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Listeria monocytogenes is a gram-positive facultative intracellular pathogen of humans and many animal species that is
capable of causing serious food-borne illness in pregnant and
immunocompromised individuals (11). L. monocytogenes has
been an important model system that has shed light on the
mechanisms of both intracellular parasitism and host cell biology. The study of several of the virulence factors has led to
important fundamental insights into the nature of invasion of
host cells, escape from the lysosomal compartment into the
cytoplasm, intracellular growth, and cell-to-cell spread (8). Additionally, the study of L. monocytogenes has been central in
understanding the complex interactions of the eukaryotic actin
cytoskeleton and cell motility (7).
Two of the major virulence factors of L. monocytogenes are
the pore-forming cytolysin listeriolysin-O (LLO) and the actinrecruiting and -organizing protein ActA. LLO, the product of
the hly gene, is responsible for escape from the membranebound phagosomal compartment when L. monocytogenes first
enters a host cell, allowing the bacterium to quickly gain access
to the host cytoplasm (51). LLO is absolutely required for the
virulence and pathogenesis of L. monocytogenes (9, 14, 23).
Once the bacterium enters the cytoplasm, the ActA protein, a
second essential virulence factor (4, 10, 24), enables the bacterium to polymerize host cell actin in a polar manner to
propel the bacterium through the cytoplasm and spread the

infection from cell to cell without exposure to the extracellular
environment (34, 51).
Although tremendous insights have been gained from the
study of the intracellular life cycle of L. monocytogenes, there
have also been technical limitations to these studies that are
related to the genetic manipulation of the bacterium. The
current array of tools allow specific genetic alterations to be
made, but the process of making these changes is often timeconsuming and experimentally cumbersome. For instance,
ActA cannot be functionally complemented on a plasmid (39),
so the process of evaluating the biological role of ActA is
limited to using allelic exchange, which, for L. monocytogenes,
can take weeks or months to construct each clone.
With these limitations in mind, we set out to develop a
streamlined approach for systematic strain construction. Recently, the complete genome sequence and characterization of
the phage attachment site of listeriophage A118 were reported
(29), the genome sequence of the PSA prophage was completed (E. Sattelberger, M. Zimmer, R. Calendar, R. B. Inman,
S. Scherer, and M. J. Loessner, submitted for publication), and
a survey of listeriophage host ranges was conducted (19).
These studies facilitated the development of two phage-based
integration vectors, the first such vectors for use in L. monocytogenes. Integration vectors have several advantages over
plasmids, including single copy number once integrated as well
as stability in the absence of selection. Site specificity of the
integration vector allows manipulations to be done in an innocuous region of the genome. Furthermore, integration vectors obviate the need for allelic exchange, instead allowing
defined molecular constructs to be placed on the chromosome
in a single step.
The first of these integration vectors, pPL1, integrates at the
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Two site-specific shuttle integration vectors were developed with two different chromosomal bacteriophage
integration sites to facilitate strain construction in Listeria monocytogenes. The first vector, pPL1, utilizes the
listeriophage U153 integrase and attachment site within the comK gene for chromosomal insertion. pPL1
contains a useful polylinker, can be directly conjugated from Escherichia coli into L. monocytogenes, forms
stable, single-copy integrants at a frequency of ⬃10ⴚ4 per donor cell, and can be used in the L. monocytogenes
1/2 and 4b serogroups. Methods for curing endogenous prophages from the comK attachment site in 10403Sderived strains were developed. pPL1 was used to introduce the hly and actA genes at comK-attBBⴕ in deletion
strains derived from 10403S and SLCC-5764. These strains were tested for second-site complementation in
hemolysin assays, plaquing assays, and cell extract motility assays. Unlike plasmid-complemented strains,
integrated pPL1-complemented strains were fully virulent in the mouse 50% lethal dose assay. Additionally, the
PSA phage attachment site on the L. monocytogenes chromosome was characterized, and pPL1 was modified to
integrate at this site. The listeriophage PSA integrates in the 3ⴕ end of an arginine tRNA gene. There are 17
bp of DNA identity between the bacterial and phage attachment sites. The PSA prophage DNA sequence
reconstitutes a complete tRNAArg gene. The modified vector, pPL2, was integration proficient at the same
frequency as pPL1 in common laboratory serotype 1/2 strains as well as serotype 4b strains.
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comK-attBB⬘ chromosomal location. We evaluated the role of
an intact comK open reading frame on the virulence of L.
monocytogenes, determined the prophage status of 25 L. monocytogenes strains at the comK-attBB⬘ chromosomal position,
and used pPL1 to functionally complement LLO and ActA at
the comK chromosomal position in the deletion strains. We
further characterized the phage attachment site of the PSA
prophage within a tRNAArg gene and used this information to
modify pPL1 to integrate at the PSA phage attachment site.
The second integration vector, pPL2, can be used in a wide
array of L. monocytogenes strains independent of serotype and
the presence of a prophage at the comK integration site.

MATERIALS AND METHODS
Construction of pPL1 integration vector. Standard molecular techniques (41)
were used in the construction of the 6,101-bp integration vector pPL1 (Fig. 1A).
It is a low-copy-number plasmid that replicates autonomously in Escherichia coli
and integrates in a site-specific manner in L. monocytogenes and was assembled
from six independent DNA sources as follows. Restriction sites in the PCR

primers used for construction are underlined. All PCRs used in cloning steps
utilized Vent DNA polymerase (New England Biolabs).
The multiple cloning site from pBluescript KS⫺ (1) (bp 1 to 171) was cloned
after PCR with primers 5⬘-GGACGTCATTAACCCTCACTAAAGG-3⬘ and 5⬘GGACGTCAATACGACTCACTATAGG-3⬘. The low-copy-number gram-negative origin of replication and chloramphenicol acetyltransferase (CAT) gene
from pACYC184 (5) (bp 172 to 2253) were cloned after PCR with primers
5⬘-GGACGTCGCTATTTAACGACCCTGC-3⬘ and 5⬘-GAGCTGCAGGAGA
ATTACAACTTATATCGTATGGGG-3⬘.
For direct conjugation from E. coli to L. monocytogenes, the RP4 origin of
transfer (oriT) (37) (bp 2254 to 2624) was cloned from plasmid pCTC3 (53) after
PCR with primers 5⬘-GCACTGCAGCCGCTTGCCCTCATCTGTTACGCC-3⬘
and 5⬘-CATGCATGCCTCTCGCCTGTCCCCTCAGTTCAG-3⬘. The listeriophage U153 integrase gene and attachment site (attPP⬘) (A. Nolte, P. Lauer, and
R. Calendar, unpublished data; bp 2629 to 4127) that direct the site-specific
integration of the plasmid were cloned after PCR with primers 5⬘-GTAGATC
TTAACTTTCCATGCGAGAGGAG-3⬘ and 5⬘-GGGCATGCGATAAAAAGC
AATCTATAGAAAAACAGG-3⬘.
For expression of the U153 integrase gene, the L. monocytogenes p60 promoter
(25) (bp 4134 to 4563) was PCR amplified with primers 5⬘-CCTAAGCTTTCG
ATCATCATAATTCTGTC-3⬘ and and 5⬘-GGGCATGCAGATCTTTTTTTCA
GAAAATCCCAGTACG-3⬘ and cloned upstream of the integrase gene. From
bp 4570 to 6101 is a HindIII-AatII restriction fragment subcloned from pUC18-
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FIG. 1. (A) Plasmid map of the pPL1 integration vector. Chloramphenicol resistance genes and E. coli origin of replication are shown in grey,
the RP4 origin of transfer is shown in white, and the U153 integrase gene and L. monocytogenes p60 promoter are shown in black. The multiple
cloning site (MCS) is shown at the bottom of the plasmid, with unique restriction sites noted below in a box. pPL24 and pPL25 inserts are shown
schematically below the multiple cloning site and were cloned as described in Materials and Methods. Final sizes of the plasmid constructs and
the restriction sites used in cloning are noted for each of the inserts. (B) Plasmid map of the integration vector pPL2. The color scheme and genes
are the same as in panel A except for the PSA integrase and PSA attPP⬘ sites, as noted. The multiple cloning site with 13 unique restriction sites
is shown below the plasmid.
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TABLE 1. Bacterial strains
Strain

E. coli
SM10
XL1-Blue

Conjugation donor; F⫺ thi-1 thr-1 leuB6 recA tonA21 lacY1 supE44 (MuC⫹) ⫺
[RP4-2(Tc::Mu)] Kmr Tra⫹
Plasmid manipulations, recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac
[F⬘ proAB lacIqZ⌬M15 Tn10 (Tetr)]
Integration vector, pPL1/SM10
hly integration vector, pPL24/SM10
actA integration vector, pPL25/SM10
Integration vector, pPL2/SM10

Reference

44
Stratagene
This
This
This
This

study
study
study
study

Wild type
10403S, phage cured
DP-L2161, phage cured, ⌬hly
DP-L3078, phage cured, ⌬actA
DP-L4056 comK::pPL1
DP-L4027 ⌬hly comK::pPL24
DP-L4056 comK::pPL24
DP-L4029 ⌬actA comK::pPL25
DP-L4056 comK::pPL25
Virulence gene overexpresser (Mack, DP-L861)
Mack-4R (SLCC-5764 rough isolate)
SLCC-5764, Strr derivative
SLCC-5764 ⌬actA (deletion of amino acids 7–633)
DP-L3780, Strr derivative
DP-L4082 comK::pPL1
DP-L4082 comK::pPL25
DP-L4083 comK::pPL1
DP-L4083 ⌬actA comK::actA
DP-L1169S 4b strain, Strr
DP-L1172S 4b strain, Strr
DP-L4088 comK::pPL1
DP-L4089 comK::pPL1
EGDe, Strr derivative
WSLC 1042 (ATCC 23074)
WSLC 1042::PSA
10403S, tRNAArg::pPL2
LO28, Strr derivative

3
This study
This study (22)
This study (46)
This study
This study
This study
This study
This study
27
S. Katheriou
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
31
This study
This study
This study

CLIP 11262, Strr derivative

15

Cat (a kind gift from Nancy Freitag) and contains the inducible gram-positive
CAT gene from pC194 (20) (bp 4788 to 5850).
Cloning of the hly and actA genes into pPL1. The hly gene was subcloned from
plasmid pDP-906 (22) by restriction digestion with BamHI and XbaI, gel purifying a 2.9-kb fragment, and ligating it into pPL1 cut with BamHI and SpeI. The
resultant plasmid was designated pPL24 (Fig. 1A). The actA gene was PCR
amplified from 10403S genomic DNA with primers 5⬘-GGTCTAGATCAAGC
ACATACCTAG-3⬘ and 5⬘-CGGGATCCTGAAGCTTGGGAAGCAG-3⬘. The
2220 bp PCR product was gel purified, cut with BamHI and XbaI, and cloned
into pPL1 cut with BamHI and SpeI. The resultant plasmid was designated
pPL25 (Fig. 1A).
Phage curing, conjugation, and molecular confirmation of plasmid integration. Phage curing was accomplished by adapting historical methods (6, 45). L.
monocytogenes 10403S derivatives carrying a prophage at comK-attBB⬘ (integrated in the comK open reading frame as previously described [29]) were grown in
BHI at 37°C to 108 CFU/ml and infected with listeriophage U153 (19) at a
multiplicity of infection of 20:1 in the presence of 5 mM CaCl2. Cultures were
incubated with shaking at 37°C for 75 min, and inhibition of growth was monitored by comparison of the optical density at 600 nm of the infected culture with
an uninfected control culture. The infected culture was diluted 10⫺2 and 10⫺4 in
BHI, and both dilutions were grown at 37°C until the 10⫺2 dilution culture had
increased 100-fold in optical density. The 10⫺4-fold dilution culture was then
diluted 10⫺2, and 3 l was plated on BHI.
Fifty colonies were tested for phage release initially by transferring colonies
(using a toothpick) into 0.25 ml of LB broth and replica plating at 30°C on a lawn
of Mack-4R (DP-L862) (for a list of strains, see Table 1), a nonlysogenic rough
strain of L. monocytogenes particularly susceptible to forming plaques. Candidates that did not form plaques were then tested by spotting 10 l of culture on

a lawn of Mack-4R to detect plaque formation. If this second test was negative,
whether the candidate could support plaque formation by the phage from the
parent 10403S strain (10403 [19]) was tested. Curing was confirmed molecularly
by PCR with the comK-attBB⬘-specific primer pair PL60 and PL61 (sequences
follow) for the absence of a phage at comK-attBB⬘. Approximately 10% of
colonies were cured by using this procedure.
Recipient strains of L. monocytogenes (SLCC-5764, DP-L1169, and DPL1172) were made streptomycin resistant for counterselection in conjugation
experiments by plate selection on BHI supplemented with 200 g of antibiotic
per ml.
pPL1 plasmid constructs were electroporated into E. coli strain SM10 (44) by
standard techniques (41). Bacterial strains were grown to mid-log phase (optical
density at 600 nm, ⬃0.55) with shaking at 30°C. E. coli donor strains were grown
in LB containing 25 g of chloramphenicol/ml, and L. monocytogenes recipient
strains were grown in BHI. Donor culture (2.5 ml) was mixed with 1.5 ml of
recipient culture and filtered onto washed 0.45-m-pore-size HA-type filters (47
mm; Millipore). The filter was washed once with 10 ml of BHI, transferred to a
BHI plate with no antibiotics, and incubated for 2 h at 30°C. The bacterial cells
were gently resuspended in 2.5 ml of BHI, and 25-l and 50-l aliquots were
plated in 3 ml of LB top agar on BHI plates supplemented with 7.5 g of
chloramphenicol per ml and 200 g of streptomycin per ml. Plates were incubated at 30°C overnight and shifted to 37°C for 2 to 3 days.
Individual colonies were picked and screened by PCR for integration at the
phage attachment site with primers PL14 (5⬘-CTCATGAACTAGAAAAATGT
GG-3⬘), PL60 (5⬘-TGAAGTAAACCCGCACACGATG-3⬘), and PL61 (5⬘-TGT
AACATGGAGGTTCTGGCAATC-3⬘). PCRs were performed on small portions of individual bacterial colonies picked with sterile P200 pipette tips from
BHI plates directly into 20-l PCR mixtures. The primer pair PL14 and PL61
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DP-E4067
DP-E4068
DP-E4069
DP-E4190
L. monocytogenes
10403S
DP-L4056
DP-L4027
DP-L4029
DP-L4074
DP-L4075
DP-L4076
DP-L4077
DP-L4078
SLCC-5764
DP-L862
DP-L4082
DP-L3780
DP-L4083
DP-L4084
DP-L4085
DP-L4086
DP-L4087
DP-L4088
DP-L4089
DP-L4090
DP-L4091
DP-L4199
DP-L4026
DP-L4061
DP-L4221
DP-L4379
L. innocua
DP-L4391

Relevant genotype or plasmid
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attBB⬘); AJ417448 (643 bp surrounding 10403S tRNAArg-attBB⬘); and AJ417449
(6,123-bp pPL2 shuttle integration vector).

RESULTS AND DISCUSSION
pPL1 forms stable, single-copy integrants in various L.
monocytogenes strains. pPL1 is the first shuttle integration vector that we constructed to facilitate strain construction in L.
monocytogenes. In order to test the pPL1 vector, we needed an
L. monocytogenes strain that lacked a phage at the comK bacterial attachment site. We adapted historical methods to cure
L. monocytogenes strains of their prophages and found that
after superinfection with phage U153, which has the same
attachment site as the endogenous 10403S prophage, we were
able to isolate prophage-free strains (see Materials and Methods). The prophage-cured 10403S strain was designated DPL4056 and used in subsequent experiments.
We attempted both electroporation and conjugation to introduce pPL1 into L. monocytogenes. Despite repeated attempts to electroporate and directly select integrants, these
experiments were unsuccessful, probably due to the low efficiency of transformation of L. monocytogenes (typically less
than 102 colonies per g of plasmid DNA for 10403S-derived
strains). Much higher electroporation frequencies have been
reported for different L. monocytogenes strains (38), and electroporation may be an effective method to introduce pPL1 into
these strains. Conjugation of pPL1 from E. coli into L. monocytogenes, on the other hand, was successful. Drug-resistant
transconjugants arose at a frequency as high as 1.1 ⫻ 10⫺4 per
donor E. coli cell, compared to the frequency of 6.3 ⫻ 10⫺4
observed in our control conjugation with the autonomously
replicating plasmid pWM401(oriT) (33). Therefore, the integration frequency is approximately 20% for the bacteria receiving pPL1 by conjugation. All chloramphenicol-resistant
pPL1 transconjugants were positive with the PCR assay with
primers PL14 and PL61 (Fig. 2B) and negative with a PCR
assay across attPP⬘ in pPL1 (PL14 paired with a primer in the
RP4 oriT), indicating that they were true integrants. In addition, this experiment demonstrated that pPL1 was not maintained as an episomal plasmid and that the vector did not
integrate as a concatemer (data not shown).
We tested the stability of the integrants under nonselective
growth conditions. Three integrant strains, DP-L4074 and the
merodiploid strains DP-L4076 and DP-L4078 (described in the
following sections), were passed in liquid BHI medium for 100
generations and plated for single colonies. Ninety-six colonies
were then exposed to 0.1 g of chloramphenicol per ml (to
induce CAT gene expression) and patched on plates containing 7.5 g of antibiotic per ml. All colonies retained drug
resistance. Thirty colonies from each nonselective growth experiment were assayed with the PL14/PL61 PCR assay, and all
PCRs resulted in the 743-bp product, indicating that all
transconjugants had retained the integrated plasmid.
We addressed whether the integration vector would be generally useful for any L. monocytogenes strain with an available
attachment site. More than 320 listeriophages have been isolated (summarized in reference 30), and many have restricted
host ranges (19). It was unclear whether there was a biological
barrier to U153 integrase gene function in host strains that do
not support U153 infection. We therefore picked three strains
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specifically amplifies attBP⬘ in a PCR, resulting in a 743-bp product on integrated
strains (both prophage and pPL1 derivatives). The primer pair PL60 and PL61
specifically amplifies comK-attBB⬘ in a PCR, resulting in a 417-bp product only
on nonlysogenic strains (i.e., DP-L4056). PCR assays were performed in a Hybaid Omn-E thermocycler with an annealing temperature of 55°C for 30 cycles.
Integrants arose at a frequency of approximately 10⫺4 per donor cell.
Hemolysis on blood plates and hemolytic activity assay. Hemolysis on blood
plates was scored on tryptic soy agar plates supplemented with 5% defimbrinated
sheep blood (HemoStat, Davis, Calif.). Hemolytic assays were performed essentially as previously described (40). Hemolytic activity is expressed as the reciprocal of the dilution of culture supernatant required to lyse 50% of sheep
erythrocytes.
Plaquing in L2 cells. Plaque sizes were determined as previously described
(26). Each strain was plaqued in six to eight independent experiments and
compared with 10403S in each experiment.
SDS-PAGE of surface-expressed ActA. Surface-expressed ActA protein was
prepared from late-log-phase bacterial cultures grown in LB broth (optical density at 600 nm, ⬃0.7) by resuspending equivalent amounts in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) buffer and boiling for 5
min, which extracts surface-expressed proteins but does not perturb the cell wall
(4, 35). Equivalent amounts were loaded on SDS–7% PAGE gels and visualized
with Coomassie blue.
Xenopus laevis cell extract motility assays. X. laevis egg cytoplasmic extract was
prepared as previosuly described (50) and supplemented with tetramethylrhodamine iodoacetamide-labeled actin (49). SLCC-5764-derived strains were
grown overnight to stationary phase, washed, added to cell extracts, and incubated for 45 min before microscopic observation.
LD50 determinations. Limited 50% lethal dose (LD50) determinations were
performed in BALB/c mice as previously described (40). Animal experiments
were performed in the laboratory of Archie Bouwer at Oregon Health Sciences
Center, Portland, Oreg.
Identification of PSA attachment site and construction of pPL2. The PSA
attachment site (tRNAArg-attBB⬘) DNA sequence was obtained through a combination of inverse PCR and genome walking. Inverse PCR was performed on
Sau3AI-digested DP-L4061 DNA (WSLC 1042, lysogenic for PSA) with the
divergent primers PL95 (5⬘-ACATAATCAGTCCAAAGTAGATGC) and PL97
(5⬘-ACGAATGTAAATATTGAGCGG), which anneal within the PSA int gene.
The resultant DNA sequence was used to design further oligonucleotides, and
these were used with the Genome Walker kit (Clontech) per the manufacturer’s
recommendations. DNA sequencing and tRNA analysis were done with
MacVector (Accelrys), DNAsis (Hitachi), the BLAST algorithm (2), and
tRNAscan-SE (32).
pPL1 was modified to utilize a different attachment site on the L. monocytogenes chromosome by replacing the U153 integrase gene and attachment site in
the plasmid. The PSA int and attPP⬘ were PCR amplified from PSA genomic
DNA with primers PL100 (5⬘-GAAGATCTCCAAAAATAAACAGGTGGT
GG) and PL101 (5⬘-CATGCATGCGTGGAGGGAAAGAAGAACGC) with
Vent DNA polymerase, digested with BglII and SphI, and ligated to pPL1 that
had been digested with the same enzymes. The resultant plasmid was designated
pPL2 (Fig. 1B).
The DNA sequence of the PSA tRNAArg-attBB⬘ from serotype 1/2 L. monocytogenes strains was obtained by a plasmid trap strategy. DP-L4211 (pPL2
integrated in 10403S) genomic DNA was digested with Nsi I and NheI, which do
not cleave in the vector, and ligated under dilute conditions to promote selfligation. The ligations were transformed into E. coli XL1-Blue, and chloramphenicol-resistant colonies were selected. The plasmids obtained were sequenced with the convergent primers PL94 (5⬘-GGAGGGAAAGAAGAAC
GC) and PL95 (sequence above) for attPB⬘ and attBP⬘, respectively, which flank
attPP⬘ in the PSA genomic DNA sequence. Further, because of the divergence
between the sequences downstream of the tRNAArg gene among serotypes, a
serotype 1/2-specific PCR assay across tRNAArg-attBB⬘ was developed from the
10403S DNA sequence and used to determine the prophage status of various L.
monocytogenes strains. Primers PL102 (5⬘-TATCAGACCTAACCCAAACCTT
CC) and PL103 (5⬘-AATCGCAAAATAAAAATCTTCTCG) specifically amplify a 533-bp PCR product in nonlysogenic serotype 1/2 strains. The primer pair
NC16 (5⬘-GTCAAAACATACGCTCTTATC) and PL95 specifically amplify a
499-bp PCR product in strains that either are lysogenic or contain an integration
vector at tRNAArg-attBB⬘.
Nucleotide sequence accession numbers. DNA sequences described in this
report have been deposited in the EMBL/GenBank/DDBJ databases under
accession numbers AJ417488 (6,101-bp pPL1 shuttle integration vector);
AJ417489 (3,897-bp HindIII fragment containing the listeriophage U153 integrase gene and attPP⬘); AJ314913 (2,072 bp surrounding WSLC 1042 tRNAArg-
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that did not contain a prophage at the comK attachment site,
two serotype 4b clinical isolates and SLCC-5764, a serotype
1/2a strain that constitutively expresses the known virulence
factors in an unregulated manner and has been useful for
studying these virulence factors in vitro. Each of these strains
was first made streptomycin resistant for counterselection in
conjugation experiments (as described in Materials and Methods). Streptomycin-resistant derivatives were chosen on the
basis of having the same growth rate as the parent strain to
avoid experimental complications related to viability. The resultant strains, DP-L4088, DP-L4089, and DP-L4082, all
proved to be suitable recipients for pPL1 integration at a
frequency similar to that in DP-L4056.
A survey of L. monocytogenes isolates was conducted to
identify suitable strains that do not harbor a prophage at the
comK attachment site by using the PCR assays across comKattBB⬘ (primers PL60/PL61) and the hybrid attPB⬘ (primers
PL14/PL61). The results of these experiments (Table 2) indicated that many of the strains commonly used to study the
biology and pathogenesis of L. monocytogenes, including
10403S, LO28, and EGDe, had a prophage at comK.
Status of comK did not affect the virulence of L. monocytogenes. We next compared DP-L4056 and DP-L4074 to wildtype 10403S in standard virulence assays to determine if the
presence of a prophage at comK, lack of prophage, or the
integration vector altered the virulence phenotypes. These
three strains were assayed for LLO activity, ability to form
plaques in monolayers of L2 cells, and virulence in the mouse
LD50 assay (Table 3). Within the confines of these experiments, the data are consistent with the integrity of the comK
locus and with the presence of an integrated pPL1 vector not
having an effect on the virulence of the bacterium.
Full complementation of hly at the phage attachment site.
LLO, the gene product of hly, is a secreted pore-forming cytolysin that is responsible for escape from the membranebound vacuole when L. monocytogenes first enters a host cell
(51). LLO is absolutely required for the intracellular life cycle
of L. monocytogenes and for virulence (9, 14, 23). LLO activity
can be measured by hemolytic activity on red blood cells (40).
hly mutants fail to form plaques in monolayers of L2 cells (48)
and are 100,000-fold less virulent in the mouse LD50 assay (40).
We cloned the hly structural gene into pPL1 and conjugated
this plasmid from E. coli to the phage-cured wild-type strain
and ⌬hly L. monocytogenes derivatives, resulting in DP-L4076
(an hly merodiploid) and DP-L4075 (hly only at the phage
comK-att site). These strains were tested for hemolytic activity
on blood plates, relative amount of hemolytic units secreted,
ability to form a plaque in a monolayer of L2 cells, and virulence in the mouse LD50 assay (Table 3). The quantitative
complementation of hly in the deletion strain background and
the doubling of hemolytic units produced in the merodiploid
strain indicate the following. First, gene expression is not de

across the bacterial attachment site tRNAArg-attBB⬘ in serotype 1/2
strains. (D) Lysogenic L. monocytogenes strain with approximately 40
kb of phage DNA or 6 kb of pPL2 vector DNA inserted at the 3⬘ end
of the tRNAArg gene. Primers NC16 and PL95 amplify across the
hybrid attachment site tRNAArg-attBP⬘ in both serotype 4b and 1/2
strains.
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FIG. 2. Genomic organization of the attachment sites within the
comK gene (A and B) and the tRNAArg gene (C and D). (A) Nonlysogenic L. monocytogenes strain with an intact comK gene. Primers
PL60 and PL61 amplify across the bacterial attachment site comKattBB⬘. (B) Lysogenic L. monocytogenes strain (with approximately 40
kb of phage DNA inserted into the comK gene) or integrated strain
(with pPL1 construct inserted into the comK gene). Primers PL14 and
PL61 amplify across the hybrid attachment site comK-attPB⬘. (C) L.
monocytogenes serotype 4b strain nonlysogenic at tRNAArg-attBB⬘.
Primers NC16 and NC17 amplify across the bacterial attachment site
tRNAArg-attBB⬘ in serotype 4b strains. Asterisk indicates that primers
NC16 and NC17 are substituted with PL102 and PL103 to amplify
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TABLE 2. Prophage status of various L. monocytogenes strains at comK

Description

Source

Serotype

10403S
DP-L4056
DP-L861
DP-L3818
DP-L3633
DP-L3293
DP-L185
DP-L186
DP-L188
DP-L1168
DP-L1169
DP-L1170
DP-L1171
DP-L1172
DP-L1173
DP-L1174
DP-L3809
DP-L3810
DP-L3812
DP-L3813
DP-L3814
DP-L3815
DP-L3816
DP-L3817
DP-L3862

Wild type
10403S, phage cured
SLCC-5764 (Mack)
WSLC 1118::A118
EGDe
LO28
F2397
ScottA
ATTC 19113
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
Clinical
1981 Halifax
1981 Halifax
1981 Halifax
1996 Halifax
1981 Halifax
1993 Halifax
1995 Halifax
1993 Halifax
1998 Michigan

Rabbit pellets
This work
Wild type (overexpresser)
Camembert cheese
Wild type (1960s, human)
Wild type (clinical origin)
Los Angeles, Calif.; Jalisco cheese
Massachusetts outbreak, milk
Denmark, human
Coleslaw
Patient
Patient
Brie
Alfalfa tablets
Deceased patient
Deceased patient
Placenta
Cerebrospinal fluid and brain
Coleslaw
Blood
Cerebrospinal fluid
Cerebrospinal fluid
Blood
Cerebrospinal fluid
Patient

1/2a
1/2a
1/2a
4b
1/2a
1/2c
4b
4b
3
4b
4b
4b
1/2b
4b
4b
4b
4b
4b
4b
?
4b
1/2a
?
1/2a
4b

PCR resulta
PL60/PL61 comK

PL14/PL61 attPB⬘

⫺
⫹
⫹
⫺
⫺
⫺
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫹
⫺
⫺
⫹
⫹
⫹
⫺
⫹
⫹
⫹
⫹
⫺

⫹
⫺
⫺
⫹
⫹
⫹
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫹
⫹
⫺
⫺
⫺
⫹
⫺
⫺
⫺
⫺
⫹

a
⫺, negative PCR result for primer pair noted at top of column; ⫹, positive PCR result for primer pair noted at top of column. The PL60/PL61 primer pair
specifically amplify a 417-bp PCR product in nonlysogenic strains and result in no PCR product in lysogenic strains. The PL14/PL61 primer pair specifically amplify
a 743-bp PCR product in lysogenic strains and result in no PCR product in nonlysogenic strains.

facto affected by ectopic expression at the comK chromosomal
position. Second, the hly promoter is self-contained. Additionally, a twofold increase in the amount of LLO is not deleterious
to the virulence and intracellular life cycle of L. monocytogenes,
at least as measured by plaque formation.
Complementation of actA at the phage attachment site approaches wild-type expression. ActA, a second major L. monocytogenes virulence factor, is responsible for commandeering
host cell actin-cytoskeletal factors used for intracellular bacterial motility. ActA is also absolutely required for bacterial
pathogenesis, as actA mutants are unable to spread from cell to

cell or to form plaques in a cell monolayer (24) and are 1,000fold less virulent than the wild type (4). Additionally, ActA
expression appears to be more complex than that of LLO: two
promoters drive actA expression. One is immediately upstream
of the actA open reading frame, and the second is in front of
the mpl gene, upstream of actA (52).
We constructed several strains to evaluate the complementation of actA at the phage attachment site. The first group
included second-site-complemented (DP-L4077) and merodiploid (DP-L4078) strains in the 10403S background. These
strains were assayed for plaque formation in an L2 monolayer

TABLE 3. Complementation of actA and hly at the comK phage attachment site
Strain

Genotype

Hemolysis on
blood plates

Hemolytic
activitya (U)

Plaque sizeb %
of wt (SD)

LD50c
(CFU)

10403S
DP-L4056
DP-L4074

Wild type
10403S phage cured
DP-L4056 comK::pPL1

⫹
⫹
⫹

nd
97
98

100 (na)
101 (1.4)
99 (1.4)

⬃2 ⫻ 104
⬍1 ⫻ 105
⬍1 ⫻ 105

DP-L4027
DP-L4075
DP-L4076

DP-L2161 phage cured, ⌬hly
DP-L4027 ⌬hly comK::pPL24
DP-L4056 comK::pPL24

⫺
⫹
⫹

0
99
198

0 (0)
97 (3.9)
96 (2)

1 ⫻ 109d
⬍1 ⫻ 105
nd

DP-L4029
DP-L4077
DP-L4078

DP-L3078 phage cured, ⌬actA
DP-L4029 ⌬actA comK::pPL25
DP-L4056 comK::pPL25

nd
nd
nd

nd
nd
nd

0 (0)
86 (4)
72 (6.8)

2 ⫻ 107d
⬍1 ⫻ 105
nd

a

Hemolytic activity data shown are from one representative experiment. nd, not determined.
Plaque size is the average of 8 to 10 independent experiments and shown as a percentage of wild-type (wt) size (defined as 100%). Standard deviations are shown
in parentheses. na, not applicable.
c
LD50s of 10403S and an hly mutant were determined previously (40) (the ⌬hly strain DP-L2161 was described previously [22]), and the LD50 of the ⌬actA strain
(DP-L1942, a smaller deletion within the actA open reading frame that does not support actin nucleation at the bacterial surface) was also determined previously (4).
d
LD50 data shown are for the non-phage-cured deletion strains (i.e., DP-L2161 and DP-L1942) and not for the phage-cured strains (i.e., DP-4027 and DP-L4029).
b
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FIG. 3. Expression and functional complementation of ActA in
SLCC-5764. (A) Coomassie blue-stained SDS-PAGE of SLCC-5764derived strains grown to late log phase. ActA is indicated by an arrow.
Lane 1, molecular size markers; lane 2, DP-L3780; lane 3, DP-L4083;
lane 4, DP-L4086; lane 5, SLCC-5764; lane 6, DP-L4082; lane 7,
DP-L4084; lane 8, DP-L4085; lane 9, DP-L4087. Strains are described
in Table 1. (B) Actin tail formation and movement of DP-L4087 in
Xenopus cell extracts. The top panel is a phase image; the bottom panel
is a fluorescent image of the same field.

monocytogenes strain ScottA (30), a serotype 4b strain that was
isolated during an epidemic of human listeriosis (12). Using
the PSA genomic DNA sequence (E. Sattelberger, M. Zimmer, R. Calendar, R. B. Inman, S. Scherer, and M. J. Loessner,
submitted for publication), we identified an integrase-like open
reading frame with a contiguous noncoding sequence that we
predicted to contain the attPP⬘ sequences (open reading frame
24 in accession number AJ312240). The PSA integrase sequence was then used to obtain the DNA sequence of PSA-
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(Table 3). Integrated ActA did not fully complement in this
assay (plaque size of 86% of the wild-type size), and the merodiploid strain formed an even smaller plaque (72% of wild
type). We interpret these results to indicate that the second
promoter upstream of the mpl gene may make a small contribution to optimal actA expression, which is in agreement with
a recent study that evaluated the relative contributions of the
mpl and actA promoters both in broth culture and in vivo (43).
Previous research has indicated that there is a threshold
level of ActA protein on the bacterial surface that is required
for the initiation of intracellular motility (47). Although the
level of ActA protein on the surface of intracellular bacteria
was not quantitated in these experiments, since the level of
LLO appears to scale linearly with copy number (Table 3), we
presume that ActA will behave in a similar manner. Therefore,
because the merodiploid actA strain makes a smaller plaque
than the second-site complemented strain, we hypothesize that
there is an upper critical concentration of ActA beyond which
cell-to-cell spread is impaired, presumably because there is too
much ActA on the bacterial surface for optimal motility. Alternatively, as the regulation of ActA appears to be highly
complex in vivo, other explanations for the reduced plaque size
are possible.
We further tested ActA complementation in the virulence
gene-overexpressing strain SLCC-5764, a strain that is suitable
for in vitro studies such as actin-based motility in Xenopus cell
extracts but not for in vivo studies because the unregulated
expression of ActA and other virulence factors causes it to
grow poorly inside host cells and form small plaques (D. Portnoy, unpublished observations). ActA is effectively expressed
in this strain from the comK-attBB⬘ site (Fig. 3A, lane 9).
Considering the plaque formation data for 10403S-complemented actA strains, it might have been predicted that the
merodiploid strain DP-L4085 would make more ActA than the
parent strain. However, this was not observed; the parent
strain, the complemented strain, and the merodiploid strain all
expressed similar levels of ActA (Fig. 3A, lanes 5, 8, and 9).
This observation was likely due to the complete lack of regulation and high level of constitutive expression of ActA in
SLCC-5764. Additionally, DP-L4087 supported actin nucleation at the bacterial surface, actin tail formation, and bacterial
motility in cell extracts (Fig. 3B).
The results of these cell extract experiments indicate that the
integration vector system for complementation will be useful
for in vitro studies of L. monocytogenes motility, facilitating
strain construction, and placing various molecular constructs in
different host strains for study in a desired set of assays. In
particular, several alleles of actA that have unusual motility
phenotypes, as described recently (26), have been transferred
to the SLCC-5764 ⌬actA strain by using pPL1 and are currently
being evaluated in cell extracts. The study of these mutants in
the simplified cell extract system should yield insights into the
activities of poorly understood regions of the ActA protein.
Phage PSA integrates into a tRNAArg gene and pPL2 construction. pPL1 integration into L. monocytogenes strains that
harbor a prophage in the comK attachment site is hindered by
the process of first having to cure the prophage from the host
strain. To alleviate the need for the phage-curing step, the
specificity of pPL1 integration was changed to that of the PSA
prophage. PSA (phage from ScottA) is the prophage of L.
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attBB⬘ from the PSA lysogenic strain DP-L4061 (see Materials
and Methods).
PSA was found to integrate in a tRNAArg gene that is 88%
identical to a tRNAArg gene (trnSL-ARG2) from Bacillus subtilis. The anticodon of the tRNAArg gene is 5⬘UCU, the most
commonly used arginine codon in L. monocytogenes. The PSA
and bacterial attachment sites share 17 bp of DNA identity,
and the tRNAArg-attBB⬘ contains a short nucleotide sequence
that completes the tRNAArg sequence that is interrupted
by integration of PSA (Fig. 4). The attachment site of the
tRNAArg gene is present only once in the genome of L. monocytogenes strain EGDe (15) and apparently only once in the
serotype 4b strain being sequenced by The Institute for Genomic Research and the U.S. Department of Agriculture (http:
//www.tigr.org/cgi-bin/BlastSearch/blast.cgi?organism⫽l
_monocytogenes-4b). This indicates not only that the PSA
integration site unique but also that precise reconstitution of
the gene upon integration (or excision) is likely required for
survival of the cell.
pPL2 was constructed by replacing the U153 listeriophage
integrase gene and attachment site in pPL1 with the PSA
listeriophage integrase gene and attachment site. pPL2 was
transformed into SM10, and the resulting strain was mated into
10403S, EGDe (carrying a streptomycin resistance mutation),
and the serotype 4b strain DP-L4088. Chloramphenicol-resistant transconjugants arose from each of these crosses at approximately 10⫺4 per donor cell, the same rate as pPL1 integration. Two recombinants from each cross were restreaked
under drug selection and tested by PCR for the presence of

PSA-attBP⬘ with primers NC16 and PL95 (Fig. 2D). The expected 499-bp PCR product was obtained in each of the colonies tested, indicating that pPL2 integrates into tRNAArgattBB⬘ in both serotype 1/2 and 4b strains.
We tested the stability of the integrated pPL2 in both EGDe
and DP-L4088 strains with the same nonselective 100-generation experiment described for pPL1. Forty-nine colonies from
each of the amplified cultures were tested for chloramphenicol
resistance. The EGDe-derived strains retained 100% drugresistant colonies, indicating complete stability of the integrants. In the case of the DP-L4088 integrant, 2 of the 49
colonies were chloramphenicol sensitive, suggesting that a low
level of excision can occur in this serotype 4b strain. In order
to test whether precise excision had occurred, we PCR amplified across tRNAArg-attBB⬘ and sequenced the PCR products.
The wild-type DNA sequence was obtained, indicating a precise excision event.
During the course of our PCR experiments, we noted a
divergence between the tRNAArg-attPB⬘ sites from serotype
4b and serotype 1/2 L. monocytogenes strains. To determine
nature of this divergence, we isolated and sequenced the
tRNAArg-attBB⬘ site from 10403S (as described in Materials
and Methods). We found that the sequence of attPB⬘ in 10403S
(3⬘ of the tRNAArg gene) is unrelated to that of the serotype 4b
strain WSLC 1042. In contrast to this, the sequence of attBP⬘
(5⬘ of the tRNAArg gene) in 10403S is 96 to 97% identical to
the corresponding regions in L. monocytogenes serotype 4b
strain WSLC 1042, the serotype 4b strain sequenced by The
Institute for Genomic Research, and the serotype 1/2a strain
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FIG. 4. (A) Cloverleaf diagram of tRNAArg used as the PSA attachment site. The arginine anticodon is circled. The region with sequence
identity between the tRNA gene and the PSA attPP⬘ is outlined. The boundaries of the tRNAArg gene and Cove score (82.37) were predicted with
tRNAscan-SE (32). (B) Alignment of the tRNAArg-attBB⬘ region of L. monocytogenes WSLC 1042 (top line) and the attPP⬘ region of PSA
downstream of the integrase gene. The 74-nucleotide tRNAArg gene of L. monocytogenes is boxed, and the 17-bp overlapping region of sequence
identity (core integration site) is shaded grey. The tRNAArg gene anticodon is shown in bold and underlined. Identical nucleotide residues are
indicated by a colon. The numbers located at the left indicate the nucleotide position in the DNA sequences of the WSLC 1042 attachment site
(AJ314913) and PSA genome (AJ312240).
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and phase transition from rough to smooth colony morphology
in L. monocytogenes (28).
pPL1 and pPL2 may also be useful for vaccine development.
Several recombinant L. monocytogenes systems have been used
to elicit cell-mediated immune responses to viral and cancer
antigens in mice (13, 17, 21, 36, 42). One limitation with plasmid-based expression of recombinant proteins in L. monocytogenes is the stability of the plasmids in vivo (i.e., in the host
animal) without selection (17, 21). Additionally, chromosomal
construction of strains expressing foreign antigens is time-consuming (13, 42). pPL1 and pPL2 alleviate both of these concerns and hold promise to facilitate the construction of new
generations of antiviral and anticancer vaccines.
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EGDe sequenced by the European Listeria Consortium. Thus,
the bacterial attBB⬘ sequences recognized by the PSA integrase
are likely to lie entirely within the tRNA gene.
Additionally, we tested the availability of the tRNAArgattBB⬘ in the common laboratory strains of L. monocytogenes
with a PCR assay with primers PL102 and PL103. We found
the tRNAArg attachment site to be vacant in strains 10403S and
EGEe, indicating that pPL2 may be readily utilized in these
backgrounds for strain construction, complementation, and genetic studies without concern for endogenous prophages. Further tests showed that it was not necessary to first check if the
tRNAArg site was vacant, because pPL2 could integrate in a
strain that already carried a prophage at the tRNAArg attachment site. Primers NC16 and PL95 (Fig. 2D) amplified a
499-bp PCR product from the serotype 1/2c strain LO28, indicating LO28 harbored a prophage at tRNAArg. Nevertheless,
when pPL2 was conjugated into the LO28-derived strain DPL4379, transconjugants arose with a frequency similar to that
in strains without a prophage at tRNAArg. This result is quite
reasonable: PSA integration into this attachment site reconstitutes a complete tRNAArg gene, allowing the possibility of a
second, tandem integration event.
The DP-L4379 integrants were not as stable in the absence
of selection as those derived from strains with a vacant attachment site, as described earlier in this report. Only 57 of 96 of
the DP-L4379 integrants retained Cmr after 100 generations of
growth in nonselective medium. For comparison, strains with a
vacant attachment site resulted in 96 of 98 Cmr colonies. However, chloramphenicol selection can maintain the stability of
the integrants, allowing strains such as LO28, which have a
phage integrated at the tRNAArg-attBB⬘ attachment site, to be
used for strain construction.
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against L. innocua CLIP11262 genome sequence, accession
number NC_003212, 99% identical to WSLC 1042 tRNAArg
sequence), indicating that it could be a potential recipient for
pPL2 integration as well. We have shown that L. innocua can
serve as a recipient for pPL2 integration, with approximately
fivefold-reduced efficiency of integrants arising from similar
experiments already described. This observation may facilitate
the study of the L. monocytogenes-specific virulence factor
genes in isolation, such as actA and hly, as L. innocua does not
harbor these genes (18).
Potential utility of pPL1 and pPL2. The construction and
characterization of the first single-step site-specific integration
vectors for use in L. monocytogenes increase the genetic tools
available for the study of this pathogen. These vectors will
allow more facile strain construction than historical methods
and are widely useful for various strains used to study the
intracellular life cycle of L. monocytogenes. Additionally, stable
merodiploid strains can be constructed to allow refined copy
number studies and studies of interactions within a protein
through multimerization and testing of the dominance or recessiveness of different alleles of a gene in the same bacterial
strain. For instance, the dominant nature of an LLO mutation
that makes LLO activity pH independent was recently evaluated in a merodiploid strain by using pPL1 (16). pPL2 has been
used to evaluate the role of secA2 in the secretion of proteins
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AUTHOR’S CORRECTION
Construction, Characterization, and Use of Two Listeria monocytogenes
Site-Specific Phage Integration Vectors
Peter Lauer, Man Yin Nora Chow, Martin J. Loessner, Daniel A. Portnoy,
and Richard Calendar
Department of Molecular and Cell Biology and School of Public Health, University of California,
Berkeley, California 94720-3202
Volume 184, no. 15, p. 4177–4186, 2002. Page 4178, Fig. 1B: the HindIII site, at base pair position 69, indicated as unique in
the multiple cloning site (MCS) is not unique. There are two additional HindIII sites in the PSA integrase gene at base pair
positions 3244 and 3454 of the pPL2 sequence (GenBank accession no. AJ417449). Hence, there are only 12 unique restriction
sites in the pPL2 MCS.
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