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Sequencing of plasmid pLM33 from the food isolate Listeria monocytogenes Lm1 revealed a molecule of 32,307
bp with a G�C content of 36.2%. The plasmid displays a mosaic pattern of identities common to several closely
related L. monocytogenes plasmids isolated from food and clinical sources.

Listeria monocytogenes is a Gram-positive opportunistic
pathogen which has received an increasing level of interest in
the last few decades due to the severity of the food-borne
disease in immunocompromised individuals, mainly character-
ized by meningitis, encephalitis, and materno-fetal and perina-
tal infections (3). Dairy products are one of the main vehicles
for infection of humans, and they have been responsible for
several outbreaks and sporadic cases of listeriosis in Europe
and North America (21). In a previous work, we reported a
high incidence of L. monocytogenes in artisanal soft-ripened
cheeses in Asturias, Spain (18). The molecular typing of 19
strains of L. monocytogenes serogroup 1, isolated from the
same type of cheese (Afuega’l Pitu) at different times of the
year, revealed the presence of a plasmid of about 33 kb in all
the isolates, named pLM33. This plasmid shares large homol-
ogy regions with other Listeria innocua plasmids isolated from
different soft-ripened cheeses (17, 19). In this work, we went
deeply into the genetic content of pLM33 and fully sequenced
the plasmid, and we performed a bioinformatic analysis of the
sequence that has allowed us to conclude that this plasmid or
parts of it are widely distributed among different L. monocy-
togenes strains.

For plasmid sequencing, L. monocytogenes Lm1 (19) was
grown overnight in 100 ml of tryptic soy broth (TSB; Scharlau,
Barcelona, Spain). A plasmid extraction was carried out with
the Qiagen plasmid MidiKit (Qiagen, Inc., Valencia, CA), us-
ing a hand-made resuspension buffer containing 20% sucrose,
10 mM Tris-HCl, 10 mM EDTA, 50 mM NaCl, 80 kU/liter
mutanolysin, and 1 g/liter lysozyme. All of the other steps were
carried out following the manufacturer’s instructions. The plas-
mid was digested with BamHI, and the fragments were cloned
in vector pUC19. A BamHI fragment of 6.8 kb cloned in
pUC19 (corresponding to the sequence from positions 8796 to

15566 in pLM33) was sequenced, and due to the high homology
of this fragment with the plasmids of L. monocytogenes strains
FLS J1-194, FSL R2-503, and FSL N1-017 (http://www.broad.mit
.edu/annotation/genome/listeria_group), sequence walking on
the plasmid (direct sequencing of the plasmid DNA) allowed
the sequencing of the full-length plasmid.

Dot plot comparisons at DNA level gave us an overview of
the degree of similarity of pLM33 with respect to the other
Listeria plasmids (Fig. 1A). Table 1 includes all of the plasmids
used in this report and their main features. In order to view the
synteny of the pLM33 genome, its origin region was taken as
the corresponding origin region of the other Listeria plasmids.
Dot plot analysis showed a close similarity of the genome
sequence of pLM33 with the genomes of the plasmids from
strains FSL J1-194, FSL N1-017, FSL R2-503, and FSL F2-515
(pJ1-194, pN1-017, pR2-503, and pF2-515, respectively). Sets
of contigs corresponding to the DNA sequences of these four
plasmids were downloaded in December 2008 from the Listeria
monocytogenes database of the Broad Institute (http://www
.broad.mit.edu/annotation/genome/listeria_group) (pR2-503,
supercontigs of Listeria monocytogenes FSL R2-503 plasmids
2.52, 2.53, and 2.54; pJ1-194, supercontig of Listeria monocy-
togenes FSL J1-194 plasmid 2.44; pN1-017, supercontigs of
Listeria monocytogenes FSL N1-017 plasmids 2.75, 2.76, and
2.77; and pF2-515, supercontigs of Listeria monocytogenes FSL
F2-515 plasmids 2.1405, 2.1406, 2.1407, 2.1408, 2.1409, 2.1410,
2.1411, 2.1412, 2.1413, 2.1414, and 2.1415). The contigs were
assembled and annotated by us, and the results are shown in
the supplemental material. On the other hand, pCT100,
pLI100, and pLM80 (accession no. U15554, NC_003383, and
AADR01000010/AADR01000058, respectively; and see the
supplemental material) displayed only a few homologous re-
gions among them and with the other plasmids. Dot plot anal-
ysis also provided evidence that the pLM33 genome sequence
is mostly present in pJl-194, pN1-017, and pR2-503, without
any large deletion or insertion or, even, any rearrangement.
These three plasmid sequences share a region of 31,735 nucle-
otides (98.23% of pLM33 genome size), which represents an
overall identity among them and pLM33 higher than 99.97%;
a similar region, more than one-half of its genome sequence,
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was found in pF2-515, although with some insertion/deletion
regions. The high level of similarity among these four plasmids
(pLM33, pJ1-194, pN1-017, and pR2-503) supports the idea of
a close relationship among and recent origin of this group of
plasmids. Finally, the genomic region shared by pN1-017 and
pR2-503, but not with pLM33, contains a large inverted re-
gion. Furthermore, comparative genomic analyses between the
pLM33-encoded predicted proteome and those of the other
seven plasmids revealed pLM33-specific sequences encom-
passing hypothetical encoded proteins or transcriptional regu-
lators (Fig. 1B). Each of the seven plasmid proteomes was
compared with the pLM33 predicted proteome using BLAST
(1). Proteins of pLM33 have been used as a database, and a
Blastp search has been performed for every one of the seven
sets of plasmid proteins (cutoff, E value of 1 � 10�6 and 30%
identity over at least 80% of both protein sequences).

Due to the mobile nature of plasmids and the lack of the
most common molecular markers for phylogeny, reconstruc-
tion of the phylogenetic history of plasmids in Listeria proved
to be a difficult task to achieve. However, further information
regarding their relationships can be inferred from the se-
quence analysis of the replication proteins. Phylogenetic anal-
ysis of replication proteins present in Listeria plasmids, using
maximum likelihood, supports the idea of two main plasmid
groups (Fig. 2A). Nevertheless, the position of pF2-515 is not
clear, since it contains three putative replication genes, while
the other plasmids contain just one. Furthermore, despite the
close relationship of pR2-503, pJ1-194, pN1-107, pCT100, and
pLM33 in the tree, dot plot comparisons of their DNA se-
quences contradict the presence of pCT100 in this group. Se-
quence data comparison of the replication gene sequences
alone is not informative enough to solve this discrepancy, and
neither is the position of pF2-515. A tree based on the gene
content of these eight plasmids (Fig. 2B) provides further in-
formation about the degree of relatedness of these plasmid

sequences. In addition, a comparison matrix (Table 2) was
built that compares the proteomes of Listeria plasmids at the
protein level. Comparisons were done by counting reciprocal
hits sharing more than 30% sequence identity using Blastp
over more than 80% of total sequence length, so that sets of
pairwise hits were obtained. Average values of the sequence
identity based on the pairwise comparisons were also obtained.
Relationships observed in this analysis are in agreement with
the dot plot matrix: pLM33 is much closer to pN1-017, pJl-194,
and pR2-503 than to pCT100, pLI100, and pLM80. The posi-
tion of pF2-215 on the unweighted-pair group method using
average linkages (UPGMA) tree based on pairwise protein
comparisons as an independent branch might contradict the
sequence relationships shown in Fig. 1A and 3B, despite the
observation of high-identity values of shared proteins with
other plasmids closely related to pLM33 (Table 2). A deeper
analysis of the region of pF2-515 homologous to the pLM33
group reveals frameshift and nonsense mutations which pro-
duce shorter predicted genes (data not shown). These changes,
perhaps due to higher selective pressures suffered by this plas-
mid sequence, reduce the length of many proteins in pF2-515,
which in turn reduces dramatically the number of orthologs
obtained accordingly. This would explain the external branch
position of pF2-515 in the UPGMA tree with respect to the
other plasmids.

pLM33 contains 37 putative open reading frames (ORFs)
(Table 3). It is worth noting that 8 ORFs code for putative
proteins involved in genetic mobilization events (trans-
posases or transposase-like proteins, integrases, and re-
solvases), suggesting that this plasmid could have undergone
insertion and/or deletion events during evolution. Nowadays,
only scarce genetic information is available for Listeria plas-
mids. Plasmid profiling has been used for L. monocytogenes
typing (7, 9, 10, 19, 20, 24), and the presence of plasmids has
mainly been linked to resistance phenotypes for cadmium (13,

FIG. 1. Comparative analyses of Listeria plasmid genomes. Panel A shows the dot plot matrix calculated for the complete sequences of pLM33,
pJ1-194, pN1-017, pR2-503, pF2-515, pCT100, pLI100, and pLM80. Panel B depicts a circular plot of genome diversity in Listeria plasmids. Each
ring indicates a Listeria plasmid; the order is shown within the inner circle of the figure.

TABLE 1. Plasmids analyzed in this study

Plasmid No.
of bases

No. of
predicted ORFs

Accession no.
(original DNA sequence source) Host strain, origin (serotype) Reference(s)

pLM33 32,307 37 GU244485 L. monocytogenes Lm1, cheese
(1/2b)

19

pJ1-194 57,536 76 NZ_AARJ00000000 (www.broad.mit.edu) L. monocytogenes FSL J1-194,
human (1/2b)

6

pR2-503 56,540 99 NZ_AARR00000000 (www.broad.mit.edu) L. monocytogenes FSL R2-503,
human (1/2b)

6

pN1-017 56,037 65 NZ_AARP00000000 (www.broad.mit.edu) L. monocytogenes FSL N1-017,
trout (4b)

6

pF2-515 37,163 71 NZ_AARI00000000 (www.broad.mit.edu) L. monocytogenes FSL F2-515,
meat (1/2a)

6, 23

pCT100 37,279 43 U15554 L. monocytogenes DRDC8,
milk (4)

4

pLI100 81,905 86 NC_003383 L. innocua CLIP 11262,
cheese (6a)

5

pLM80 81,588 96 AADR01000010/AADR01000058 L. monocytogenes H7858,
meat (4b)

22

VOL. 76, 2010 MOSAIC-LIKE SEQUENCES AMONG L. MONOCYTOGENES PLASMIDS 4853



14), antibiotics (2, 15, 25, 26), and biocides (26). pLM33 con-
tains the transposon Tn5422, a transposon of the Tn3 family
that contains a cadmium efflux pump, a transposase, and a
resolvase (13). Lebrun and coworkers suggested that the trans-

position of Tn5422 could be one of the reasons for the size
diversity of L. monocytogenes plasmids (13). Apart from
Tn5422, pLM33 seems to be structured in different blocks.
ORFs 22, 23, and 24 seem to represent the outcome of a

FIG. 2. Phylogenetic relationship analysis of Listeria plasmids. The trees were constructed by maximum likelihood (program PHYML, bootstrap 100,
HKY �G model) using DNA sequences of putative replication proteins in the plasmids (A) and UPGMA of pairwise distances calculated as the
logarithm of shared orthologs (cutoffs, 30% identity, E value of 1 � 10�6, and a match of over 80% of both proteins) between two plasmid genomes,
normalized by the weighted mean of the total number of plasmid genes (12) (B). The tree was built using MEGA4 software (28).

TABLE 2. Average protein identities and number of shared proteins

Protein
No. of shared proteins or % identitya

pLM33 pN1-107 pR2-503 pF2-515 pJ1-194 pCT100 pLI100 pLM80

pLM33 99.93 95.35 98.54 99.99 82.59 78.20 59.68
pN1-107 31 95.57 97.25 99.81 68.14 86.24 55.22
pR2-503 14 25 97.25 96.94 60.78 80.88 55.08
pF2-515 4 6 8 96.35 77.12 83.86 76.98
pJ1-194 27 45 30 10 64.57 89.69 54.92
pCT100 9 11 2 2 8 89.33 97.95
pLI100 7 17 7 3 15 10 91.01
pLM80 8 10 4 2 10 7 26

a Pairwise protein comparisons are shown. Numbers of shared proteins are shown in the lower triangle, and corresponding protein identity averages (expressed in
percentage) are shown in the upper triangle. Pairwise protein comparisons were calculated using Blastp with cutoff values represented by an E value of 1 � 10�6 and
sequence identity of 30% over 80% of both protein sequences.
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prophage integration event. ORF 24 codes for a putative Cas
(CRISPR-associated) protein, which allows, in conjunction
with CRISPR (clustered regularly interspaced short palin-
dromic repeats) sequences, a microbial population to survive
phage predation and provides a historical perspective on phage
exposure (8). ORF 23 is a homolog of the major prohead
scaffolding core protein of Listeria phage A006 (16) and ORF
22 codes for a putative catalytic region of a viral integrase (11).
On the other hand, pLM33 seems to have acquired a Clp
protein from some lactic acid bacteria, since ORF 14 displayed
a high homology with Clp proteases from Enterococcus, Lac-
tobacillus, and Lactococcus. These proteins are involved in the
response to several environmental stresses, such as heat shock,
in some Lactobacillus species. Interestingly, a homolog of ORF
14 was found to be surrounded by transposase genes in Lac-
tobacillus rhamnosus and was shown to be mobilized during
prolonged cultivation at elevated temperature (27). This sug-

gests that ClpL was acquired via horizontal gene transfer. Fi-
nally, another module is constituted by ORFs 6 to 10, which
code for proteins involved in plasmid replication and DNA
synthesis (Fig. 3A).

It is highly probable that the large amount of transposases
present in this plasmid could be responsible for DNA sequence
rearrangements (i.e., insertions and deletions), leading to the
mosaic-like structure of pLM33. The full plasmid is contained
in other larger plasmids (Fig. 3B), suggesting that pLM33
could act as a stable structural block. In relation to this, one of
the most striking findings of this work is that pLM33 is fully
contained within the plasmid pJ1-194 from strain FSL J1-194
(match of �99.8%), a serotype 1/2b strain isolated from a
sporadic case of human listeriosis in the United States (6) (Fig.
3B). Furthermore, almost the complete plasmid pLM33 was
contained within the plasmids of strains FSL R2-503 (match of
�99.8% starting at position 557 of pLM33) and FSL N1-017

TABLE 3. Putative open reading frames present in pLM33 and their putative functions

CDSa % GC
content

No. of amino
acids BLAST-based putative function (E value)

pLM33_0001 36.35 408 Transposase element IS712A, Listeria grayi DSM 20601 (0; 100% identity)
pLM33_0002 37.02 252 Putative transposase helper protein for IS712A, Lactococcus lactis subsp. cremoris MG1363

(3E�79; 98.0159% identity)
pLM33_0003 35.49 200 Transposase, Listeria monocytogenes FSL J1-194 (1E�111; 100% identity)
pLM33_0004 41.67 251 Hypothetical protein
pLM33_0005 38.79 54 Hypothetical protein
pLM33_0006 42.59 586 Plasmid replication protein RepR, Listeria grayi DSM 20601 (0; 94.0199% identity)
pLM33_0007 28.93 52 Hypothetical protein
pLM33_0008 30.09 348 Rep63B, Listeria monocytogenes FSL J1-194 (0; 100% identity)
pLM33_0009 29.63 98 Hypothetical protein
pLM33_0010 42.15 426 Possible DNA-directed DNA polymerase, Listeria grayi DSM 20601 (0; 100% identity)
pLM33_0011 41.16 114 Hypothetical protein
pLM33_0012 32.55 254 Hypothetical protein
pLM33_0013 35.11 449 Putative transposase for insertion sequence element IS3 family protein, Listeria

monocytogenes FSL J (0; 100% identity)
pLM33_0014 40.05 704 ATP-dependent Clp protease, ATP-binding subunit ClpL, Listeria monocytogenes FSL J1-194

(0; 100% identity)
pLM33_0015 34.6 78 Cro/CI family phage transcriptional regulator, Listeria monocytogenes FSL J1-194

(1E�37; 100% identity)
pLM33_0016 36.92 92 Hypothetical protein
pLM33_0017 38.42 202 Putative resolvase, N-terminal domain protein, Listeria monocytogenes FSL J1-194

(1E�104; 93.9698% identity)
pLM33_0018 29.82 246 Hypothetical protein
pLM33_0019 29.32 588 Hypothetical protein
pLM33_0020 36.3 44 Hypothetical protein
pLM33_0021 40.78 84 Hypothetical protein
pLM33_0022 38.05 289 Integrase catalytic region, Listeria monocytogenes FSL J1-194 (1E�170; 100% identity)
pLM33_0023 33.61 238 Hypothetical protein
pLM33_0024 33.75 240 CRISPR-associated Cas5 family protein, Listeria monocytogenes FSL J1-194

(1E�128; 100% identity)
pLM33_0025 34.74 141 Hypothetical protein
pLM33_0026 32.89 75 Hypothetical protein
pLM33_0027 35.84 92 Hypothetical protein
pLM33_0028 38.62 125 Hypothetical protein
pLM33_0029 39.97 220 Hypothetical protein
pLM33_0030 37.92 108 Hypothetical protein
pLM33_0031 34.6 78 Hypothetical protein
pLM33_0032 41.15 80 Putative PemI-like inhibitor, Listeria monocytogenes FSL J1-194 (5E�39; 100% identity)
pLM33_0033 41.23 113 Putative PemK-like protein, Listeria monocytogenes FSL J1-194 (8E�47; 100% identity)
pLM33_0034 39.98 711 Cadmium resistance protein B, Listeria monocytogenes FSL J1-194 (0; 100% identity)
pLM33_0035 35.28 119 Putative cadmium efflux system accessory protein, Bacillus sp. strain NRRL B-14911

(4E�29; 92.562% identity)
pLM33_0036 38.02 184 Resolvase, Listeria monocytogenes FSL J1-194 (1E�102; 100% identity)
pLM33_0037 36.83 971 Transposase, Listeria monocytogenes FSL J1-194 (0; 100% identity)

a Database coding sequence designation.
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(match of �99.9% starting at position 641 of pLM33). FSL
R2-503 is a serotype 1/2b strain responsible for a gastrointes-
tinal listeriosis outbreak in the United States in 1994, and FSL
N1-017 is a serotype 4b strain with a ribotype that was exclu-
sively associated with foods and not with any human disease
cases (6). On the other hand, pLM33 displays several homol-
ogy zones with plasmid pF2-515 of strain FSL F2-515, a sero-
type 1/2a1 strain bearing ribotype DUP-1062A, one of the
most common subtypes found among food isolates and rarely
causing human disease (6). These findings indicate that pLM33
is widely distributed among L. monocytogenes isolates from
different geographic areas in Europe and North America,
alone or as part of larger plasmids. The findings also suggest
that pLM33 could act as a single mobilizable unit. In this
respect, it is worthwhile mentioning that some authors have
pointed out the presence of similar DNA electrophoretic pat-
terns shared by plasmids of different L. monocytogenes strains
(14), as well as common DNA/DNA hybridization bands
shared by L. monocytogenes and L. innocua plasmids (17),
suggesting the presence of common homology zones among
the different plasmids.

In summary, we have fully sequenced plasmid pLM33 of an
L. monocytogenes strain isolated from a soft-ripened cheese
and have shown that this plasmid, alone or as part of larger
DNA molecules, is present in several L. monocytogenes isolates
of either food or human origin. This suggests a wide distribu-
tion of this plasmid and indicates that pLM33 can be mobilized
as a single genetic unit.

Nucleotide sequence accession number. The sequence of the
full-length pLM33 plasmid has been submitted to GenBank
under accession no. GU244485.
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Hauf, D. Jackson, L. M. Jones, U. Kaerst, J. Kreft, M. Kuhn, F. Kunst, G.
Kurapkat, E. Madueno, A. Maitournam, J. M. Vicente, E. Ng, H. Nedjari, G.
Nordsiek, S. Novella, B. de Pablos, J. C. Pérez-Diaz, R. Purcell, B. Remmel,
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