99 genome.
ImaA and ImaB are absent in L. welshimeri. Interestingly,
the structure of this prophage locus in strain 4a L99 and
other lineage III strains is more similar to L. welshimeri
than to other pathogenic listeriae (Additional file 12:
Figure S2).

The CRISPR system of Listeria

The L. monocytogenes 4a L99 genome was found to con-
tain 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, respect-
ively). 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 L99, HCC23, M7, but not
in another lineage III genome of 4c FSL J2-071 (Figure 3
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A-C). It is not known whether the CRISPR system is
functional in the 4a L99 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 L99 suggests
a resistance to the PSA bacteriophage (Additional file 13:
Figure S3).

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 S5). 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,
fructose 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 S6 and Additional file 17:
Figure S7). 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 L. 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 monocy-
togenes strains of the two major lineages revealed differ-
ences 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
isolated four hours post infection and hybridized to
bioarrays.

In order to determine the core intracellular response
of L. monocytogenes we created a dataset of core-syntenic
homologous genes for all four genomes and the expres-
sion data for these genes were compared. We found that
in all strains studied the entire virulence genes cluster,
(prfA, plcA, hly, mpl, actA, plcB and orfX) was highly
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Figure 3 Overview of CRISPR (clustered regularly interspaced short palindromic repeats) loci in L monocytogenes 1/2a EGD-e, L.
monocytogenes 4a L99, L. monocytogenes 4a HCC23, L. monocytogenes 4a M7, L. monocytogenes 4c 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-e and both 4b genomes. Comparison of the intergenic sequences with the 4a 99 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 Il shows 29 copies of repeats and is associated with several cas genes (cas2, cas3, cas5 and casé. cas] is partially
detectable, but seems to be truncated. (O): L. innocua 6a CLIP11262 harbours the CRISPR locus Il at position 2.77 Mb in the genome, which is
neighboured by a single cas2 gene. No other CRISPR repeats nor any cas gene homologs were found in the 4b genomes.

induced within the infected host cells. Furthermore genes
known to be important for bacterial survival, such as /pt,
clpE, bil[EA and two LRR domain-containing proteins
(Imo0514 and lmo2445) were upregulated in all strains.

Interestingly, three mannose transporting PTS systems
(Imo0021-1mo0024, 1mo0781-lmo0784, lmol997-1mo2002),
two fructose specific systems (/7102335 and lmo02733), two
galacitol specific systems ({00503, mo0507, Imo0508 and
Im02665-1m02667), two beta-glucoside systems (the partial
system [m00373-Imo0374 and [mo0874-lmo0876), and two
cellobiose specific systems (the partial system /100901 and
[mo0914-lmo0916) were commonly upregulated in all
strains. These possibly represent the most frequently used
substrates of listeriae in the cytosol. Only one mannose
specific PTS system, (Im00096-lmo0098) 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 L99) is the monocin lma locus. The lmaA
gene product has been shown to provoke a delayed type
hypersensitivity reaction in mice immune to L. monocyto-
genes. It is also secreted at 20°C but much less [45] at 37°
C. The Ima operon produces two transcripts, a 2100 bp
ImaDCBA transcript expressed both at 20°C and 37°C,
and a 1050 bp [maBA 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 Listeria
lineages.

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, potC and
potD). 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 downregula-
tion of several genes involved in pyrimidine and purine
biosynthesis from pentose sugars (e.g. [m01463, Imo1497,
Imol1565, [mol832, Imol836, Imol856, I[mol929,
Imo2154, Imo2155, [m02390 and [m02559).

Downregulated genes included the agr locus (Imo0048-
Imo0051) as demonstrated previously [20,46] and several
genes of the tryptophan biosynthesis operon (¢rpA, trpB,
trpF and trpD), and some tRNA synthetase genes (ileS,
valS, glyS and glyQ). 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, [mo0199)
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 CLIP80459 strain or 4a L99, the 4b
F2365 strain showed increased expression (Additional
file 20: Text S2).

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
F2365, we performed a direct 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 flagellar
genes, including fliS, flil, flhA, fliF, filE, figB, flgC, flgG,
fliD as well as the transcriptional regulator degll
(Imo2515), in the 4b strain CLIP80459 only fliR was
upregulated. When comparing the intracellular tran-
scriptome of strain 4a 199 to the 1/2a and 4b strains the
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Figure 4 Comparative transcriptomics of four L. monocytogenes genomes: [. monocytogenes 1/2a EGD-e, L. monocytogenes 4a 199, 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

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 S3) (homologues of /100675,
Imo0676, [mo0681, [mo0685, [mo0686, Ilmo0690-
Im00696, [mo0698-1mo0701, Imo0703-Imo0706, [mo0708,
1mo0709, 1mo0712, Imo0714 and Imo0715) in strain 4a
L99. Strong expression of these genes is counterproduct-
ive 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 expres-
sion profile (Additional file 22: Figure S9) 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.



Hain et al. BMC Genomics 2012, 13:144
http://www.biomedcentral.com/1471-2164/13/144

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

We observed a severe deficiency in entry of strain L99 in
HeLa and Caco-2 cells as well as poor cell-to-cell trans-
mission with macrophages and L929 fibroblasts when
compared to 1/2a EGD-e (data not shown). Impaired in-
vasion ability of host cells may be due to lack of several
internalin genes in the genome of strain 4a L99. It is
likely that both, decreased invasive ability and strong
intracellular expression of flagellar genes contribute to-
wards the rapid clearance of the 4a L99 strain in in vivo
experiments in mice. Upregulation of several DNA repair
genes was also seen in strain 4a L99 compared to the
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other strains, e.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 mea-
sured bacterial loads in spleens and livers at different
time points (Figure 5A and 5B). The 4a L99 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 L99 strain is attenu-
ated 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 repli-
cate in the spleen, the 1/2a EGD-e and the 4b F2365
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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-e (filled circles), 4b F2365 (open
circles), 4b CLIP80459 (filled triangles), and 4a 99 (open triangles). On days 1, 3, 5, and 8 after 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 F2365 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 f(filled triangles). On days 1, 3, and 5 after
infection, the numbers of viable bacteria in spleens (C) and livers (D) of three animals per group were determined (P <0,05 and P <0,01 of 1/2a
EGD-e versus AlmaB 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 t-test.




Hain et al. BMC Genomics 2012, 13:144
http://www.biomedcentral.com/1471-2164/13/144

bacterial loads in liver were significantly lower than the
4b CLIP80459 strain whose counts remained signifi-
cantly higher even on days five and eight post-infection.
Isogenic mutants of AlmaB and AlmaD showed similar
counts in mice spleens and livers. However, both
mutants have shown a significantly lower level of growth
than 1/2a EGD-e on days 3 and 5 post-infection
(Figure 5C and 5D).

Discussion

We sequenced and analysed the genomes of representa-
tives of three major lineages of species L. monocytogenes
to correlate gene content with (i) its wide spectrum of
pathogenic abilities, (ii) 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 isolated from contaminated
food in the 1950%, it might be possible that mutations
have taken place over this lengthy time of storage under
in vitro conditions. Surprisingly, a previously known
actA truncation in the 4a genomes of L99, HCC23 and
M7, was also found in a higher number of lineages I
strains compared to lineage 1I, but not in the actA gene
of another lineage III strain of 4c 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 L99 has diverged significantly from
that of the 4b and 1/2a strain leading to a loss of the
open reading frames [m00206 to [m00209. Loss of
Imo0206 (orfX) has been shown to confer a severe
growth effect on survival in macrophages, [20] while loss
of [mo00207 has a small effect on growth in macrophages
and no data are presently available for [m00208 and
Im00209 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 flagel-
lin. Ligands may be shared between the surface and the
cytosolic receptors, e.g. cell wall components and flagel-
lin may be sensed both by TLRs and also by cytosolic
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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 DNA 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 flex-
neri and Francisella tularensis [50,51]. All strains investi-
gated in this study were found to express flagellar genes
in the cytosol, except for strain 4b CLIP80459. The
ability to successfully 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 [52].

In keeping with this finding, both strains 4b F2365 and
4a L99 displayed strong induction of several flagellar
genes during intracellular growth and were more readily
cleared from the host. This suggests strain-specific differ-
ences 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 con-
ditions of antibiotic treatment [53,54], toxin exposure
[55], heavy metal stress [56,57], extreme temperatures
[58], 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 paralo-
gous genes in metabolic pathways, while very few
horizontally transferred genes could be classified at all.
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The highest numbers of gene duplications were identi-
fied 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 L.99: 49; 4b F2365 11; 4b CLIP80459: 3).

PTS systems enable listeriae to utilize host carbohy-
drates, 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], specific-
ally 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 L99 genomes. A trans-
poson insertion mutant of this system (/mo01971) 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 SI).
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 F2365, which may contribute to better
intracellular survival of 4b CLIP80459.

In addition to phosphorylated sugars, there are other
nitrogen and carbon sources available to intracellular
bacteria, such as ethanolamine. Ethanolamine is used as
substrate 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 Salmonella cluster, but all
the genes of the cluster have homologous sequences in
Listeria (Additional file 23: Figure S10). Previous studies
identified genes of the locus to be upregulated intracellu-
larly during infection and were shown to play a critical
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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 L. 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 essen-
tial mechanism to counteract oxidative stress is to
reroute carbohydrate flux via the pentose phosphate
pathway, which is required for the biosynthesis of reduc-
tive substrates rather than through glycolysis pathway
[68]. Indeed, we observed that all lineages prefer to chan-
nel 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 palin-
dromic repeats) locus, associated with several cas genes
was identified in the 4a L99 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-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 eluci-
dated [70]. Among the genomes compared in this study,
only the 4a L99 genomes of L99, HCC23 and M7 pos-
sesses 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 r/iB is located in the repeat region of 1/2a
EGD-e 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.
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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 num-
bers of prophage genes (1/2a EGD-e: 79; 4a L99: 191; 4b
CLIP80459: 16 and 4b F2365: 16) distributed in different
loci. 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 lineages and is 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 (/maB and ImaD) resulted in growth reduc-
tion of 1/2a EGD-e in a murine infection model.
Although the underlying mechanisms leading to the atte-
nuated 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 is sub-
ject 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 invalu-
able 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 L99, HCC23 and M7 is the major
force driving the attenuated phenotype, (ii) acquisition
and adaptation of prophage genes and metabolic sys-
tems, respectively, identify novel virulence-associated
factors of listeriae and (iii) listeriae avoid detection and
subsequent immune response of the host via downregu-
lation of surface structures and by differences in intracel-
lular expression of flagellar genes.

Methods

Strains and growth conditions

Four L. monocytogenes strains were used in the study, L.
monocytogenes 1/2a EGD-e [14], L. monocytogenes 4a
199 [18], L. monocytogenes 4b CLIP80459 [17], L. mono-
cytogenes 4b F2365 [15] and chromosomal deletion
mutants of L. monocytogenes 1/2a EGD-e AlmaB and
AlmaD. Bacteria were grown in brain heart infusion
(BHI) broth (Difco) at 37°C with shaking. For further
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comparative genomic analysis L. monocytogenes 4a
HCC23 [37] L. monocytogenes 4a M7 [38] and L. mono-
cytogenes 4c 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 199
was performed on ABI PRISM 3100 or 3730xl 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 in 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] after
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.
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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].

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 per-
formed 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 identi-
fied 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 back-
ground 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 AimaB and AlmaD

Chromosomal in frame deletion mutants of L. monocyto-
genes 1/2a EGD-e AlmaB and AlmaD were constructed by
generating the 5° (with primers P1 and P2) and the 3’
(with primers P3 and P4) flanking region of the gene con-
cerned. Primers used to generate the flanking regions are
shown (Additional file 24: Table S11). The purified PCR
fragments of 5 and 3’ flanking regions were amplified
using primer P1 and P4, ligated into pCRII (Life technolo-
gies) and transformed into E. 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
E. coli InvaF electrocompetent cells. Plasmid DNA of
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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. Colonies were counted after
24 h of incubation 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’st-test. Values
were considered significantly different when the p value
was less than 0.05 (p < 0.05).

Nucleotide sequence and microarray accession number
The genome sequences have been deposited in the EMBL
database with accession numbers FM211688 for L.
monocytogenes 4a 199 and FM242711 for L. monocytogenes
4b CLIP80459 respectively. The microarray data have
been submitted to ArrayExpress with the accession
number E-MEXP-1947.

Additional files

Additional file 1: Table S1. Nucleotide analysis of actA repeats of
Listeria.

Additionaf file 2: Table S2. Prediction of LRR region containing
proteins by Augur [90].

Additional file 3: Table S2. x Prediction of proteins containing GW
modules by Augur [90].

Additional file 4: Table S4. Prediction of LPXTG motif harbouring
proteins by Augur [90].
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Additional file 5: Table S5. Prediction of lipoproteins by Augur [90].

Additional file 6: Table S6. Prediction of LysM domain containing
proteins by Augur [90].

Additional file 7: Table S7. Prediction of NLPC/P60 domain containing
proteins by Augur [90].

Additional file 8: Table S8. Comparative CRISPR analysis table.

Additional file 9: Table S9. Metabolosome of L. monocytogenes 1/2a
EGD-e.

Additional file 10: Table S10. Primers used in this study.

Additional file 11: Figure S1. Comparative analysis of L. monocytogenes
ActA protein sequences.

Additional file 12: Figure S2. Comparison of the inIGHE locus in the
three listerial lineages. All three genes in this cluster have been absent in
the L. monocytogenes 4a L99 genome.

Additional file 13: Figure S3. Genome analysis of ImaDCBA region of
six listeriae. Comparative analysis was performed using GECO [82]
applying bidirectional pairs.

Additional file 14: Figure S4. Frequency of distributions of the
percentage identity between all duplicated gene pairs in the Listeria
genomes.

Additional file 15: Figure S5. Gene duplication and horizontal gene
transfer in Listeria genomes.

Additional file 16: Figure S6. Duplication vs. HGT classifiable genes in
listeriae.

Additional file 17: Figure S7. Complete PTS Systems in L.
monocytogenes strains.

Additional file 18: Figure S8. Partial PTS Systems in L. monocytogenes
strains.

Additional file 19: Text S1. SNP analysis of three listerial lineages.

Additional file 20: Text S2. Differential regulation of glycolysis in L.
monocytogenes 4b F2365.

Additional file 21: Text S3. Comparison of two L. monocytogenes 4b
strains CLIP80459 and F2365.

Additional file 22: Figure S9. Confirmation of lacking genes encoding
surface proteins in four L. monocytogenes 4a strains and three L.
monocytogenes 4c strain generated by PCR analysis.

Additional file 23: Figure S10. Intracellular flagellin expression data of
L. monocytogenes 1/2a EGD-e, L. monocytogenes 4a L99, L. monocytogenes
4b CLIP80459 and L. monocytogenes 4b F2365 generated by qRT-PCR
analysis.

Additional file 24: Figure S11. List of gene duplication in Listeria
genomes.
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Abstract

Background: Listeria monocytogenes is an important food-borne pathogen and model organism for host-pathogen
interaction, thus representing an invaluable target considering research on the forces governing the evolution of
such microbes. The diversity of this species has not been exhaustively explored yet, as previous efforts have focused
on analyses of serotypes primarily implicated in human listeriosis. We conducted complete genome sequencing of
11 strains employing 454 GS FLX technology, thereby achieving full coverage of all serotypes including the first
complete strains of serotypes 1/2b, 3¢, 3b, 4c, 4d, and 4e. These were comparatively analyzed in conjunction with
publicly available data and assessed for pathogenicity in the Galleria mellonella insect model.

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 represented
by the accessory genome resulted from nine hyper variable hotspots, a similar number of different prophages,
three transposons (Tn916, Tn554, 1S3-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 Listeria 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
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 Ill 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 trans-encoded RNA, hinting at a diverse range of adaptations and regulatory impact.

Conclusions: This study determined commonly occurring hyper variable hotspots and mobile elements as primary
effectors of quantitative gene-scale evolution of species L. monocytogenes, while gene decay and SNPs seem to
represent major factors influencing long-term evolution. The discovery of common and disparately distributed
genes considering lineages, serogroups, serotypes and strains of species L. monocytogenes will assist in diagnostic,
phylogenetic and functional research, supported by the comparative genomic GECO-LisDB analysis server
(http://biocinfo.mikrobio.med.uni-giessen.de/geco2lisdb).
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Background

The genus Listeria consists of eight species being L. mono-
cytogenes, 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 con-
sidered 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 immunocom-
promised individuals [5]. The majority of infections are
thought to be foodborne and results in high mortality
rates [6].

Strains of L. monocytogenes can be grouped into four
evolutionary lineages and 12 serotypes representing dis-
tinct phylogenetic, ecologic and phenotypic characteris-
tics [7-9]. 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 II, III and IV show higher recombin-
ation 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 [10,11]. Plasmids are more preva-
lent in lineage II and include a multitude of resistance
genes dealing with toxic metals, horizontal gene transfer,
oxidative stress and small toxic peptides [12]. Further-
more, strains of this lineage often show virulence atte-
nuated phenotypes due to deletions inside important
virulence genes [13]. About 98% of human cases of lis-
teriosis are caused by strains of serotypes 4b, 1/2a, 1/2b
and 1/2c [14].

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 [15]. A second cluster required for virulence
contains an operon of two genes (inl/A/B) that encode
internalins necessary for the attachment to and invasion
of non-phagocytic host cells [16]. The species L. ivanovii
displays a specific island with virulence factors called
LIPI-2, comprising of multiple internalins and smcL
sphingomyelinase hemolysis gene [17]. A subset of
strains of lineage I carry an additional hemolysin called lis-
teriolysin S (LIPI-3) which contributes to virulence
in vitro [18]. Other genes involved in the infectious
process modulate the bacterial metabolism and stress re-
sponse [19,20]. Interestingly, prophage genes may also
have a function in virulence as identified by transcriptomic
analyses of intracellular regulation of genes of three major
lineages [21].
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A variety of cell wall components are important for the
survival of strains of species L. monocytogenes in the envi-
ronment and the infected host, which are frequently
encoded by genes harboring domains involved in cell-wall
anchoring or protein-protein interactions (e.g. LPXTG,
GW, P60, LysM, lipo-box, LRR) [9,22-26].

To protect from bacteriophage activity, some Archaea
and bacteria have developed an adaptive immune system
(CRISPR: clustered regularly interspaced short palin-
dromic repeats) based on a variable module of repeats,
spacers and protein coding genes (Cas: CRISPR asso-
ciated) [27]. Recently it was shown that CRISPR spacers
can bear sequences homologous to chromosomal genes
which may represent a form of autoimmunity or regula-
tory mechanism [28,29]. Some CRISPR/Cas subtypes
lacking endoribonucleases necessary for the maturation
of crRNAs were shown to appropriate a frans-encoded
small RNA (tracrRNA) in combination with a host factor
(RNase III) in order to facilitate the silencing of foreign
nucleic acids [30]. CRISPR/Cas systems were previously
identified inside a number of strains of genus Listeria
but never discussed in detail [21,30-32].

Small non-coding regulatory RNAs have emerged as a
further layer of gene expression regulation in prokar-
yotes [33]. They regulate transcription by pairing with
other RNAs, forming parts of RNA-protein complexes,
or adopting regulatory secondary structures [34]. Small
non-coding RNAs were previously identified in species
L. monocytogenes based on microarrays or deep sequen-
cing approaches and have been implicated in responses
to iron limitation, oxidative stress, low temperature and
intracellular growth [35-41].

The pan-genome concept has recently been introduced
to explore the diversity of a number of bacterial species
and found varying degrees of conservation reflecting
differences in habitat, evolutionary pressure and gene pool
[42-46]. Analyses of the pan-genome of genus Listeria
showed that gene loss played an important role in the
development of modern Listeria species from a putatively
pathogenic ancestor [31]. Previous attempts to study the
pan-genome of L. monocytogenes were focused on the
identification of genes present in lineage I/II while being
absent in lineage III and based on microarrays containing
mostly draft quality genomes missing several serotypes,
thus limiting the possible resolution [9,47].

This study is the first one to base its evolutionary ana-
lyses on a set of 16 completely sequenced genomes of spe-
cies L. monocytogenes including strains of all serotypes,
arguably bearing the most diverse pan-genome to be
assessed for this species. These include five previously
sequenced and extensively studied strains of three major
lineages (I-III) being 4a L99, 4b F2365, 1/2a EGD-e, 1/2a
08-5578 and 1/2a 08-5923 as well as the eleven newly
sequenced genomes [21,32,48,49]. Efficient invasion into
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epithelial cells was described for strains 1/2a EGD-e, 1/2b
SLCC2755, and 4b L312 while strains 4c SLCC2376, 3a
SLCC7179, 3¢ SLCC2479, 1/2c SLCC2372, 7 SLCC2482,
3b SLCC2540, 4e SLCC2378, and 4d ATCC19117 dis-
played attenuation or absence of this ability [50]. An asso-
ciation with human illness was previously established
for strains 1/2c¢ SLCC2372, 1/2a 08-5923/08-5578, 3b
SLCC2540, and 4b F2365 [32,49,51,52]. We determined
common and distinct genetic elements to understand
the diversity of forces shaping the species down to the
level of strains. Most of the analyses were conducted
using the GECO comparative genomics software, which
was heavily extended in relation to the previously pub-
lished version in order to satisfy the needs of this study
[53]. This work focuses on major molecular aspects relat-
ing to evolutionary adaptation of species L. monocytogenes,
and is intended to serve as a framework to support future
analyses for the Listeria research community.

Results and discussion

Basic features of strains selected among known serotypes
of L. monocytogenes

In order to analyze the evolution and pan-genomic po-
tential of the species, strains of L. monocytogenes span-
ning all known serotypes originating from various
sources were selected for comparison (Table 1). The
chromosome of L. monocytogenes 7 SLCC2482 contains
one gap located at 2125011 bp and estimated to have a
size of approximately 10000 bp. Four strains harbored
plasmids which were described previously [12]. All
strains were classified according to known sequence
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types and chromosomal complexes using the BIGSdb
software [7,54].

The chromosomes compared show a similar size, G+C
content, average length of protein coding genes and per-
centage of protein coding DNA (Table 2). The number
of coding sequences ranged from 2755 (SLCC2376) to
3010 (08-5578). We identified six 16S-23S-5S-rRNA
operons in most strains with the exception of 1/2a 08—
5578 and 1/2a 08-5923 which lack one rRNA module
and several tRNAs.

Pan-genome model predicts a highly conserved species

The pan-genome of 16 chromosomes of L. 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). Ap-
proximately 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) further-
more 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"%727° (4=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 [55]. Regression

Table 1 Origin of compared strains of species L. monocytogenes

Serotype  Strain Lineage Chromosome Plasmid ST* CC* Source of Year of Country of  Reference

accession accession isolate isolation isolation
4c SLCC 2376 Il FR733651 71 poultry SLCC: Haase et al. (2011)
4a L99 Il FM211688 201 cheese 1950 Netherlands  Hain et al. (2012)
3a SLCC 7179 Il FR733650 91 cheese 1986 Austria SLCC: Haase et al. (2011)
3c SLCC 2479 Il FR733649 9 9 1966 SLCC: Haase et al. (2011)
1/2c SLCC 2372 Il FR733648 FR667691 122 9 human 1935 UK SLCC: Haase et al. (2011)
1/2a 08-5923 Il NC_013768 120 human 2008 Canada Gilmour et al. (2010)
1/2a 08-5578 Il NC_013766 CP001603 human 2008 Canada Gilmour et al. (2010)
1/2a SLCC 5850 Il FR733647 2 7 rabbit 1924 UK SLCC: Haase et al. (2011)
1/2a EGD-e Il NC_003210 35 9 rabbit 1926 UK Glaser et al. (2001)
7 SLCC 2482 | FR720325 FR667690 3 3 human 1966 SLCC: Haase et al. (2011)
1/2b SLCC 2755 | FR733646 FR667692 66 3 chinchilla 1967 SLCC: Haase et al. (2011)
3b SLCC 2540 | FR733645 human 1956 USA SLCC: Haase et al. (2011)
4e SLCC 2378 | FR733644 73 1 poultry SLCC: Haase et al. (2011)
4d ATCC 19117 | FR733643 2 2 sheep SLCC: Haase et al. (2011)
4b L312 | FR733642 4 4 cheese Chatterjee et al. (2006)
4b F2365 | NC_002973 1 1 cheese 1985 USA Nelson et al. (2004)

*Sequence Type.
**Clonal Complex.
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Table 2 General features of the chromosomes of compared strains

Strain Gaps Length of G+C content Number of Protein coding Number of Number of
chromosome [%] CDS DNA [%] rRNA genes tRNA genes
[bp]

SLCC 2376 closed 2840185 383 2755 89.3 18 67

L99 closed 2979198 382 2925 889 18 67

SLCC 7179 closed 2882234 380 2826 89.3 18 67

SLCC 2479 closed 2972172 38.0 2935 89.3 18 65

SLCC 2372 closed 2972810 38.0 2936 89.3 18 67

08-5923 closed 2999054 380 2966 89.3 15 58

08-5578 closed 3032288 380 3010 89.3 15 58

SLCC 5850 closed 2907142 380 2866 89.2 18 67

EGD-e closed 2944528 38.0 2855 89.2 18 67

SLCC 2482 1 2936689* 38.0 2874 89.1 18 67

SLCC 2755 closed 2966146 38.1 2877 89.3 18 67

SLCC 2540 closed 2976958 379 2907 894 18 67

SLCC 2378 closed 2941360 380 2874 89.1 18 66

ATCC 19117 closed 2951805 38.0 2868 89.3 18 67

312 closed 2912346 38.1 2821 89.3 18 67

F2365 closed 2905187 380 2847 884 18 67

*including 100 N gap spacer.

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 [47,56]. These likely represent an
underestimation of true sequence diversity of the species
because they lack multiple serotypes (e.g. 3a, 3b, 3¢, 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 [31].

Summarily, our research shows a conserved species,
which tolerates low levels of horizontal gene transfer.

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

The accessory gene content of compared strains is not
scattered evenly across the chromosomes, but accumu-
lates in nine defined chromosomal regions supporting pre-
vious observations considering the clustered distribution
of strain-specific genes [57] (Additional file 2, Additional
file 3). These hotspots were defined by the localization of
at least three non-homologous insertions between mutu-
ally conserved core genes. The latter showed no over
representation among any particular functional or genetic
category. Nearly every fourth of the accessory genes (454 =
22%) was found to be located in such a highly variable re-
gion. Interestingly, strains of lineage III 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. One third of these genes
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 func-
tion (298), 35 are part of restriction modification systems,
and 13 are involved in genetic mobilization.

Only a small number of genes could be identified in-
side hotspot loci which exhibit an obvious adaptive value
for the host genome, including the previously described
pathogenicity determinants in/A/B and LIPI-3 [16,18].
Transposon Tn916 introduced additional cadmium re-
sistance genes into its host strain 1/2a EGD-e [19]. Two
variants of an IS3-like transposon were inserted in differ-
ent 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.

These hyper variable hotspots have previously been
suggested to be the result of a founder effect resulting
from a primary insertion that did not reduce the fitness
of the respective strain, which now offers a larger target
for neutral insertions, thus increasing their likelihood
[44]. It is tempting to speculate, that these regions repre-
sent evolutionary test areas attracting new genetic infor-
mation by frequent insertions, deletions and other
differentiating forces, rarely leading to fixation of genes
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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.

in the population. Interestingly, all but one of these
hotspots are located on the right replichore, which
thus represents an area of increased genomic plasti-
city. Only half of the wvariable regions displayed
identifiable mobilization genes indicating either un-
identified mobilization genes, decay or other means
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to facilitate insertions putatively including also mecha-
nisms for homologous recombination.

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, inser-
tion sequences and genomic islands per chromosome
(Figure 2). These introduced 6 to 235 protein coding
genes per strain included in 15 different MGE insertions
into 13 distinct 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 [58]. We also found two different bacterio-
phages (A006 and A118) which targeted the comK gene
[59]. Most prophages belong to the class of listeria-
phages (B025, A118, and A006) or show a high similarity
to unnamed prophages also found in the genera Bacillus,
Enterococcus, Clostridium and Staphylococcus. It should
be noted that the only strains without apparently
complete prophages are both strains of serotype 4b as
well as 4c SLCC2376. Rarity of prophages in serogroup
4 was previously proposed to result from differences in
teichoic acid composition, which is supported by strains
of this study due to the absence of 12 out of 16 genes of
an operon encoding a rhamnose pathway for teichoic
acid biosynthesis conserved in all other compared strains
(Imo1076-Imo1091) as well as several missing glycosyl
transferases ([m00497, 1mo0933, [mo02550) [60].

Three putative transposons were identified in the
strains studied. Two of them are located between
homologues of genes [m01096-lmo1115 in strain EGD-e
(ICELm1, TNO916-like) and [m02676-lm02677 in 3c
SLCC2479 and 1/2¢ SLCC2372 (TN554-like), respect-
ively (Additional file 5) [61]. ICELm1 contains two
genes involved in cadmium resistance and a fibrinogen-
binding protein with an LPXTG domain which is
implied in host cell attachment in Staphylococcus
epidermidis [62]. The Tn554-like transposon introduced
an arsenate resistance operon (arsCBADR) also found
in Enterococcus faecalis (ca. 70% amino acid identity)
into its host chromosomes. The third putative trans-
poson consists of 15 genes including two insertion ele-
ments 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 regula-
tor and four homologues of a lipoprotein. The latter was
predicted by previous studies to furthermore contain an
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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 08-5923 and 08-5578 was removed for this analysis. Mobile genetic elements (MGE)
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respective region was included instead (e.g. Bacillus subtilis, Enterococcus faecalis). Lineages are denoted with roman numbers.

RGD motif implied in integrin binding and a weak hom-
ology to leucine-rich-repeat domains, indicating a putative
function in host-pathogen interaction [23,48]. Deletion
versions of this transposon, which have lost one insertion
element, can be found at the same relative position at ap-
proximately 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 com-
parison to 0-1 in lineages II and III, which further indi-
cates these two modules as potential targets for research
regarding virulence 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 mobilization genes.
Another type of MGE is designated genomic island
and denotes a module of genes inserted by horizontal
gene transfer which frequently encodes fitness confer-
ring genes and typically contains at least one integrase
gene employed for mobility. One of these was called
Listeria genomic island 1 (LGI1) and putatively intro-
duced by serine recombinases into 1/2a 08-5923 and
08-5578 [49]. It was described to include genes involved
in secretion, protein-protein interaction, adhesion, mul-
tidrug efflux, signal transduction and restriction modifi-
cation. We identified a second genomic island named
LGI2, which has not yet been described in the literature.
It spans approximately 35000 bp in strains 4e SLCC2378
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and 4d ATCC19117 and integrated into genes ortholo-
gous to [mo02224 (1/2a EGD-e). This mobile element
consists of 36 genes and putatively inserted by means of
a bacteriophage integrase (LMOSLCC2378_2256) dis-
tantly related to temperate Lactococcus lactis bacterio-
phage phiLC3 [63]. Additionally, a putative operon of
eight genes coding for arsenate resistance proteins
(LMOSLCC2378_2263-70) was found to be homologous
to a region of Listeria innocua Clip11262 plasmid
pLI100, indicating recombination between phages, plas-
mids 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, nearly one third of the accessory genes of
the species have been introduced by identifiable MGEs,
representing a large proportion of gene-scale diversity
[64]. The distribution of most MGEs is heterogeneous in-
dicating either recent insertions and/or frequent deletion
of these sequences. Prophage-related genes of species L.
monocytogenes represent major chromosomal disparities,
have been described to assist intracellular survival, and
were found to serve as genetic switches in order to modu-
late the virulence of its host [21,64-67]. The general rarity
of mobile genetic elements in the compared strains none-
theless supposes mechanisms to limit inclusion of foreign
DNA as previously proposed [31].

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 bacterio-
phages 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 L99 and 1/2a EGD-e
[21,68,69] (Additional file 8).

All strains bear a putative remnant of a CRISPR-
system at ca. 0.5 Mb in strain 1/2a EGD-e which is not
associated with any cas genes [37]. The distribution of
spacers indicates, that ancestors of lineage I and II have
lost the cas genes necessary to create new spacers inside
this locus, leading to a relatively homogenous distribu-
tion, while strains of lineage III maintained this ability
for a period long enough to completely differentiate
their spacer sequences.

Locus 2 is located ca. 10kb adjacent to locus 1 and
resembles the Thermotoga neapolitana (Tneap) subtype
which consists of cas6, cstl, cst2, cas5t, cas3 and cas2
[70]. Homologues of this system exist in 4a L99, 7
SLCC2482 and 1/2b SLCC2755 at the same relative
chromosomal position and no sequence remnants could

Page 7 of 19

be identified in other chromosomes, suggesting the in-
sertion of this locus in a common ancestor of these
strains. Spacers are identical in strains 7 SLCC2482 and
1/2b SLCC2755, while 4a L99 shows a completely differ-
ent content.

Locus 3 is inserted into homologues of a lipoprotein
gene ([mo2595) located at ~2.7 Mb relative to the chromo-
some of reference strain 1/2a EGD-e. 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 ances-
tor of the former strains. This locus was found to contain
csn2, cas2, casl and csnl and thus classified as subtype
Neisseria meningitidis (Nmeni). Spacer content of locus 3
is clonal for strains 7 SLCC2482 and 1/2b SLCC2755
while 1/2a SLCC5850 and 3b SLCC3540 display mostly
unique spacers, including a number of duplicates versus
listeriaphages A500 and A118. Locus 3 belongs to subtype
Nmeni which was previously described to rely on a trans-
encoded sRNA (tracrRNA) located upstream of c¢snl and
host factor RNase III in order to compensate for a missing
endoribonuclease gene [30]. 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 upstream
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 III enzyme.

All identifiable spacers (81/276) are directed versus
known listeriaphages or related composite prophages.
We also encountered multiple different spacers homolo-
gous 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 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.
No spacer was found to target chromosomal or plasmid
sequences of species L. monocytogenes apart from inte-
grated prophages, indicating that CRISPR/Cas does not
serve further regulatory roles facilitated by direct base-
pairing with target sequences [28,29].

In conclusion, we propose that an ancestor of genus
Listeria contained a functional CRISPR locus 1 (/100519-
Imo0520) that lost its associated cas genes during early
evolutionary events. Interestingly, this locus was previ-
ously described as trans-acting small non-coding RNA
RIiB in strain 1/2a EGD-e indicated in control of virulence
[35,37]. 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
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functional CRISPR/Cas systems indicating an ongoing se-
lective 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 restric-
tion 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. The variable
nature of CRISPR-arrays suggests their future use in diffe-
rentiating 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 Clip11262, L. welshimeri 6b SLCC5334
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 [71] (Figure 3A/B).
This tree shows distances between strains based on
small adaptations inside mutually conserved genes,
which translate into an approximate timeline when as-
suming consistent rates of evolution. We found that
strains of species L. monocytogenes clustered inside
three clearly separated lineages in support of previous
observations [7,8]. Lineage III contains serotypes 4a
and 4c, lineage II includes 1/2a, 1/2¢, 3a and 3c and
lineage I bears strains of serotypes 1/2b, 3b, 4b, 4d, 4e
and 7. Differentiation leading to separate serotypes
apparently had little impact on the placement of
branches apart from the general lineage. We identified
the closest relationships between strains of different
serotypes being 1/2b SLCC2755, 7 SLCC2482 (termed
phylogenomic group 1 or PG1) and 4e SLCC2378, 4b
F2365 (PG2) in lineage I, as well as 1/2a EGD-e, 1/2¢
SLCC2372, 3¢ SLCC2479 (PG3) in lineage II, with the
exception of clonal strains 08—5578 and 08—5923 which
both belong to serotype 1/2a. There is a clear corre-
lation of PGs with previously determined CCs, whereby
PG1 strains were classified as CC3, PG2 strains as CCl1,
and PG3 strains as CC9 [7]. Strains of serotypes 4e and
4d were found on a branch displaying strain 4b L312 as
its oldest ancestor in support of a previous hypothesis
indicating serotype 4b as ancestral state for serotypes
4e and 4d [7].
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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
includes most horizontal gene transfer events [72]
(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 [73]. 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 time-
frames shown by the SNP-based core-genome tree
resulted in a low number of conserved gene-scale indels.

The opposite is apparent when considering phyloge-
nomic groups, which were found to be closely related in
the core-genome tree but to a much lesser degree con-
sidering gene content, implying a number of young
indels. Interestingly, phylogenomic groups are located at
the end of shorter common branches in the gene con-
tent tree, which is due to a small number of exclusively
conserved genes (PGI1: 28, PG2: 20, PG3: 22, primarily
hypothetical and truncated genes) (Additional file 1).
Thus, strains of 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 hypo-
thetical genes (ex. 4b L312, 4b F2365, 4d ATCC19117,
4e SLCC2378: 18 genes; 3b SLCC2540, 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 gen-
etic 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 con-
trary to the “true” phylogenetic signal by inserting many
genes in one event as well as by putative parallel inser-
tions into different strains. The only remaining differ-
ence was observed considering a common branch for
strains of lineage III and apathogenic species, highlight-
ing small-scale indels as causative force. This supports a
previous hypothesis suggesting lineage III as a possible
deleterious intermediate state between lineages I/II and
apathogenic species [7,9,21,74,75].

Interestingly, the majority of accessory genes of species
L. monocytogenes were either scattered along the chromo-
somes (46%) or found inside hyper variable regions (20%
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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 transformed to as cladogram to highlight branching. (C) Neighbor joining tree of gene content (presence/absence). Only bootstrap
support values below 80% (100 replicates) are indicated.

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 mul-
tiple 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 ge-
netic elements. Other studies on Rickettsia/Orienta spe-
cies and E.coli/Shigella found considerable differences in
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the respective phylogenies indicating more distinct evo-
lutionary histories for the gene repertoires involved
[44,76]. The relative correspondence of SNPs and gene-
scale indels in genus Listeria could be a result of diffe-
rential acquisition and loss of genes in accordance to
various evolutionary descents as previously described
considering other genera [77,78].

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

About one third of the genes which displayed compel-
ling evidence for involvement in the infectious process
were found to be absent or to code for a truncated pro-
tein in at least one of the strains studied, putatively
impacting the disease phenotype (Additional file 9)
[18,19,79-84]. 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 1/2c¢ SLCC2372, 3a SLCC7179, 1/2a EGD-e,
1/2b SLCC2755, 3b SLCC2540 and 3c SLCC2479
(Figure 4, Additional file 10). The remaining strains dis-
played a low degree of pathogenicity in this model,
which was described to emulate many aspects of Listeria
infection seen in vertebrates [85]. Nonetheless, limits of
the insect model in forecasting effective human infection
become obvious regarding human listeriosis outbreak
strains 1/2a 08-5923/08-5578, which only lead to low
rates of host mortality following Galleria infection. Ap-
proximately half of the strains compared in this study
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were furthermore found to be virulence attenuated as
assessed by low invasion rates of epithelial cells [50].
Galleria mortality and HeLa cell invasion rates correlated
for 6 strains (1/2b SLCC2755, 4b 1312, 4c SLCC2376, 7
SLCC2482, 4e SLCC2378, 4d ATCC19117), while 4 strains
killed the majority of larvae without being able to invade
HeLa cells (3a SLCC7179, 3¢ SLCC2479, 1/2¢c SLCC2372,
3b SLCC2540). The latter observation indicates that the
respective strains are able to invade other cell types in
order to infect an invertebrate host. In order to assess
maximum growth rates in a rich medium, the compared
strains were furthermore grown in BHI medium at 37°C
(Additional file 11). The only outlier was found to be
strain 1/2a SLCC5850, which grew considerably slower
than the other strains.

In order to correlate phenotypes with genomic differ-
ences 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 prfA (1/2a SLCC5850), plcA (3a SLCC7179), inlA
(3¢ SLCC2479), and inlB (4b F2365) were identified in
four strains [32,86]. A number of surface-associated
genes were found to be absent from strains of lineage III
and especially from strain 4a L99 [7-9,21,75]. Further
deletions which putatively interfere with regulation of
the SigB regulon during stress are related to genes rsbS
(1/2c SLCC2372), rsbV (4d ATCCI19117) and rsbU
(3c SLCC2379) [87-89]. The BHI growth attenuation of
1/2a SLCC5850 may result from the specific absence of

100 — 1 - - - ™
- B - - o 4c SLCC2376
A 4a 199
80 + 8a SLCC7179
X 3c SLCC2479
<O 1/2c SLCC2372
< V' 1/2a 08-5923
.. 607 X 1/2a 08-5578
% * 1/2a SLCC5850
é <$ 1/2a EGD-e
2 40 - @ 7 8LCC2482
X 1/2b SLCC2755
B 3b SLCC2540
”  4d ATCC19117
20 — 8 4e SLCC2378
B 4bL312
& 4b F2365
O —
Days post injection
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 10).
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12 genes found in all other compared strains, coding for
various proteins involved in energy production/conver-
sion and metabolism (Additional file 1).

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
[7-9,21,75]. Interestingly, highly invasive and/or patho-
genic 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 [18,31,32].

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 explana-
tions (Additional file 13, Additional file 14).

To conclude, genes bearing P60 or LysM domains
showed little variation among the strains studied
(Additional file 15) [22,23]. 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
(LMOf2365_1974) with both LPXTG and GW domains,
which may become a future research target when con-
sidering the role of cell wall anchored modulators of
virulence or pathogenicity.

Internalins are involved in cell adhesion and invasion
of host cells and contain a leucine-rich repeat (LRR) do-
main indicated in protein-protein interaction (Additional
file 16) [24-26]. InlB B-repeats represent a hallmark of
previously described virulence-associated internalins
[90], and were identified in 15 clusters, thus increasing
the probability of the respective genes to be involved in
host-pathogen interaction. The distribution of putative
internalins revealed that only four of 42 homology clus-
ters are mutually conserved, confirming previous obser-
vations of diversity, especially considering lineages II and
III [91,92]. 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 L99: inlGHE, inll and inlj,
3c SLCC2479: inlA, 4b F2365: iniB) [9,21,32,75,92]. The
absence of inlC in strains of lineage III may have been
caused by a deleterious transposition moving two adjacent
lipoprotein coding genes (/m01264-5) by approximately
600kb to replace the internalin (Additional file 17). Inter-
estingly, we identified different versions of inlF and inlJ in
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lineage I as compared to lineages II/11I, putatively resulting
in different adhesion properties and implicated in host
tropism [93]. Only one internalin was found to be specific
and mutually conserved for lineage I (LMOf2365_0805), in-
dicating 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 confirming previous observations [22-24]. None-
theless, we identified a 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 while
strain-specific genes rarely represent an obvious
extension of functionality

In order to identify conserved ancestral genes which
may be important for the differentiation of lineages, we
collected genes that were found in all strains of a lineage
(>60% amino acid identity, >80% coverage) and absent in
all strains of other lineages (Additional file 18). Thus, 33
lineage-III-specific, 22 lineage-II-specific and 14 lineage-I-
specific core genes could be identified, which are largely
supported by previous microarray-based studies [9,47].
Due to analyses of genetic localization and sequence com-
position, we want to propose the hypothesis that ancestral
strains of lineage I and III diverged from lineage II by loss
of genes related to carbohydrate metabolism and gain of
hypothetical and surface-associated genes. This theory is
based on the following observations: (1) distinct lineage
core genes of lineage II predominantly include PTS sys-
tems and ABC transporters involved in carbohydrate me-
tabolism organized in three operon-like islands, while
those of lineages I and III mainly consist of scattered hypo-
thetical and surface-associated proteins, (2) specific core
genes of lineage II display no deviation from the average
G/C content of the respective chromosome or codon usage
disparities frequently associated with horizontal gene trans-
fer, (3) strains of lineages I and III contain putative se-
quence remnants of some of these genes (lmo0734,
Imo1060, ~60bp with >75% nucleotide identity), (4) neigh-
borhood 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). According to this hypothesis, ancestral
strains of lineages I and III have lost genes related to carbo-
hydrate metabolism and instead gained genes coding for
surface-associated proteins serving different needs consid-
ering nutrients and interaction with the environment.
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The adaptation of strains of lineage III furthermore
included loss of genes implicated in food preservation mea-
sures, pathogenicity, or virulence as previously described
[9,10,21,48,94,95]. We identified 45 genes found to be con-
served in 13 out of 14 strains of predominantly human
listeriosis-related lineages I and II while being absent from
both strains of lineage III (Additional file 19). These com-
prise genes coding for 16 hypothetical proteins, 14
metabolic enzymes, 6 surface-associated proteins and 4
transcriptional regulators. Affected metabolic pathways in-
clude non-mevalonate isoprenoid, fructose and arginine
biosynthesis, as well as a nitroreductase and a hydrolase
[9,10,21,48,94,95]. Other genes related to stress resistance
exclusively conserved in these lineages include the intra-
cellularly up-regulated A118-like prophage rest also
known as monocin or I[ma-operon [21]. Furthermore,
lineage III does not contain genes coding for multiple
internalins and amidases associated with invasion (inlE
inlC, Imo0129, Imo0849) [9,21,47]. In summary, strains of
less virulent and less pathogenic lineage III mainly differ
from the other two lineages by loss of genes involved in
metabolism, stress resistance and surface-associated func-
tions implied in adaptation to the complex inter- and
intracellular environment inside the host, as well as resist-
ance towards food preservation measures [9,21,47].

We also tried to identify exclusive indels for ser-
ogroups 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 which were already
described to be responsible for differences in teichoic
acid composition [32,95]. Neither strains of serogroups 3
or 1/2, nor of serotypes 1/2a or 4b show exclusive gene
indels, indicating that the respective variable antigens ei-
ther result from minor changes inside coding genes,
from differences located in intergenic regions (ex. pro-
moters, imperfect automatic prediction of ORFs, operon
structures, etc.) or from heterogeneous causes.

In order to assess the impact of recent adaptations,
strain-specific genes were examined (Additional file 21).
Between 11 (3¢ SLCC2479) and 177 (4a L99) genes per
strain were classified as specific, including 0 (4b L312) to
93 (4a L99) genes inserted by a set of previously deter-
mined mobile genetic elements dominated by specific pro-
phages. Up to 37 strain-specific genes were found to be
fragments of genes either split or truncated by the inser-
tion of a premature stop-codon (“pseudogenes”). Most of
these are transporters, metabolic enzymes or regulators
and in many cases associated with virulence or pathogen-
icity as described previously [8]. Strains 1/2a SLCC5850
and 7 SLCC2482 displayed an overrepresentation of frag-
mentary CDS, which may mark the recent onset of a
reductive adaptation. Strain 4b L312 was isolated from
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cheese and shows a specific insertion of an additional lac-
tose/cellobiose PTS (LMOL312_2315-20), which could
represent an adaptation to dairy products. A specific elem-
ent found in strain 3b SLCC2540 resembles the bacteri-
ocin transport and resistance system lantibiotic sublancin
168 (LMOSLCC2540_2733-40, up to 28% amino acid
identity at 100% coverage) [96]. We found no homologue
to the sunA bacteriocin peptide, suggesting either export
of a different bacteriocin or an exclusive function in
resistance to these molecules. Interestingly, eight non-
homologous restriction-modification systems were also
found to be strain-specific, confirming observations of
their “selfish” and competitive nature [97].

Small non-coding RNA candidates of L. monocytogenes
are largely conserved within the species

Previous transcriptomic analyses uncovered 210 regula-
tory sRNA candidates expressed in L. monocytogenes,
some of which have been implicated in adaptation to
iron limitation, oxidative stress, low temperature or
intracellular survival [35-41]. We identified homologues
of these in all compared strains in order to identify pat-
terns associated with evolutionary descent and possible
involvement in the infectious process using sRNAdb
[98] (Additional file 22).

Only 43 of these were found to be accessory sRNAs,
defined as being absent from at least one compared
strain, including 20 sRNAs that are only present in a
subset of strains of lineage II. Approximately half of
those differentially distributed sRNAs, that were previ-
ously suggested to be involved in virulence or pathogen-
icity by growth attenuation of deletion mutants in mice
(rli33-1, rli38, rli50) or by intracellular up-regulation in
macrophages (rli24, rli28, rli29, rliC, rli85, rli95, rli48,
rli98, rliG) were also exclusively present in a varying
subset of strains of lineage II [35,36]. It should be noted
that this subset never included strain 3a SLCC7179, im-
plying that ancestral strains of 3c SLCC2479, 1/2c
SLCC2372 and serotype 1/2a contained a specific range
of sRNAs in order to adapt to the environment and to
modulate the infectious process.

We found only rli38, rli62, and rliG to be specifically
present in strain 1/2a EGD-e, whereby the latter two
sRNAs inserted as part of specific 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 [21,50].

Interestingly, strain 3a SLCC7179 shows a fragmented
homologue of ssrA (¢mRNA, 391/500 bp = 78% coverage)
necessary for the trans-translation of mRNAs that lack a
natural stop-codon. Some strains of E. coli contain an al-
ternative SRNA termed afrA (yhdL), which can serve as a
possible replacement but was found to be absent from all
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compared strains [99]. Thus, we speculate that either the
shortened ssrA 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 repre-
sents an ongoing process in species L. monocytogenes. This
excludes all riboswitches found to be mutually conserved
in all compared chromosomes, strengthening a hypothesis
implicating cis acting RNA regulation as an ancient mech-
anism [36]. 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
[53]. We have created a public web-server that includes
all published chromosomes and plasmids of genus Lis-
teria, 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 rela-
tionships of genomic regions or complete pan-genomic
distributions. These data can be visualized graphically
or exported in the form of tab-delimited lists. Among
the latter are matrices sorted for conservation in
selected replicons or for synteny according to a refer-
ence 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.

Conclusions

Listeria monocytogenes represents a well-characterized
pathogen and model system for infection research. Ex-
tension of fully sequenced genomes by 11 strains to in-
clude all serotypes of the species allowed evolutionary
analyses of unprecedented depth. Comparative examin-
ation in conjunction with public data revealed that (i)
the species pan-genome is highly stable but not closed,
(ii) 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 infre-
quent but may shape genome diversity, (iv) evolutionary
distances observed between lineages of L. monocyto-
genes and apathogenic species are mostly the result of
SNPs rather than gene-scale indels that are rarely com-
monly inherited, highlighting the potential impact of
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small-scale mutation on long-term development, (v) fre-
quent loss or truncation of genes described to be vital
for virulence or pathogenicity was confirmed as a recur-
ring pattern, especially for lineages II and III.

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 func-
tional research, and is assisted by the comparative
genomic GECO-LisDB analysis server (http://bioinfo.
mikrobio.med.uni-giessen.de/geco2lisdb).

Methods

Sequencing

The 11 isolates to be sequenced were selected to achieve
full coverage of serotypes of species L. monocytogenes as
previously characterized by MLST, PFGE, and MALDI-
TOF [7,100] (Table 1). DNA was purified per strain
using Epicentre’s MasterPure gram-positive DNA purifi-
cation kit as recommended by the manufacturer and ten
pg of genomic DNA were used for library-preparation
following the manufacturer's constructions (Roche 454
Life Science GS FLX Shotgun DNA Library manual).
Sequencing was performed on a 454 GS-FLX system
using GS FLX Standard Chemistry. Between 213437 and
297585 reads per strain were de novo assembled with the
GS Assembler (Newbler 1.1.03.24). The resulting contigs
were compared to published strains of L. monocytogenes
covering major lineages (eg. 4a L99, 1/2a EGD-e, 4b
F2365) using Mauve for scaffolding purposes. Differing
layouts were assessed manually and joined to a prelimin-
ary consensus order. PCR-based techniques followed to
close the remaining gaps partially assisted by Minimap
(unpublished software) to identify specific primer pairs.
This software combines BLASTN and Primer3 in order to
identify primer candidates located at the edge of each
contig. Primer candidates were selected to not target repe-
titious sequences (>70% nucleotide identity at >50% cover-
age). PCRs were sequenced with Sanger ABI Big Dye
technology (Applied Biosystems). Sanger reads were incor-
porated into the assembly using the GAP4 software pack-
age v4.11 and SeqMan (Lasergene 5). A total of 487 gaps
were closed this way resulting in finished sequences cov-
ered from either high-quality 454-reads or Sanger-reads.
The completed chromosomes achieved mean coverages
between 16-26x and 99.67-99.93% of the bases carried
Q40 or higher quality scores. The final gap in the chromo-
some of L. monocytogenes 7 SLCC2482 was marked with a
sequence of 100 Ns. Sequencing and finishing procedures
were carried out by the Goettingen Genomics Laboratory
(Goettingen, Germany), the Institute of Medical Microbiol-
ogy of the Justus-Liebig University (Giessen, Germany),
Roche (Germany), and Agowa (Berlin, Germany). All repli-
cons were deposited in the EMBL database (see Table 1 for
accession numbers).
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Annotation

Automatic annotation was performed by GenDB, which
includes steps for the identification of protein coding
sequences (CDS), rRNA and tRNA genes as well as simi-
larity searches against major gene and protein databases
[101]. The annotation was enriched using a separate bi-
directional best BLASTP step (>80% amino acid identity,
>90% coverage) to incorporate data from L. monocyto-
genes 4a L99 (EMBL-Bank: FM211688) and the surface
protein prediction software Augur using default parameters
[102]. Further annotation was extracted from publications
dealing with specific classes of genes such as CRISPR/Cas
[70] and known internalins [103]. All information obtained
was joined and mapped onto a list of clusters bearing all
genes of eleven strains (homology >80% amino acid
identity, >90% coverage) using GECO [53] and manually
curated according to the following rules with decreasing
relevancy: (1) homology to a known gene group (e.g. Cas,
internalin, surface-associated) (2) homology to a coding
sequence from strain 4a 199, (3) classification as a surface-
associated protein-coding gene according to Augur, (4) at
least partial homology (>60% amino acid identity, >80%
coverage) to a gene family found in Pfam [104] (5) or at
least partial homology (>60% amino acid identity, >80%
coverage) to a gene found in the NCBI nr database. A
manual scan of the complete chromosomes using the
GECO visualization interface revealed a number of genes
that were fragmented (at least 25% shorter than ortholo-
gous genes of reference strains 4a L99, 1/2a EGD-e, and 4b
F2365) due to the presence of premature stop-codons and
thus annotated as putative fragmentary genes. All auto-
matic annotations were adapted in order to achieve congru-
ent annotations for modules of genes. If no annotation was
possible according to these rules, the respective putative
protein-coding gene was labeled as a hypothetical protein.

Comparative analyses

Homologous coding sequences were identified by BLAS-
TCLUST [105] as implemented in the comparative gen-
omics software GECO [53]. The standard similarity
criterion was set to a minimum of 60% amino acid iden-
tity 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
(http://bioinfo.mikrobio.med.uni-giessen.de/geco2lisdb) or
the supplementary homology matrix (Additional file 1).
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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 iden-
tity and 80% coverage for this analysis. Chromosomes
were added 10000 times in a randomized order without
replacement, and the number of core (mutually con-
served), and accessory (found in at least one but not all
strains) genes was noted using GECO. Since mean and me-
dian 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 [55].

Identification of large insertions

The colinearity of chromosomes of L. monocytogenes
allowed a relatively simple method to identify large inser-
tions. First we masked the sequence inversion surrounding
the oriC in strain 08-5923 (LM5923_2737-0270) and 08—
5578 (LM5578_2788-0270) by reordering coding sequences
to follow the usual chromosomal layout as found in strain
1/2a EGD-e. 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, inver-
sion) relative to reference strain 1/2a EGD-e were removed
from the pool. Finally, the number of CDS located between
syntenic core-CDS was plotted as a bar chart per strain.
Exact borders of mobile genetic elements were identified
based on annotation, deviation of GC-content and com-
parative 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 excep-
tion of maximum repeat length, which was increased to
40 [68,69]. 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 decay-
ing 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 plas-
mids of strains of this study and the NCBI nt-database using
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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 BlastclustTo-
Matrix available upon request). Softening of the hom-
ology 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 [104].

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 Clip11262, 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 paralo-
gues. A total of 2018 protein coding genes were concate-
nated resulting in approximately 2 Mb of nucleotide
sequence information per strain. The data was aligned
using Mugsy [71] and resulting locally collinear blocks
were joined per strain and imported into MEGA5 and
SplitsTree4 [106,107]. Based on the alignment we created
multiple phylogenomic trees (maximum parsimony, mini-
mum 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
[72]. Distance between strains was calculated with the
Jaccard coefficient [108] 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 [102]. 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 reso-
lution and thus identify even small amounts of sequence
dissimilarity. Clusters showing paralogous CDS were
manually split according to a GECO synteny analysis.
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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 nega-
tives as revealed by synteny analysis were corrected manu-
ally 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
[103] 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 performed using the Infinite 200 plate reader
(Tecan) in 96-well plates with 150 ul volume/well.

Galleria mellonella infection model

In order to assess the degree of pathogenicity of the 16
strains studied, the insect model Galleria mellonella was
employed [85]. While this model is unable to mimic all fea-
tures of vertebrate hosts, a number of listerial virulence
genes are generally needed for infection in mammals as
well as in invertebrates. In short, bacteria were serially
diluted using 0.9% NaCl to a concentration of 10° cells/ml.
The dilution was plated out on BHI agar plates to calculate
the inoculum injected. Ten pl (10° bacteria) inoculum were
injected dorsolaterally into the hemocoel of last instar lar-
vae using 1 ml disposable syringes and 0.4 x 20mm needles
mounted on a microapplicator as described previously.
After injection, larvae were incubated at 37°C. Larvae were
considered dead when they showed no movement in re-
sponse to touch. No mortality of Galleria larvae were
recorded when injected with 0.9% NaCl. Two different ver-
sions of these independent experiments were conducted.
Strains 1/2a 08-5923, 1/2a 08-5578, 1/2a SLCC5850 and
4b F2365 were injected into 10 animals each and the ex-
periment was performed 2 times per strain. The remaining
strains were injected into 20 animals each including 3 repe-
titions. Mean percental mortality rates of 2 x 10 and 3 x 20
larvae were noted, respectively.

Analyses of sRNAs

Multiple studies have previously determined small non-
coding RNA candidates of species L. monocytogenes that
were classified as intergenic sRNAs, antisense sSRNAs, or
cis-regulatory RNAs (including riboswitches) [35-41]. A
consensus list was created, whereby candidate sRNAs
overlapping by at least 50% were merged to one putative
long transcript. Homologues of these 210 sRNA candi-
dates were identified in all compared strains using a
minimum BLASTN cutoff of 60% nucleotide identity
and 80% coverage as applied by the sRNAdb software
[98] (Additional file 22).
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Additional files

Additional file 1: Species homology matrices. 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. Hotspots showing at
least three separate insertions denoted by locustag ranges.

Additional file 3: Comparative genomic GECO figures of hyper
variable hotspots. Comparative GECO depictions of insertional hotspots
highlighting extensive mosaicism.

Additional file 4: Mobile genetic elements. 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. 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. Comparative GECO depiction using a homology measure of
60% amino acid identity and 80% coverage. Displays duplication of 1S3-
like transposon.

Additional file 7: Comparative genomic GECO figure of CRISPR/Cas
loci. 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/repeat arrays are framed. Locus 1
displayed no associated Cas genes. Locus 3 includes a trans-acting sRNA
called tracrRNA that was described to compensate for a missing
endoribonuclease in conjunction with host factor RNase |II.

Additional file 8: CRISPR/Cas loci. 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. Homology matrix of known
virulence genes.

Additional file 10: Galleria standard deviations. Standard deviations
calculated for independent experiments considering mortality rates of
Galleria mellonella larvae over the course of seven days post infection.

Additional file 11: Growth curves BHI. Growth of L. monocytogenes in
BHI medium at 37°C.

Additional file 12: Detailed analyses of reductive evolution of
virulence-associated genes. 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. Bar plot depicting
the distribution of all surface-associated protein coding genes among
studied strains.

Additional file 14: Distribution of surface-associated genes displays
conserved lineage-backbones with strain-specific adaptations.
Detailed analysis of presence and absence of surface-associated genes.

Additional file 15: Surface-associated CDS. Homology matrices of
genes containing a surface-associated domain (NLPC/p60, LysM, GW, LRR,
LPXTG, Lipobox, signal peptide).

Additional file 16: Internalins. Homology matrix of genes containing a
leucine rich repeat domain and an optional signal peptide.

Additional file 17: Putative transposition of lipoproteins Imo1264-5
in lineage Ill. Comparative GECO depiction using a homology measure
of 80% amino acid identity and 90% coverage. Displays the putative
transposition of lipoproteins Imo1264-5 in lineage Il into the locus that
putatively held in/C previously.

Additional file 18: Lineage-specific CDS. Homology matrix of coding
genes specifically present in one lineage.
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Additional file 19: Lineage I/l exclusive CDS. Homology matrix of
genes conserved in 13/14 strains of lineages | and Il, while being absent
from both strains of lineage IIl.

Additional file 20: Serogroup and -type ancestral indels. 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. Homology matrix of coding
genes specifically present in one strain.

Additional file 22: Small non-coding regulatory RNAs. Homology
matrix of SRNA candidates.
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