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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 pAMbeta1.
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

The genus Listeria comprises six non-pathogenic species L.

marthii, L. innocua, L. welshimeri, L. seeligeri, L. grayi, and L. rocourtiae,

and two species with pathogenic potential viz. L. monocytogenes and

L. ivanovii, which can cause both human and animal infections [1–

7]. Since L. monocytogenes exhibits resistance towards heat and cold

stress it can proliferate in food processing environments [8] and

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.

monocytogenes 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

frequently (75%) in recurrent L. monocytogenes strains sampled from

food/processing environments than in those from sporadic strains

(35%) [17]. Plasmids were also more frequently associated with

serogroup 1 strains compared to those from serogroup 4. It was

determined that 95% of the L. monocytogenes plasmid-positive strains

were resistant towards cadmium versus only 13% of the plasmid-

negative strains [14] and that the cadAC 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. innocua [2]

and L. grayi [12]. Furthermore plasmids pAMbeta1 and pIP501 of

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].

Results and Discussion

Listeria plasmids overview
We determined the entire sequences of plasmids from L.

monocytogenes 7 UG1 SLCC2482, L. monocytogenes 1/2c UG1
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SLCC2372, L. monocytogenes 1/2b UG1 SLCC2755 and L. grayi

subspecies grayi UG1 DSM20601. For comparative analysis we

included sequences of the plasmids pLM33 of L. monocytogenes Lm1,

pCT100 of L. monocytogenes DRDC8, pLM80 of L. monocytogenes

H7858, pLM5578 of L. monocytogenes 08-5578 and pLI100 of L.

innocua Clip11262 which were downloaded from the NCBI website

as well as further five gapped L. monocytogenes plasmid sequences

from strains FSL J1.194, FSL R2-503, FSL N1-017, FSL F2-515

and J0161 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 (repA) and partitioning (repB, repC)

as well as the origin of replication [27–32] and a gene encoding a

DNA polymerase IV. The replicon is a member of the pAMbeta1

family of theta-replicating plasmids and its proteins are most closely

related to plasmids from the genera Bacillus (pXO2, pAW63,

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

into two distinct phylogenetic groups consisting of L. monocytogenes

serotypes 7, 1/2c, 1/2b, 4b FSL N1-017 and serogroup 4 DRDC8

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 F2-515 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

Table 1. General features of 14 plasmids of genus Listeria.

Host Plasmid Isolation Status
Length
[bp] ORFsa MGEsb

Mean Number
of Amino
Acids per CDS

Source/
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 Institutec

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 Institutec

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 Institutec

L. monocytogenes 4b FSL N1-017 pN1-017 trout contigs (3) 56037 62 13 245 Broad Institutec

L. monocytogenes 1/2a 08-5578 pLM5578 human closed 77054 76 11 291 CP001603

L. monocytogenes 1/2a J0161 pLMJ0161 human contigs (2) 82700 90 10 266 Broad Institutec

L. monocytogenes 4b H7858 pLM80 meat contigs (2) 81588 88 11 264 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

aOpen Reading Frames.
bMobile Genetic Elements.
chttp://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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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 is conserved overall, but all plasmids contain a cadmium

resistance operon (cadA/C) [18] with the exception of pLGUG1

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 pLisI 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 pLM7UG1, pJ1-194, pR2-503 and

pN1-017. All plasmids excepting the smallest plasmids, pLM33,

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

following transfer to the host cell cytoplasm during infection

[37]. The plasmids of type pLisI and pLisII 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 pLGUG1 of group 2, carry the

sequence of the PemIK toxin/antitoxin stable maintenance

system described for Lactobacillus salivarius UCC118 plasmid

pSF118–20 [41]. In most cases one of the genes (pLM7UG1,

pLM1-2cUG1, 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 pEW104 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].

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
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All plasmids of group 2 excepting pLGUG1 showed extensive

homology to plasmids of group 1 further indicating a common

ancestor. Plasmids pLM5578 and pLI100 share 76% and 45%

nucleotide identity with pLisII respectively, with only 18% identity

for the plasmids pJ0161 and pLM80. The latter two plasmids are

closely related to each other and will be referred to as type pLisIII.

Both contain a 40 kb region that is similar to plasmid pXO2 from

B. anthracis which can also be found in pLGUG1 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.

Plasmid pLMJ0161 contains a specific insertion of a gene

encoding an Abi-like protein implied in phage resistance [48].

The second half of pLGUG1 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 pLGUG1 specific genes encode a MATE

family multidrug efflux pump distantly related to the one found in

pCT100. In pLI100 regions homologous to pLisII 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/E) and a potassium-transporting ATPase (kdpA/

B/C). It is 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

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 PemIK 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
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NS3396 (EU142041) spanning 12 kb and consisting of seven genes

which may contribute to the survival of L. innocua in the

environment. Adjacent to this region a coenzyme A disulfide

reductase gene was identified which is implied in oxidative stress

response in Borrelia burgdorferi 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 sRNAs [55] were

identified on plasmids of genus Listeria (Table S2). These comprise

two pairs of homologues being rli28/rli50 and rli44/rli46.

Homologous sequences to rli28/rli50 could be identified in

pLM80-like, pLI100 and pCT100 while rli44/rli46 could be

found in pLM33, pF2-515, pLisII, pLisIII and pLGUG1.

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. grayi.

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 pAMbeta1 [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 sRNAs

might be transfered via plasmid conjugation.

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

involved 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 (pLGUG1). 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 J0161 (1.50, 1.51). The plasmids pLM33 of

L. monocytogenes Lm1 (GU244485), pCT100 of L. monocytogenes

DRDC8 (U15554), pLM80 of L. monocytogenes H7858

(AADR01000010, AADR01000058), pLM5578 of L. monocytogenes

08-5578 (CP001603) and pLI100 of L. innocua Clip11262

(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 UG1

SLCC2755 and L. grayi subspecies grayi UG1 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 (repA) as

Plasmids in the Genus Listeria
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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

conserved proteins can be found at the top of the list while specific

ones are moved to the bottom.

Found at: doi:10.1371/journal.pone.0012511.s001 (0.07 MB

XLS)

Table S2 Using BlastN with a cutoff of 60% identity and 80%

coverage four sRNAs of Listeria monocytogenes EGD-e [55]

could be identified on various plasmids.

Found at: doi:10.1371/journal.pone.0012511.s002 (0.02 MB

XLS)

Acknowledgments

We thank Claudia Zörb, Nelli Schklarenko and Burkhard Linke for

excellent technical assistance.

Author Contributions

Conceived and designed the experiments: TH TC. Performed the

experiments: SV. Analyzed the data: CK. Contributed reagents/materials/

analysis tools: CK JP SO AG RD. Wrote the paper: CK TH TC.

References

1. Graves LM, Helsel LO, Steigerwalt AG, Morey RE, Daneshvar MI, et al. (2010)

Listeria marthii sp. nov., isolated from the natural environment, Finger Lakes

National Forest. Int J Syst Evol Microbiol 60: 1280–1288.

2. Glaser P, Frangeul L, Buchrieser C, Rusniok C, Amend A, et al. (2001)

Comparative genomics of Listeria species. Science 294: 849–852.

3. Hain T, Steinweg C, Kuenne CT, Billion A, Ghai R, et al. (2006) Whole-

genome sequence of Listeria welshimeri reveals common steps in genome reduction

with Listeria innocua as compared to Listeria monocytogenes. J Bacteriol 188:

7405–7415.

4. Steinweg C, Kuenne CT, Billion A, Mraheil MA, Domann E, et al. (2010)

Complete genome sequence of Listeria seeligeri, a nonpathogenic member of the

genus Listeria. J Bacteriol 192: 1473–1474.

5. Leclercq A, Clermont D, Bizet C, Grimont PA, Le Fleche-Mateos A, et al.

(2009) Listeria rocourtiae sp. nov. Int J Syst Evol Microbiol.

6. Chakraborty T, Hain T, Domann E (2000) Genome organization and the

evolution of the virulence gene locus in Listeria species. Int J Med Microbiol 290:

167–174.

7. Guillet C, Join-Lambert O, Le MA, Leclercq A, Mechai F, et al. (2010) Human

listeriosis caused by Listeria ivanovii. Emerg Infect Dis 16: 136–138.

8. Azizoglu RO, Osborne J, Wilson S, Kathariou S (2009) Role of growth

temperature in freeze-thaw tolerance of Listeria spp. Appl Environ Microbiol 75:

5315–5320.

9. McLauchlin J, Mitchell RT, Smerdon WJ, Jewell K (2004) Listeria monocytogenes

and listeriosis: a review of hazard characterisation for use in microbiological risk

assessment of foods. Int J Food Microbiol 92: 15–33.

10. Kathariou S (2002) Listeria monocytogenes virulence and pathogenicity, a food

safety perspective. J Food Prot 65: 1811–1829.

11. Fistrovici E, Collins-Thompson DL (1990) Use of plasmid profiles and restriction

endonuclease digest in environmental studies of Listeria spp. from raw milk.

Int J Food Microbiol 10: 43–50.

12. Perez-Diaz JC, Vicente MF, Baquero F (1982) Plasmids in Listeria. Plasmid 8:

112–118.

13. Peterkin PI, Gardiner MA, Malik N, Idziak ES (1992) Plasmids in Listeria

monocytogenes and other Listeria species. Can J Microbiol 38: 161–164.

14. Lebrun M, Loulergue J, Chaslus-Dancla E, Audurier A (1992) Plasmids in

Listeria monocytogenes in relation to cadmium resistance. Appl Environ Microbiol

58: 3183–3186.

15. Kolstad J, Caugant DA, Rorvik LM (1992) Differentiation of Listeria monocytogenes

isolates by using plasmid profiling and multilocus enzyme electrophoresis.

Int J Food Microbiol 16: 247–260.

16. McLauchlin J, Hampton MD, Shah S, Threlfall EJ, Wieneke AA, et al. (1997)

Subtyping of Listeria monocytogenes on the basis of plasmid profiles and arsenic and

cadmium susceptibility. J Appl Microbiol 83: 381–388.

17. Harvey J, Gilmour A (2001) Characterization of recurrent and sporadic Listeria

monocytogenes isolates from raw milk and nondairy foods by pulsed-field gel

electrophoresis, monocin typing, plasmid profiling, and cadmium and antibiotic

resistance determination. Appl Environ Microbiol 67: 840–847.

18. Lebrun M, Audurier A, Cossart P (1994) Plasmid-borne cadmium resistance

genes in Listeria monocytogenes are similar to cadA and cadC of Staphylococcus aureus

and are induced by cadmium. J Bacteriol 176: 3040–3048.

19. Poyart-Salmeron C, Carlier C, Trieu-Cuot P, Courtieu AL, Courvalin P (1990)

Transferable plasmid-mediated antibiotic resistance in Listeria monocytogenes.

Lancet 335: 1422–1426.

20. Hadorn K, Hachler H, Schaffner A, Kayser FH (1993) Genetic characterization

of plasmid-encoded multiple antibiotic resistance in a strain of Listeria

monocytogenes causing endocarditis. Eur J Clin Microbiol Infect Dis 12: 928–937.

21. Flamm RK, Hinrichs DJ, Thomashow MF (1984) Introduction of pAM beta 1
into Listeria monocytogenes by conjugation and homology between native L.

monocytogenes plasmids. Infect Immun 44: 157–161.

22. Nelson KE, Fouts DE, Mongodin EF, Ravel J, DeBoy RT, et al. (2004) Whole

genome comparisons of serotype 4b and 1/2a strains of the food-borne pathogen

Listeria monocytogenes reveal new insights into the core genome components of this
species. Nucleic Acids Res 32: 2386–2395.

23. Canchaya C, Giubellini V, Ventura M, de Los Reyes-Gavilan CG, Margolles A
(2010) Mosaic-like sequences containing transposon, phage and plasmid

elements among Listeria monocytogenes plasmids. Appl Environ Microbiol.

24. Gilmour MW, Graham M, Van DG, Tyler S, Kent H, et al. (2010) High-

throughput genome sequencing of two Listeria monocytogenes clinical isolates during
a large foodborne outbreak. BMC Genomics 11: 120.

25. Orsi RH, Borowsky ML, Lauer P, Young SK, Nusbaum C, et al. (2008) Short-
term genome evolution of Listeria monocytogenes in a non-controlled environment.

BMC Genomics 9: 539.

26. Kuenne CT, Ghai R, Chakraborty T, Hain T (2007) GECO—linear

visualization for comparative genomics. Bioinformatics 23: 125–126.

27. Weaver KE, Clewell DB, An F (1993) Identification, characterization, and

nucleotide sequence of a region of Enterococcus faecalis pheromone-responsive
plasmid pAD1 capable of autonomous replication. J Bacteriol 175: 1900–1909.

28. Wilcks A, Smidt L, Okstad OA, Kolsto AB, Mahillon J, et al. (1999) Replication
mechanism and sequence analysis of the replicon of pAW63, a conjugative

plasmid from Bacillus thuringiensis. J Bacteriol 181: 3193–3200.

29. Tinsley E, Naqvi A, Bourgogne A, Koehler TM, Khan SA (2004) Isolation of a

minireplicon of the virulence plasmid pXO2 of Bacillus anthracis and
characterization of the plasmid-encoded RepS replication protein. J Bacteriol

186: 2717–2723.

30. Francia MV, Fujimoto S, Tille P, Weaver KE, Clewell DB (2004) Replication of

Enterococcus faecalis pheromone-responding plasmid pAD1: location of the

minimal replicon and oriV site and RepA involvement in initiation of
replication. J Bacteriol 186: 5003–5016.

31. Van der Auwera GA, Andrup L, Mahillon J (2005) Conjugative plasmid pAW63
brings new insights into the genesis of the Bacillus anthracis virulence plasmid

pXO2 and of the Bacillus thuringiensis plasmid pBT9727. BMC Genomics 6: 103.

32. Francia MV, Weaver KE, Goicoechea P, Tille P, Clewell DB (2007)

Characterization of an active partition system for the Enterococcus faecalis

pheromone-responding plasmid pAD1. J Bacteriol 189: 8546–8555.

33. Friedberg EC, Wagner R, Radman M (2002) Specialized DNA polymerases,
cellular survival, and the genesis of mutations. Science 296: 1627–1630.

34. Koskiniemi S, Andersson DI (2009) Translesion DNA polymerases are required
for spontaneous deletion formation in Salmonella typhimurium. Proc Natl Acad

Sci U S A 106: 10248–10253.

35. Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the

sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic

Acids Res 22: 4673–4680.

36. Kosman DJ (2010) Multicopper oxidases: a workshop on copper coordination

chemistry, electron transfer, and metallophysiology. J Biol Inorg Chem 15:

15–28.

37. Roy CR, Mukherjee S (2009) Bacterial FIC Proteins AMP Up Infection. Sci
Signal 2: e14.

Plasmids in the Genus Listeria

PLoS ONE | www.plosone.org 6 September 2010 | Volume 5 | Issue 9 | e12511



38. Gibson CM, Mallett TC, Claiborne A, Caparon MG (2000) Contribution of

NADH oxidase to aerobic metabolism of Streptococcus pyogenes. J Bacteriol 182:
448–455.

39. La CS, Sauvageot N, Giard JC, Benachour A, Posteraro B, et al. (2007)

Comparative study of the physiological roles of three peroxidases (NADH
peroxidase, Alkyl hydroperoxide reductase and Thiol peroxidase) in oxidative

stress response, survival inside macrophages and virulence of Enterococcus faecalis.
Mol Microbiol 66: 1148–1163.

40. Ceragioli M, Mols M, Moezelaar R, Ghelardi E, Senesi S, et al. (2010)

Comparative transcriptomic and phenotypic analysis of the responses of Bacillus

cereus to various disinfectant treatments. Appl Environ Microbiol 76: 3352–3360.

41. Fang F, Flynn S, Li Y, Claesson MJ, van Pijkeren JP, et al. (2008)
Characterization of endogenous plasmids from Lactobacillus salivarius UCC118.

Appl Environ Microbiol 74: 3216–3228.
42. Madsen A, Josephsen J (2001) The LlaGI restriction and modification system of

Lactococcus lactis W10 consists of only one single polypeptide. FEMS Microbiol

Lett 200: 91–96.
43. Kuroda T, Tsuchiya T (2009) Multidrug efflux transporters in the MATE

family. Biochim Biophys Acta 1794: 763–768.
44. Su P, Im H, Hsieh H, Kang’A S, Dunn NW (1999) LlaFI, a type III restriction

and modification system in Lactococcus lactis. Appl Environ Microbiol 65:

686–693.
45. Kim MH, Kim Y, Park HJ, Lee JS, Kwak SN, et al. (2008) Structural insight

into bioremediation of triphenylmethane dyes by Citrobacter sp. triphenylmeth-
ane reductase. J Biol Chem 283: 31981–31990.

46. Zhang Z, Ma C, Pornillos O, Xiu X, Chang G, et al. (2007) Functional
characterization of the heterooligomeric EbrAB multidrug efflux transporter of

Bacillus subtilis. Biochemistry 46: 5218–5225.

47. Masaoka Y, Ueno Y, Morita Y, Kuroda T, Mizushima T, et al. (2000) A two-
component multidrug efflux pump, EbrAB, in Bacillus subtilis. J Bacteriol 182:

2307–2310.
48. Chopin MC, Chopin A, Bidnenko E (2005) Phage abortive infection in

lactococci: variations on a theme. Curr Opin Microbiol 8: 473–479.

49. Ballal A, Basu B, Apte SK (2007) The Kdp-ATPase system and its regulation.

J Biosci 32: 559–568.

50. Booth IR (1985) Regulation of cytoplasmic pH in bacteria. Microbiol Rev 49:

359–378.

51. Brondsted L, Kallipolitis BH, Ingmer H, Knochel S (2003) kdpE and a putative

RsbQ homologue contribute to growth of Listeria monocytogenes at high osmolarity

and low temperature. FEMS Microbiol Lett 219: 233–239.

52. Boylan JA, Hummel CS, Benoit S, Garcia-Lara J, Treglown-Downey J, et al.

(2006) Borrelia burgdorferi bb0728 encodes a coenzyme A disulphide reductase

whose function suggests a role in intracellular redox and the oxidative stress

response. Mol Microbiol 59: 475–486.

53. Waters LS, Storz G (2009) Regulatory RNAs in bacteria. Cell 136: 615–628.

54. Brantl S (2007) Regulatory mechanisms employed by cis-encoded antisense

RNAs. Curr Opin Microbiol 10: 102–109.

55. Toledo-Arana A, Dussurget O, Nikitas G, Sesto N, Guet-Revillet H, et al. (2009)

The Listeria transcriptional landscape from saprophytism to virulence. Nature

459: 950–956.

56. Bruand C, Ehrlich SD (1998) Transcription-driven DNA replication of plasmid

pAMbeta1 in Bacillus subtilis. Mol Microbiol 30: 135–145.

57. Woodward JJ, Iavarone AT, Portnoy DA (2010) c-di-AMP Secreted by

Intracellular Listeria monocytogenes Activates a Host Type I Interferon Response.

Science.

58. Meyer F, Goesmann A, McHardy AC, Bartels D, Bekel T, et al. (2003)

GenDB—an open source genome annotation system for prokaryote genomes.

Nucleic Acids Res 31: 2187–2195.

59. Darling AC, Mau B, Blattner FR, Perna NT (2004) Mauve: multiple alignment

of conserved genomic sequence with rearrangements. Genome Res 14:

1394–1403.

60. Huson DH, Richter DC, Rausch C, Dezulian T, Franz M, et al. (2007)

Dendroscope: An interactive viewer for large phylogenetic trees. BMC

Bioinformatics 8: 460.

Plasmids in the Genus Listeria

PLoS ONE | www.plosone.org 7 September 2010 | Volume 5 | Issue 9 | e12511


