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Bacterial artificial chromosome (BAC) vectors are important tools for microbial genome research. We con-
structed a novel BAC vector, pUVvBBAC, for replication in both gram-negative and gram-positive bacterial hosts.
The pUvBBAC vector was used to generate a BAC library for the facultative intracellular pathogen Listeria
monocytogenes EGD-e. The library had insert sizes ranging from 68 to 178 kb. We identified two recombinant BACs
from the L. monocytogenes pUVBBAC library that each contained the entire virulence gene cluster (vgc) of L.
monocytogenes and transferred them to a nonpathogenic Listeria innocua strain. Recombinant L. innocua strains
harboring pUvBBAC+vgcl and pUVvBBAC+vgc2 produced the vge-specific listeriolysin (LLO) and actin assembly
protein ActA and represent the first reported cloning of the vgc locus in its entirety. The use of the novel
broad-host-range BAC vector pUVvBBAC extends the versatility of this technology and provides a powerful platform
for detailed functional genomics of gram-positive bacteria as well as its use in explorative functional metagenomics.

With the rapid increase in the number of completed micro-
bial genome sequences, interest in the manipulation and func-
tional characterization of whole genomes is being revolution-
ized. Methods and technologies that permit the cloning and
manipulation of large chromosomal regions, such as the
genomic islands which impart either virulence or novel meta-
bolic properties to pathogenic and other microorganisms, are
rapidly becoming valuable tools to study in detail properties
encoded within these regions (41).

The development of bacterial artificial chromosomes (BACs)
has provided an important genetic tool for the cloning and
mapping of complex genomes. Different cloning vectors based
on low-copy-number replicons either from the bacterial F plas-
mid (45) or bacteriophage P1 (23, 49) have been developed.
These provide a powerful resource in molecular biology, be-
cause they allow the cloning of several tens to hundreds of
kilobases of contiguous DNA sequences (55) and are stable
and easy to handle (31). Their particular use is in the study of
functional genome segments that are otherwise too large to be
cloned into other more conventional vectors. BAC-based li-
braries of genomic DNA from numerous viruses (1, 4, 8, 29-31,
42, 43) and plant (9, 15, 27, 32, 47, 53), animal (10, 34, 50, 55),
and fungal (20, 39, 54) species have been generated and are
now established technologies in large-scale sequencing
projects. Classical and molecular genetic techniques are being
used in conjunction with BAC recombinants for the introduc-
tion of reporter systems into mammalian organisms, the in vivo
complementation of mutations, and in vivo and in vitro reverse
genetic technologies that introduce point mutations (25), tar-
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geted deletions, or new sequence elements into BAC vectors
(21). More recently, in vivo recombination (“recombineering”)
(37) technology employing either the bacterial recA mutant or
the bacteriophage red gam mutant recombination has been
used for the directed manipulation of large BAC vectors.

The use of BAC technology in the study of the function of
prokaryote genomes is limited (41, 46, 52). Major applications
involve the generation of large fragment libraries directly from
microbes in natural environments providing access to local
metagenomic DNA (40, 51). A BAC vector has also been used
to express Bacillus cereus genomic DNA (41). The expression
of heterologous B. cereus DNA in Escherichia coli occurred at
a low frequency but was sufficient to allow the detection of
antibiotic, pigment, and enzymatic activities. BAC vectors that
have recently been described allow the shuttling of large DNA
segments between E. coli and genetically amenable Streptomy-
ces hosts, where they integrate into the host chromosome (48).
This genetic system overcomes the potential limitations of het-
erologous gene expression and permits the manipulation and
identification of novel antibiotic-producing gene clusters.

We are interested in the study of virulence and survival
factors as well as the comparative genome analysis of the
gram-positive facultative intracellular pathogen Listeria mono-
cytogenes EGD-e and related species. L. monocytogenes is an
opportunistic facultative intracellular gram-positive microor-
ganism and a deadly cause of food-borne infections. A distin-
guishing feature of pathogenic Listeria strains is their ability to
grow in host cells and propagate by cell-to-cell spread in the
infected host. The responsible genes are clustered on a chro-
mosomal locus designated a virulence gene cluster (vgc) or
Listeria pathogenicity island 1 (LIPI-1). The vgc codes for
listeriolysin (LLO), required to breach the phagolysosomal
membrane of the infected host cell; PlcA, a phosphatidylino-
sitol phospholipase C, acts together with LLO to enable bac-
terial escape from the phagolysosome, while the phosphatidyl-
choline phospholipase C lecithinase activity encoded by plcB is
required for the dissolution of host membranes during cell-to-
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TABLE 1. Strains, plasmids, BACs, and primers used in this study

Strain, plasmid,
BAC, or primer

Genotype, characteristics, or sequence

Source or reference

Strains
E. coli DH10B

F' mcrAA(mrr-hsdRMS-mcrBC) $80dlacZAM15 AlacX174 deoR recAl

Invitrogen

baraD139A(ara lew)7697 galU galK N~ rpsL endAl nupG

L. monocytogenes
L. innocua

Serotype 1/2a, EGD-e
Serotype 6a, NCTC11288

Plasmids and BACs

17
Laboratory collection

pSOG7 Broad-host-range shuttle vector for gram-negative and gram-positive bacteria 35
pCOP4 Derivate of pIP501 from Streptococcus agalactiae 5
pCR-XL-TOPO Cloning vector for E. coli Invitrogen
pBeloBAC11 BAC cloning vector for E. coli 24
pUVBBAC Derivative of pBeloBAC11 cloning vector for replication in E. coli and Listeria spp. This work
pUVBBAC+vgcl pUVBBAC carrying chromosomal fragment of L. monocytogenes EGD-e with vgc This work
pUVBBAC+vgc2 pUVBBAC carrying chromosomal fragment of L. monocytogenes EGD-e with vge This work
Primers
P1 AATTCCTCGAGAATTTCACACAGGAAACAGC This study
P2 AATTCCTCGAGCGATCACTCATCATGTTC This study
P3 AATTCCTCGAGTGTAGAAGGAGGGTGAAACC This study
P4 CGGGATCCCGTGTGGGAACTAAATTATACG This study
P5 TCCCATGGCCTAATAATGCCAAATACCG This study
P6 CGAAGATCTCGTACGCGTTCATGAAAATGCTTCTG This study
P7 CGGGATCCCGCCTCCTTTGATTAGTATATTC This study
P8 ATCCTGCAGCGTGATACGCTAATACAACC This study
T7 TAATACGACTCACTATAGGG New England Biolabs
SP6 ATTTAGGTGACACTATAG New England Biolabs
16S rRNA gene (probe) FAM-CGTATTACCGCGGCTGCTGGCAC-TAMRA 28
16S rRNA gene (forward) TCCTACGGGAGGCAGCAGT 28
16S rRNA gene (reverse) GGACTACCAGGGTATCTAATCCTGTT 28
hly (probe) FAM-CGAGTTCATCCGCGTGTTTCTTTTCG-TAMRA This study
hly (forward) TGCAAGTCCTAAGACGCCA This study
hly (reverse) CACTGCATCTCCGTGGTATACTAA This study

cell spread. Mpl, a metalloprotease is involved in the conver-
sion of pro-phosphatidylcholine phospholipase C into its active
form, and ActA, the actin assembly-inducing protein precur-
sor, is involved in actin cytoskeleton rearrangements and po-
lymerization-inducing bacterial movement within the infected
host cytosol, whereas the regulatory factor A (PrfA) controls
the expression of the vgc members (19).

The generation of a BAC vector capable of replication in a
broad range of gram-negative and gram-positive host bacteria
would be desirable, because it would couple the cloning, se-
quencing, and ordered mapping of BAC-based libraries with
functional genomic analysis in the appropriate host. Here we
describe the construction of a novel BAC vector capable of
replication in E. coli and Listeria spp. and its use in the gen-
eration of chromosomal libraries and functional genomics in
these species.

MATERIALS AND METHODS

Bacterial strains. L. monocytogenes EGD-e serotype 1/2a, Listeria innocua 6a
(NCTC11288), and E. coli DH10B (Invitrogen) were used in this study (Table 1).

Construction of pUvBBAC. We combined different genetic features from plas-
mids pSOG7 and from BAC vector pBeloBACI11 to construct the broad-host-
range vector pUvBBAC (Fig. 1). At first, a 4.3-kb PCR fragment carrying the
determinant for erythromycin resistance, ermC, and replication elements copR,
repR, and oriR from pIP501 from Streptococcus agalactiae (group B) (22) was
amplified from pSOG7 (35) (Table 1; also see Table S1 in the supplemental
material), a pCOP4 (5) (Table 1) derivative with oligonucleotide primers (P1 and
P2) (Table 1) generating Xhol restriction sites at both the 5’ and 3’ ends of the
fragment. After digestion with Xhol, the fragment was ligated into pBeloBAC11.

Ligation was performed by adding 15 pl Xhol-digested pBeloBAC11 DNA, 7.5
wl Xhol-digested 4.3-kb PCR fragment, 1.5 pl T4 ligase (1 U/pl; Invitrogen), and
6 wl 5x T4 ligase buffer (Invitrogen) to the reaction mixture. After overnight
incubation at 14°C, the ligation mixture was electroporated into E. coli DH10B
cells (Invitrogen). Recombinant clones were examined for the relative orienta-
tion of the PCR-amplified insert within pBeloBAC11. The relative orientation
was determined by selective restriction digests using the restriction endonucle-
ases Xhol, BamHI, HindIII, and Kpnl and confirmed by the sequencing of the
cloned fragment.

Generation of BAC library. All strains and derivatives of E. coli were grown in
Luria-Bertani broth (LB), while Listeria strains were cultivated in brain heart
infusion broth (BHI). Unless otherwise indicated, bacteria were cultivated at
37°C. Antibiotics were used at the following concentrations: erythromycin at 300
pg/ml for E. coli or 5 wg/ml for Listeria spp. and chloramphenicol at 20 pg/ml for
E. coli or 5 pg/ml for Listeria spp. BAC-based vectors were generally isolated
from 2-liter cultures following overnight growth with antibiotic selection. The
BAC vector was purified using the large-scale QIAfilter plasmid mega kit, ac-
cording to the protocol supplied by the manufacturer (Qiagen). The DNA pellet
of the purified BAC vector was resuspended in 200 pl double-distilled H,O and
stored at —20°C. For restriction digestion, pUvBBAC was completely cleaved at
37°C with BamHI (Roche Diagnostics) and dephosphorylated using calf intestine
alkaline phosphatase (Roche Diagnostics). The dephosphorylation reaction was
blocked by adding 2 wl EGTA (200 mmol/liter) at 65°C for 10 min, and hot
phenol extraction was applied using a prewarmed mixture (65°C) of Roti-phenol-
chloroform/isoamyl alcohol (25:24:1) mixture (Roth) for 1.5 min. DNA precip-
itation of the reaction mixture was performed to purify the dephosphorylated
vector again. Genomic DNA of L. monocytogenes EGD-e¢ was embedded in
agarose plugs (44) using InCert low-melting-point agarose (FMC). Agarose-
embedded DNA (2- to 5-pg) plugs were equilibrated twice with 100 ul BamHI
restriction enzyme buffer (Roche Diagnostics) under gentle shaking for 30 min at
room temperature. Plugs with genomic DNA were partially cleaved with 2.5 units
BamHI (Roche Diagnostics) for 30 min, loaded onto a 1% pulsed-field (PF)
certified agarose gel (Bio-Rad) and subjected to PF gel electrophoresis (PFGE)
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FIG. 1. Map of the novel hybrid BAC vector pUvBBAC. This de-
rivative of the second-generation BAC cloning vector pBeloBAC11
replicates in both E. coli and a broad range of gram-positive hosts.
Recombinant clones are selectable with both chloramphenicol and
erythromycin. Regions deriving from pBeloBACI11 are displayed in
light gray. Dark gray regions are from pSOG?7. The origin, replication,
and partition functions of the mini-F derivate are indicated as ori-2;
repE; and sopA, sopB and sopC, respectively. ResD is a putative re-
solvase of the F plasmid also known as protein D. The vector harbors
a 5'-end truncated version of ResD. Additional features include the
cos and loxP sites, which are required for packaging lambda particles if
desired; the loxP site includes the cleavage site for the Cre recombi-
nase. Selection markers in the E. coli host include the chloramphenicol
acetylase gene (cat) and the lacZa gene for insert screening by alpha-
complementation. The replication and copy number functions derived
from pIP501 are indicated as repR and copR, respectively; the selection
marker ermC encoding a methylase gene is also indicated.

in 0.5X Tris-borate-EDTA (TBE) buffer using the Chef-DR II system (Bio-Rad)
at 12°C, 6 V/cm for 18 h with 90-s pulses. Following electrophoretic separation,
agarose slices harboring chromosomal fragments with sizes of 90 to 150 kb were
excised from the gel. These agarose slices were loaded onto a SeaPlaque (GTG)
agarose gel for additional PFGE at 12°C, 4 V/cm for 16 h with 5-s pulses in 0.5X
TBE buffer. Following the second separation, gel slices with sized DNA frag-
ments of 97 to 145.5 kb were cut out of the gel. A molecular-mass size standard,
low-range PFG marker (New England Biolabs) was used. The agarose gel slices
were then equilibrated twice with TNE (10 mM Tris, 40 mM NaCl, 1 mM
EDTA) buffer for 30 min at 4°C. Agarose digestion was achieved by treating the
gel slices for 1 h at 45°C with GELase (Epicenter), according to the instructions
of the vendor. Two microliters (~50 ng) of dephosphorylated pUvBBAC vector
was added to a final volume of 250-pl ligation mixture. This includes the 218 pl
cooled GELase-digested DNA plugs, 5 pl of T4 ligase (1 U/pl; GE Healthcare),
and 25 pl 10X T4 ligase buffer (GE Healthcare). After incubation at 14°C for two
days, the ligation mixture was electroporated or chemically transformed into the
appropriate bacteria.

Electroporation was performed using 30 wl E. coli DH10B (Invitrogen) and
2.25 ul of ligation reaction mixture, which were mixed in a disposable electro-
poration cuvette (Invitrogen) and stored on ice for 5 min. For electroporation, a
Gene Pulser (Bio-Rad) was prepared with the following parameter settings: 1.3
kV was selected for voltage, 200 ) for resistance, and 25 wF for capacitance.
Transformed cells were subsequently merged with 1 ml SOC (0.5% yeast extract,
2.0% tryptone, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM MgSO,, 20
mM glucose) medium and incubated under gentle shaking at 37°C for 3 h. After
the transformation mixture was placed onto LB plates containing 20 pg/ml
chloramphenicol, 50 pg/ml X-Gal, and 50 pg/ml IPTG (isopropyl-B-p-thiogalac-
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topyranoside), plates were incubated overnight at 37°C. Colorless colonies har-
boring the pUVBBAC recombinants were picked in single wells of 96-well mi-
crotiter plates containing storage medium. A LB storage medium with 20 pg/ml
chloramphenicol and 5% (vol/vol) glycerol was used. Microtiter plates were in-
cubated without shaking at 37°C for 20 to 24 h under high humidity conditions and
subsequently stored at —80°C. Millipore Montage BAC,, miniprep kits were utilized
to isolate pUVBBAC from randomly selected E. coli DH10B recombinants, accord-
ing to the recommendation of the vendor. pUVvBBAC insert sizes were determined
by the control restriction digestion of 5 wl BAC DNA with 5 units Notl. The digested
recombinant BAC DNA was loaded onto a 1% PF certified agarose gel (Bio-Rad)
and separated using PFGE at 12°C, 5 V/cm for 18 h with an initial pulse of 2 s and
a final pulse of 12 s in 0.5X TBE buffer. Gels were stained with ethidium bromide
(0.5 pg/ml) for 1 h and then were destained with double-distilled H,O for 10 min
before visualization and documentation. A molecular-mass size standard, low-range
PFG marker (New England Biolabs) was used.

Screening of BAC library. The E. coli DH10 library carrying pUvBBAC
with chromosomal DNA fragments of L. monocytogenes EGD-e was screened
according to the method of Barloy-Hubler et al. (2). Briefly, in a first screen,
four 96-well microtiter plates of recombinants were pooled together in one
single microtiter plate and were checked by PCR using specific oligonucleo-
tides for a gene of interest. After agarose gel electrophoresis and the detec-
tion of potential positive clone mixtures, e.g., within a specific well of the
combined plate, the corresponding wells of all four microtiter plates harbor-
ing the positive clone were streaked to obtain single colonies and rechecked
in a second round of amplification with the same marker gene primer pair
again. For PCR screening (95°C for 30 s, 55°C for 30 s, 72°C for 1 min, 30
cycles) of pooled clones, oligonucelotide pair P3/P4 for the Aly gene encoding
LLO was used (Table 1). For identification of the internal regions of vgc, the
primer pairs P5/P6 (Table 1) and P7/P8 (Table 1) were applied. BAC vectors
harboring the vgc pUvBBAC+vgcl and pUvBBAC+vgce2 were purified as
described above, and BAC end sequences were determined using T7 and SP6
sequencing primers (Table 1).

Standard sequencing reaction mixtures consisted of 2 pl of ABI Big Dye
sequencing reaction mixture, 2 pul 5X sequencing buffer, 100 to 300 ng of BAC
DNA, and 10 pmol of either primer Sp6 or T7 for pUvBBAC end sequencing.

Reactions were performed in an MJ Research thermocycler for 75 cycles of
95°C for 30 s, 50°C for 10 s, and 60°C for 4 min. The reaction products were
cleaned up with the Montage SEQq sequencing reaction cleanup kit (Millipore),
according to the recommendation of the vendor, and loaded onto the ABI Prism
3100 genetic analyzer (Applied Biosystems).

Transformation of Listeria innocua with pUVBBAC harboring the vge. Elec-
trocompetent Listeria innocua cells were prepared as described previously (36).
Transformation was performed using 50 pl electrocompetent L. innocua cells and
2.5 pg purified BAC vectors pUvBBAC+vgel and pUvBBAC+vgc2, which were
mixed in a disposable cuvette (Invitrogen) and stored on ice for 5 min. For electro-
poration, a Gene Pulser (Bio-Rad) was prepared with the following parameter
settings: 1.0 kV was selected for voltage, 400 Q) for resistance, and 25 pF for
capacitance. Transformed cells were subsequently mixed with 1 ml BHI plus 0.5 M
sucrose and incubated at 37°C for 3 h. After the transformation mixture was placed
onto BHI plates containing 5 pg/ml erythromycin, plates were incubated overnight
at 37°C for L. innocua containing pUvBBAC and for 3 days for L. innocua recom-
binants harboring pUvBBAC+vgcl and pUvBBAC+vgc2.

Determination of PCN. The plasmid copy numbers (PCN) of pUvBBAC+vgcl
and pUVBBAC+vgce2 per L. innocua genome were determined as described
previously (26). Briefly, total genomic DNA were isolated as described by Pitcher
et al. (38), and plasmid DNA of L. innocua strains harboring vgcl and vge2 were
purified using the Bacmax DNA purification kit as recommended by Epicenter.
The isolated DNA samples were serially diluted 1:10 up to 1:100,000. The DNA
concentration of each dilution step was measured using the ND-1000 spectro-
photometer (NanoDrop Technologies). The threshold cycle (Cy) values of the
corresponding template dilutions of the 16S rRNA gene and LLO (hly) were
determined by real-time PCR using the ABI Prism 7700 instrument (Applied
Biosystems). Reverse, forward, and probe primers for the detection of the 16S
rRNA gene and hly are listed in Table 1. Standard curves, C; value versus
concentration in pg, were generated using SigmaPlot version 6.0. The mean PCN
per genome were determined from the same C; value for all dilution steps (n =
5) as described in Lee et al. (26). Altogether, three independent experiments
were performed.

Determination of hemolytic activity. For the detection of the hemolytic activity
of Listeria strains, enterohemolysin agar with blood (Oxoid) was utilized. Strains
were grown on these agar plates for about 24 h at 37°C before being kept
overnight at 6°C to allow for a more intensive development of hemolysis.
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Preparation of culture supernatants for sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and immunoblotting. For the prepara-
tion of both culture supernatants and bacterial cell wall proteins, Listeria strains
were grown overnight at 37°C, diluted appropriately, and cultured to an optical
density at 600 nm of 1.0. After centrifugation, culture supernatants (45 ml) were
precipitated with 10% trichloroacetic acid, washed twice with acetone, and dis-
solved in 200 pl of 1 M Tris-HCI (pH 8.8). Bacterial pellets were suspended in
1.8 ml of phosphate-buffered saline (PBS), containing 1% SDS. They were
subsequently incubated for 45 min at 37°C with gentle shaking. Following cen-
trifugation, supernatants were precipitated with 10% trichloroacetic acid as well,
washed twice with acetone, and dissolved in 200 pl of 1 M Tris-HCI (pH 8.8).

Supernatant and cell wall proteins (~10 pg) were further analyzed by immu-
noblotting. SDS-PAGE was done with 12.5% polyacrylamide gels. A prestained
SDS marker (Bio-Rad) served as a molecular weight marker. For immunoblot-
ting reactions, the size-resolved proteins were transferred electrophoretically by
a semidry method to Immobilon-P transfer membranes (Millipore). The mem-
brane carrying the supernatant proteins was subsequently probed with a mono-
clonal anti-LLO antibody, M275 (diluted 1:5 in TBS-Tween), (14) for 2 h at room
temperature by gentle agitation, and the second membrane with the fraction
containing cell surface proteins was incubated with an equal mixture of two
monoclonal anti-ActA antibodies, N81/N111 (33), (diluted 1:5,000 in TBS-
Tween) and treated under the conditions reported above. Subsequently, the
membranes were washed twice with 25 ml TBS-Tween to remove unbound
primary antibody. A horseradish peroxidase-conjugated anti-mouse secondary
antibody (Santa Cruz Biotechnology) was utilized for 3 h at room temperature,
and then the blots were rinsed thrice with 25 ml TBS-Tween. Finally, the blots
were developed with ECL Western blotting detection reagent (GE Healthcare)
as recommended by the vendor.

In vitro invasion assay of J774 macrophage cells. J774 macrophage cells were
grown in Dulbecco’s minimal essential medium (DMEM) (Gibco) supplemented
with 10% fetal calf serum (PAA Laboratories) and 2 mM glutamine (Biochrom
AG). For the infection assay, J774 cells were cultured to a semiconfluent layer in
24-well plates. Bacterial cultures were incubated in BHI overnight. Following a
1:10 fresh medium dilution, bacterial cultures were grown for 2 h and diluted to
an optical density at 600 nm of 0.1 with DMEM. Bacteria were added at a
multiplicity of infection of 10 per well. After incubation for 20 min, supernatant
was discarded and infected J774 cells were washed twice with 1X PBS. DMEM
was replaced by medium supplemented with 20 pg/ml gentamicin to kill the
remaining extracellular bacteria. Cells were further incubated at 37°C for 1, 2, 4,
and 8 h. The supernatant fluids were discarded, and the cells were washed three
times with 1X PBS and lysed with 0.2% (vol/vol) Triton X-100 in distilled water.
Cells were incubated with 0.2% Triton X-100 in distilled water for 20 min at
room temperature and then thoroughly mixed to lyse the cells completely. The
lysate was diluted 10 times in 1X PBS and plated onto BHI agar plates using the
Autoplate 3000 spiral plating system (Spiral Biotech). After 24 h of incubation at
37°C, the number of bacterial colonies was counted and the total number of CFU
determined.

The absolute numbers of infecting cells for each bacterial strain were deter-
mined by calculating the percentage of intracellular bacteria recovered (in CFU)
after lysis of the macrophage cells with reference to the total number of bacteria
in the inoculum.

Immunofluorescence. At 4 h postinfection, J774 cells on glass coverslips were
fixed with 3.7% formaldehyde diluted in 1X PBS for 10 min and permeabilized
with 0.2% (vol/vol) Triton X-100 in 1X PBS for 1 min. After the coverslips were
rinsed with 1X PBS, they were incubated with Oregon Green 488-conjugated
phalloidin (Invitrogen) and an anti-ActA-specific monoclonal antibody mixture
of N81/N111 antibodies (33). Primary antibody was detected by incubation with
a Cy3-conjugated secondary antibody (Dianova). Samples were examined with
an immunofluorescence microscope (Axiophot; Zeiss), and images were cap-
tured and processed using KS 300 software (Zeiss).

Nucleotide seq e accession . The complete sequence of pUvBBAC
is available from the EMBL database under accession number AJ509853.

h,

RESULTS

Construction of a hybrid BAC vector capable of replicating
in gram-positive and gram-negative hosts. pBeloBAC11 (24)
is a second-generation mini-F-based BAC cloning vector with
lacZa for facilitating the detection of recombinants and the cat
gene for transformant selection with chloramphenicol. The F
factor carries genes that are essential for regulating its own
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replication and for copy number control in the cell. The ori-2
sequence and RepE protein are required for the unidirectional
replication of the F factor, while the SopA and SopB proteins
ensure faithful transfer to progeny and low-copy-number main-
tenance in the transformed cell (45).

The novel shuttle BAC vector pUvBBAC (Fig. 1), which is
capable of replication in gram-positive hosts, was generated by
the addition of replication functions from the broad-host-range
plasmid pIP501 as well as the ermC resistance gene from
pE194 to pBeloBACI1 to give pUvBBAC (see Materials and
Methods). Subsequent analyses revealed that the pUvBBAC
vector replicates in different Listeria species, such as L. mono-
cytogenes EGD-e and L. innocua. Both resistance markers are
selectable in gram-positive and -negative hosts. Thus, recom-
binant E. coli strains were selectable with either erythromycin
at 300 pg/ml and/or 20 pg/ml chloramphenicol, and for the
selection of correspondent Listeria strains, 5 wg/ml erythromy-
cin and/or 5 pg/ml chloramphenicol were used.

Generation of a BAC library for L. monocytogenes EGD-e. To
construct the BAC library for L. monocytogenes EGD-e, the
pUVBBAC vector was digested with the restriction endonucle-
ase BamHI and ligated to chromosomal DNA, partially di-
gested with the same enzyme and excised and purified from
agarose gels after sizing using PFGE. The excised DNA frag-
ments were sized to obtain inserts ranging from 97 to 145.5 kb.
After transformation of the E. coli DH10B host strain with the
respective ligation mixtures, a BAC library for L. monocyto-
genes EGD-e was established with 350 clones. To estimate
insert sizes, we selected randomly and examined 16 recombi-
nants from the library. Following BAC purification from these
E. coli clones, Notl restriction digestion of purified pUvBBAC
vectors carrying large chromosomal DNA fragments of L.
monocytogenes EGD-e was carried out. We observed insert
sizes in a range of 68 to 178 kb (Fig. 2) after the separation of
those fragments by PFGE. Confirmation of the presence of
large insert sizes was obtained from the end sequencing of an
additional 49 BAC recombinants which had an average of ~92
kb each. Direct transformation of electrocompetent Listeria
cells with ligation mixtures was poor and irreproducible and
never led to the detection of more than a few colonies. The
transformation of electrocompetent E. coli cells with aliquots
of the same ligation mixture generated several tens to hun-
dreds of colonies per ligation and was used in establishing the
library. Sequence analyses from 49 of these pUvBBAC clones
were mapped to the chromosome of L. monocytogenes EGD-e
and covered ~42% of the chromosome of L. monocytogenes
EGD-e (see Table S2 in the supplemental material; Fig. 3A).

Identification and isolation of BACs expressing the vgc of
Listeria monocytogenes EGD-e. Following the characterization
of the listerial pUvBBAC library, the L. monocytogenes EGD-
especific pUvBBAC library was screened for clones harboring
the pUvBBAC vector with the vge locus of L. monocytogenes
EGD-e. A PCR-based pooled screening method (2, 11) for
pUVBBAC library clones was used to identify those recombi-
nants harboring the vgc locus. In a first round, four 96-well
microtiter plates consisting of 350 recombinants were pooled
together in one microtiter plate and were checked by PCR
using the specific oligonucleotides P3 and P4 (Table 1) for the
hly gene located in the vgc. Two pools displayed the expected
1,873-bp-sized PCR product of the kly gene after agarose gel
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FIG. 2. PFGE of Notl-digested BAC DNA obtained from the L. monocytogenes EGD-e pUvBBAC library. Insert sizes range from 68 to 178
kb. Lanes 1 and 20 contain the low-range PFG marker (New England Biolabs), while the lambda ladder PFG marker (New England Biolabs) is

depicted in lanes 2 and 19.

electrophoresis. These pooled clones were streaked to obtain
single colonies and rechecked with the same primer pair. After
a second round of hly gene amplification, two clones har-
boring the hly gene were identified. Confirmation that these
pUVBBAC vectors indeed harbored the entire vgc locus was
achieved by amplification of the internal regions of the vgc
locus with primer pairs P5/P6 (2,255 bp) and P7/P8 (3,889 bp)
(Table 1) located within the genes for plcA-prfA and for hly-
actA. This finding indicates that the entire vgc locus was
present in these two BAC clones. Both BACs harboring the vge
locus were isolated, and BAC end sequences were determined
by sequencing using T7 and SP6 primers. Comparison of these
sequences with the Listeria genome sequence (17) revealed
that recombinant pUvBBAC+vgcl harbors an insert of 96.628
bp (positions 143.051 to 239.678) and pUvBBAC+vgc2 an
insert of 84.539 bp (positions 155.140 to 239.678) (Fig. 3B).

For functional genomic analysis, a nonpathogenic L. innocua
strain was transformed with purified BAC DNA. Following 3
days of incubation at 37°C, recombinant L. innocua clones
appeared on BHI agar plates containing 5 pg/ml erythromycin
and 5 pg/ml chloramphenicol. A total of 80 recombinant
L. innocua clones were collected from plates with L.
innocua(pUvBBAC+vgcl), but only five clones were ob-
tained for L. innocua(pUvBBAC+vgc2). Control transfor-
mation with the empty vector pUvBBAC resulted in a rel-
atively high transformation rate of more than 3 X 10*
recombinants per plate. Hemolytic activity was detected
only in the supernatants of L. innocua recombinants carry-
ing pUVvBBAC+vgcl or pUVBBAC+vgc2.

Characterization of recombinant L. innocua strains. Follow-
ing the demonstration of the presence of the vgc from L. mono-
cytogenes EGD-e in both recombinant strains, L. innocua
(pUVvBBAC+vgcl) and L. innocua(pUvBBAC +vgc2), we exam-
ined both for the expression and activity of several virulence
factors encoded by the vgc locus.

As a first step, we used TagMan quantitative real-time PCR

and determined the PCN of L. innocua harboring vgc to be ~5
copies per genome equivalent (26). Following this, we looked for
the expression of LLO and ActA (Fig. 4A), key determinants for
listerial survival and motility within the infected cells. Immuno-
blot analysis revealed the presence of LLO in the supernatant
fractions of both recombinant L. innocua vge-harboring strains.
Similarly, membrane-anchored protein ActA was found to be
present in cell wall fractions of these strains, hence matching the
respective cellular locations of these proteins in the L. monocy-
togenes EGD-e strain. As expected, none of these factors was
expressed by either the parental L. innocua strain or a derivative
transformed with the pUvBBAC vector alone.

On blood agar plates, vge-harboring L. innocua recombinants
showed higher hemolytic activity than the L. monocytogenes wild-
type strain EGD-e (Fig. 4B). L. innocua and L. innocua(pUvB-
BAC) were devoid of hemolytic activity. These data correlate well
with both the determined copy numbers of these plasmids and the
levels of LLO detected by immunoblotting.

An in vitro infection assay with J774 macrophages was per-
formed to reveal that recombinant L. innocua strains harbor-
ing pUVBBAC+vgel and pUvBBAC+vgce2 are capable of
intracellular growth after escape from the phagosome and of
recruiting actin for bacterial movement and multiplication
within the cytosol of the eukaryotic host cells. L. innocua
strains bearing pUvBBAC, pUvBBAC+vgcl, and pUvBBAC+
vgc2 were monitored for growth in J774 macrophages 1, 2, 4, and
8 h following infection as described above. In comparison to
the wild-type strain, L. monocytogenes EGD-e, the comple-
mented L. innocua strains pUvBBAC+vgcl and pUvBBAC+
vge2 grew more slowly, as can clearly be seen from compari-
sons at the time points 4 h and 8 h postinfection (Fig. 5).
Double immunofluorescence staining for the bacterial ActA
protein and host actin revealed that the recombinant L.
innocua strains pUVBBAC+vgel and pUvBBAC+vgce2 are
able to accumulate actin filaments around the bacterial cell.
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FIG. 3. (A) Mapping and visualization of pUvBBAC recombinants on the L. monocytogenes EGD-e chromosome using GenomeViz (16). The
first (outer) circle represents the scale in megabases, starting with the origin of replication at position 0. The second and third circles show the
distribution of coding sequences of the leading and lagging strands and indicate the classification of the clusters of orthologous groups (COG) for
each gene and the distribution of COG classes within the genome. The color scheme and categories are according to the convention of the COG
database. The chromosomal localization of the mapped pUvBBAC inserts are indicated as thin purple lines. The inner circle indicates the
deviations of the GC content averages, with values greater than zero in red and less than zero in blue. (B) Alignment of the chromosomal DNA
inserts in recombinants harboring vgcl and vge2 to the genome of L. monocytogenes EGD-e. The exact positions of genomic fragments derived

from DNA sequencing of either end of the inserted DNA are indicated. All of the known open reading frames within this region are depicted as
individual bars.

Some bacteria harbor long actin tails indicative of vigorous

constructed and used in sequencing and mapping strategies for
intracytoplasmic motility (Fig. 6A, B, and C).

these species. BACs of ~100 kb were readily transferable using
transformation procedures described herein and could be sta-

bly propagated in the host. In a library comprising L. mono-
DISCUSSION cytogenes EGD-e inserts, we detected two BACs harboring the
entire vge. The transfer of pUvBBAC+vgcl and pUvBBAC+
vgc2 to a nonpathogenic L. innocua strain conferred on the strain
the ability to express LLO and the actin-assembling inducing
protein act4, two important virulence genes from L. monocy-

In this study, we have developed a BAC vector capable of
replication in both gram-negative and gram-positive bacterial
hosts. The BAC library harboring chromosomal DNA inserts
between 68 and 178 kb from L. monocytogenes EGD-e was
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FIG. 4. Demonstration of virulence gene expression and detection of hemolysis for recombinant L. innocua strains. (A) Bacterial culture
supernatants and cell wall proteins were separated by SDS-PAGE and further analyzed by immunoblotting. (B) Culture supernatants were probed
with an anti-Hly antibody, and the fraction containing cell surface proteins was used for the detection of ActA. Hemolytic activity was determined
on blood agar. Lanes: 1, L. monocytogenes EGD-e; 2, L. innocua; 3, L. innocua(pUvBBAC); 4, L. innocua(pUvBBAC+vgcl); 5, L.
innocua(pUvBBAC+vgc2). The experiment was repeated three times independently, and one representative immunoblot is shown here.

togenes EGD-e. Recombinant L. innocua strains harboring vgc
exhibited multiple properties and showed intracellular motility
following egress from the phagolysosome. Although L. innocua
vge-harboring recombinants grew better than L. innocua in
tissue culture cells, their growth rate was significantly lower
than that of L. monocytogenes EGD-e, and they appeared
incapable of cell-to-cell spread.

Despite the widespread use of BAC libraries in the construc-
tion of large contiguous segments from eukaryotic genomes,
their use in studying prokaryotic biology is fairly limited. One
of the major limitations of this technology is that it is currently
widely applicable only for functional genomic studies in gram-
negative bacteria, in particular E. coli. Thus, E. coli BAC vec-
tor pBeloBAC11 (24) has been used for the generation of
chromosomal libraries of Mycobacterium tuberculosis (7) and
Treponema pallidum (46) in sequencing projects, and the ex-
pression of heterologous DNA from the Bacillus cereus BAC
library has been detected at a low frequency in E. coli (41). In
this study, we extend the use of this technology to gram-posi-
tive host bacteria by using a low-copy-number pIP501 replicon
that is capable of replicating in a wide variety of hosts, includ-
ing the genera Staphylococcus, Bacillus, Streptococcus, Lacto-

1000
—e— L. monocytogenes EGD-e
—&— L. innocua (pUvBBAC)
—— L. innocua (pUvBBAC+vgc1)
—e— L. innocua (pUvBBAC+vgc2)
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>
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FIG. 5. Intracellular growth rates of L. monocytogenes EGD-e and
recombinant L. innocua strains in J774 macrophage. Bacteria were
incubated with macrophage at a multiplicity of infection of 10 for 20
min, after which gentamicin (20 pg/ml) was added and bacterial
growth monitored at 1, 2, 4, and 8 h postinfection.

coccus, and Listeria. pUVBBAC retains all the features of the
parental pBeloBAC11 and carries in addition the pIP501 repR
and copR genes and an erythromycin-resistance gene (ermC)
that can be used as a selectable marker in gram-positive and
gram-negative hosts.

Replication elements repR and oriR have been shown to be
necessary and sufficient for the replication of pIP501. The
RepR protein is essential for the initiation of plasmid replica-
tion, while oriR provides the putative initiation site of leading
strand synthesis. A third region, localized 5" to pIP501 repR
and named copR, is known to negatively regulate PCN. Taken
together, these three replication functions confer a broad host
range in gram-positive hosts to pIP501 and a low copy number
of about 5 to 10 in Bacillus subtilis.

We also found that the chloramphenicol transacetylase gene
on pBeloBAC11 imparts selectable resistance in both hosts.
Based on studies done previously in Streptococcus and B. sub-
tilis, we estimated a copy number of ~5 per genome equivalent
(6). Following analysis using a highly accurate TaqMan
method developed by Lee et al. (26), we were able to confirm
that the PCN in L. innocua harboring vgc inserts to be ~5
copies per genome.

We constructed a BAC library comprising chromosomal
DNA from L. monocytogenes EGD-e. The L. monocytogenes
EGD-e library had an average size of ~100 kb; some recom-
binants had inserts that were almost 200 kb in size. As de-
scribed previously, BACs appear to maintain heterologous
DNA more stably than other cloning systems (31). For the
pUVBBAC library, we were not able to detect chimeric recom-
binants or to identify any integration by single crossover of
recombinants into the chromosome of L. monocytogenes. From
end-sequencing studies done on 49 recombinant plasmids in
our L. monocytogenes EGD-e BAC libraries, we observed that
our library covers ~42% of the total genome (see Table S2 in
the supplemental material; Fig. 3A). Therefore, we estimated
a total of 150 clones for a minimal overlap library of the L.
monocytogenes genome. Currently all our BAC libraries are
first generated in commercially available E. coli strains (e.g.,
DHI10B) before transfer to the appropriate Listeria sp. for
functional analysis. Transformation rates from primary ligation
mixes are poor in Listeria spp., ranging from none to a few
colonies, unlike in E. coli where several hundred colonies can
be obtained from a single ligation. Nevertheless, once recov-
ered in the gram-negative host, BACs can be transferred singly
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FIG. 6. Intracellular actin accumulation and motility of L. monocytogenes EGD-e (A), L. innocua(pUvBBAC+vgel) (B) or L.
innocua(pUvBBAC+vgc2) (C) 4 h after the infection of J774 macrophage cells. Listeriae were detected with monoclonal antibody N81/N111
against ActA and visualized with a Cy3-labeled secondary antibody. Actin filaments of the host cell were stained with Oregon Green 488-

conjugated phalloidin.

or in bulk using the transformation procedure described here.
Although we have not used recombination-deficient (recA)
Listeria strains as recipients, propagation of BACs in L. in-
nocua, in which most of our experiments were performed, was
not a problem. No instability, deletions, or loss of BAC inserts
was detected despite extensive propagation in these strains.
Having established that pUvBBAC can be used to clone
large chromosomal fragments, we looked for recombinants in
the L. monocytogenes EGD-e(pUvBBAC) library that har-
bored the vge locus. All our previous attempts to clone the
entire gene cluster have been unsuccessful, and the successful
cloning of only individual virulence genes from this cluster has
been reported. In addition, we reasoned that the cloning and
transfer of this region to a nonpathogenic L. innocua strain
would replicate many of the properties for intracellular sur-
vival and growth of the pathogenic parental L. monocytogenes
EGD-e strain. Screening of the 350 recombinants from the
library using a PCR-based strategy led to the detection of two
recombinants, designated vgcl and vgc2. The BACs were re-
covered, isolated, and transferred by electro-transformation to
a plasmidless L. innocua serotype 6a strain. L. innocua recom-
binant strains harboring vgcl and vge2 were readily identified
on the basis of their hemolytic properties and PCR amplifica-
tion of various regions of the vgc locus. Subsequent immuno-
blotting studies using monoclonal antibodies confirmed that
LLO and ActA are indeed expressed and secreted to the su-
pernatant and anchored in the membrane of the bacteria,
respectively. End sequencing of pUvBBAC+vgel and
pUVBBAC+vgc2 revealed that both BACs had one identical
end point and harbored insert sizes of 84.5 kb and 96.6 kb,
respectively. Although we determined a similar PCN for both
L. innocua vge recombinants, we observed different levels of
LLO produced by pUvBBAC+vgcl and pUvBBAC+vgc2.
Therefore, we suspect that the difference in the expression of
LLO for L. innocua harboring pUvBBAC+vgcl is a result of
the different gene content localized on the additional 12.1-kb
fragment compared to the pUvBBAC+vgc2 recombinant. De-
tailed genome analysis of this gene region showed a high num-
ber of unknown genes (Imo0142 to Imo0151 and Imo0156),
whereas Imo0141 and Imo0157 are truncated genes. Imo0152
encodes an oligopeptide ABC transporter-binding protein, and

Imo0153 to Imo0155 code for a high-affinity zinc ABC trans-
porter system. It is known that another OppA homolog
(Imo2196) affects the rate of intracellular survival of L. mono-
cytogenes in bone marrow-derived macrophages (3), and other
zinc transporters, such as zurA (Imo1447) and Imo1671 (high-
affinity zinc uptake system protein), were upregulated during
growth in the cytosol of macrophage (12). The role of these
ABC transporters in the direct or indirect control of LLO and
intracellular survival is not clear and warrants further study.

Both the vgel and vge2 pUvBBAC vectors lack the interna-
lin operon inlAB that is located approximately 242.2 kb away
from the vgc. In order to examine if L. innocua strains harbor-
ing vgc pUVBBAC vectors indeed possess multiple properties,
such as the ability to egress from the phagolysosome, intracel-
lular growth and motility, and intercellular spread, we studied
these properties using the J774 macrophage-like cell line. Fol-
lowing phagocytosis, L. innocua strains harboring vgc recom-
binants displayed the ability to grow and accumulate actin for
intracellular mobility within the infected macrophage. When
assayed quantitatively for their ability to grow within macro-
phages, L. innocua vgc strains showed low but significant
growth compared to the wild-type L. monocytogenes EGD-e
strain. None of these properties was observed with L. innocua
strains harboring the pUvBBAC vector alone. Surprisingly,
although all of the genes known to be required for cell-to-cell
spread are present on the vgc-containing plasmids, neither of
these L. innocua recombinants were capable of plaque forma-
tion. Cumulatively, these data suggest that although vgc-har-
boring bacteria qualitatively conferred many of the properties
required for virulence, additional factors required for intracel-
lular multiplication are lacking in these strains.

Evidence has been presented to show that the ability of
intracellular multiplication is not an intrinsic property of every
bacterium. Thus, following microinjection into the host cyto-
plasm, L. monocytogenes, Shigella flexneri, and enteroinvasive
Escherichia coli, but not L. innocua, Yersinia enterocolitica, or
Staphylococcus aureus, are capable of intracellular growth (18).
Nevertheless, our studies indicate that equipping L. innocua
strains with plasmids harboring the vgc facilitates intracellular
growth for a bacterium that has not previously been adapted
for intracytoplasmic growth.
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It has recently been demonstrated that a hexose phosphate
uptake protein designated hpt is required for the optimal
growth of pathogenic Listeria in the host cytoplasm (13). Tan-
talizingly, hpt gene expression is regulated by the PrfA protein,
a master regulator of virulence gene expression in L. monocy-
togenes EGD-e. Neither of the vgc pUvBBAC vectors de-
scribed in this study harbors the Apt gene, which could account
for the low intracellular growth rates observed. Thus, the
complementation of the vgc-containing recombinants could
lead to the identification of further genes required for intra-
cellular growth.

The construction and use of the first BAC vector capable of
stable propagation in both gram-positive and gram-negative
hosts increase the genetic tools available for the study of a
broad range of bacteria. Functional genomic analysis of large
chromosomal fragments can now be performed for a large
group of bacteria that are important as pathogens (Staphylo-
coccus, Streptococcus, and Enterococcus), in industrial use (Ba-
cillus spp. and Lactobacillus), or even for unculturable bacte-
rial species in the environment which may be accessed by BAC
cloning. Studies of this vector reported here have led to the
first successful cloning of the listerial vge pathogenicity island
and its functional expression in a nonpathogenic L. innocua
strain.
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