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Homologous replication module genes were identified for four P335 type phages. DNA sequence analysis
revealed that all four phages exhibited more than 90% DNA homology for at least two genes, designated rep,,o
and orfl17. One of these genes, rep,,,,, codes for a putative replisome organizer protein and contains an
assumed origin of phage DNA replication (ori,,,,), which was identical for all four phages. DNA fragments
representing the ori,,,, sequence confer a phage-encoded resistance (Per) phenotype on lactococcal hosts when
they are supplied on a high-copy-number vector. Furthermore, cloning multiple copies of the ori,,,, sequence
was found to increase the effectiveness of the Per phenotype conferred. A number of antisense plasmids
targeting specific genes of the replication module were constructed. Two separate plasmids targeting rep,,,o
and orf17 were found to efficiently inhibit proliferation of all four phages by interfering with intracellular phage
DNA replication. These results represent two highly effective strategies for inhibiting bacteriophage prolifer-
ation, and they also identify a novel gene, orfl17, which appears to be important for phage DNA replication.
Furthermore, these results indicate that although the actual mechanisms of DNA replication are very similar,
if not identical, for all four phages, expression of the replication genes is significantly different in each case.

Lactococcus lactis strains are widely used as starter strains
for the production of fermented dairy products, such as sour
cream, buttermilk, and a variety of cheeses. These lactococcal
starter strains are susceptible to attack by bacteriophages
which are ubiquitous in the fermentation environment (24, 32).
Such infection may lead to a number of problems ranging from
slow fermentation to complete failure and may thus result in
serious economic losses. The commercial and scientific impe-
tus to develop modified starter strains with the desired fermen-
tative qualities and improved resistance to bacteriophages is
well documented (9, 10, 17, 19, 37, 41). Traditionally, this was
accomplished by isolating bacteriophage-insensitive mutants
which can be obtained following infection of a bacterial pop-
ulation with a specific phage at a high titer (20, 23). More
recently, conjugative transfer of plasmids encoding natural re-
sistance mechanisms from phage-resistant strains to phage-
sensitive dairy strains with good fermentation or flavor prop-
erties has been described (9, 17, 37). Many of the naturally
occurring resistance mechanisms have been identified, and
they are divided into four main groups depending on the mode
of action: inhibition of phage adsorption, blockage of phage
DNA injection, restriction-modification, and abortive infection
(2, 12, 18, 20, 28). Since the early 1990s members of the P335
bacteriophage species have been isolated with increasing fre-
quency (1, 4, 34, 36). The emergence and subsequent charac-
terization of this new species coincided with rapid advances in
the molecular technologies available to researchers, such as
automated DNA sequencing and bioinformatics, and conse-
quently a wealth of information pertaining to P335 type phage
biology has become available, which has enabled researchers to
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develop “intelligent” or “engineered” phage resistance sys-
tems.

One such system, termed “a triggered-suicide system,” em-
ploys a plasmid-located phage-specific promoter ($31P) from
bacteriophage $31 placed upstream of the lethal LIaIR™ re-
striction gene of the Llal restriction-modification system from
lactococcal plasmid pTR2030 (14). Upon ¢31 infection of a
cell harboring this plasmid, the inducible promoter is activated;
this causes LlaIR™ to produce its lethal product, which results
in death of the host cell before infective phage particles are
produced. Another example is phage-encoded resistance
(Per), which was first used to confer phage resistance on L.
lactis NCK203 against small isometric-headed phage $50 (21).
This so-called Per50 system consisted of a fragment of genomic
$50 DNA containing the putative origin of replication (0ri50)
cloned in a high-copy-number vector. Intracellular $50 DNA
replication was shown to be impeded in cells harboring ori50-
containing plasmids, while the intracellular concentration of
these plasmids was observed to increase following infection by
$50. These observations led to the conclusion that the plasmid-
borne ori50 was competing with the incoming $50 DNA for an
essential and limiting phage replication function or functions.
Per systems have also been described for other lactococcal
phages (31, 38) and more recently for a number of phages
infecting Streptococcus thermophilus (16, 42).

Since the early 1990s a number of reports have described
utilization of antisense mRNA approaches to control phage
multiplication (7, 25-27, 45). This approach involves cloning
a target gene in the reverse orientation behind a promoter
on a plasmid. The resulting antisense mRNA is assumed to
bind to the target mRNA and form a nontranslatable dou-
ble-stranded mRNA molecule which either prevents proper
ribosome loading or makes the double-stranded molecule
more susceptible to attack by RNA-degrading enzymes (22).
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TABLE 1. Bacteriophages, bacterial strains, and plasmids used in this study

Phage, bacterial

strain, or Relevant feature(s) Source or
. reference
plasmid
Phages

Tuc2009 P335 type lysogenic phage of L. lactis subsp. cremoris UC509 4

Q30 P335 type lytic phage of L. lactis subsp. lactis 33

Q33 P335 type lytic phage of L. lactis subsp. lactis 33

ul36 P335 type lytic phage of L. lactis subsp. cremoris 34

E. coli strains

IM101 Transformation host New England Biolabs
TOP10 Transformation host Invitrogen
L. lactis strains
UC509.9 Prophage-cured derivative of L. lactis subsp. cremoris UC509, host for Tuc2009 11
SMQS86 Propagating host for phages Q30, Q33, and ul36 15
Plasmids

pCR 2.1-TOPO Cloning vector, Ap" Invitrogen
pNZ8048 E. coli-L. lactis high-copy-number shuttle vector, Cm" (Per™) 13
pNZRep-Cii pNZ8048 containing one copy of ori,yye(Per™) 31
pNZRep-3 pNZ8048 containing rep,,, in antisense orientation (Per™) 31
pSMG-1 pNZ8048 containing two copies of 0ri,yye (Per™) This study
pSMG-2 pNZ8048 containing three copies of ori,y,, (Per™) This study
pNZ44 pNZ8048 containing constitutive P44 promoter from L. lactis chromosome This study
PNZA44-rep,pp0 pNZ44 containing rep,g, in sense orientation (Per™) This study
pNZ44-orfl4rev pNZ44 containing orfl4 in antisense orientation This study
pNZ44-orfl5rev pNZA44 containing orfl5 in antisense orientation This study
pNZ44-rep,yporev pNZ44 containing rep,,o in antisense orientation This study
pNZ44-orfl7rev pNZA44 containing orfl7 in antisense orientation This study
pNZ44-orfl8rev pNZ44 containing orfI8 in antisense orientation This study
pNZ44-orf19rev pNZ44 containing orf19 in antisense orientation This study
pNZ44-msplrev pNZ44 containing msp! in antisense orientation This study
pNZ44-msp2rev pNZA44 containing msp2 in antisense orientation This study

Antisense strategies targeting structural proteins, a tran-
scriptional activator, and genes of unknown function have
been reported (8, 25-27, 46; K. M. Polzin, L. J. Collins,
L. W. Lubbers, and A. W. Jarvis, 5th Symp. Lactic Acid
Bacteria, abstr. F2); however, these strategies have yielded
variable results. Recently, an ingenious combination of the
Per and antisense strategies was described (46). In this sys-
tem different $31 genes (two middle expressed genes and
four late expressed genes) are cloned between the strong
Lactobacillus P6 promoter and the T7 terminator (T;) in
low-copy-number plasmid pTRK360, which contains the pu-
tative ¢31 origin of replication (ori31). ori31 allows “explo-
sive” amplification of pTRK360 following infection by ¢31,
thereby increasing the levels of antisense transcripts late in
the lytic cycle. The presence of ori31 alone lowers the burst
size of ¢$31 fourfold, which results in fewer sense target
mRNAs being expressed from the phage genome.

It has been demonstrated that two previously described Per
mechanisms, Per31 and Per50, inhibit proliferation of a num-
ber of different phages of the P335 species (35). Homologous
replication module genes were identified for four P335 type
phages (Q30, Q33, ul36, and Tuc2009), which indicated that
these genes may be suitable targets for development of engi-
neered phage resistance mechanisms.

In this report we describe an improved Per system and an
optimized antisense strategy, both of which provide significant
protection for L. lactis hosts against a number of phages be-
longing to the P335 group.

MATERIALS AND METHODS

q

Bacteria, bacteriophages, and pl The bacterial strains, bacteriophages,
and plasmids used in this study are listed in Table 1.

Media and growth conditions. L. lactis strains were cultured at 30°C in M17
broth (Difco Laboratories, Detroit, Mich.) containing 0.5% glucose or in GSB,
a modified version of LSB which contains glucose instead of lactose (4). Medium
for plaque assays was prepared as described by Lillehaug (29). Briefly, double-
layer agar plates containing M17 medium supplemented with glucose (5 g/liter),
glycine (5 g/liter), and CaCl, (10 mM) were prepared; 1% agar was used for the
bottom layer, and 0.4% agar was used for the top layer. The medium was heat
treated by boiling it for 5 min in a microwave. Escherichia coli strains were grown
in Luria-Bertani medium at 37°C (40). Chloramphenicol (10 pg/ml) and (ampi-
cillin (100 pg/ml) were added when appropriate.

Propagation and isolation of bacteriophages. Tuc2009 was propagated on a
prophage-free derivative of UC509 designated UC509.9. Bacteriophages Q30,
Q33, and ul36 were propagated on SMQ86. Lactococcal strains were grown to
the early log phase in GSB, and then CaCl, (10 mM) and phage were added.
Incubation was continued until lysis occurred. The lysates, containing approxi-
mately 10° PFU/ml, were filtered (pore size, 0.45 wm) and stored at 4°C until
they were needed.

Plasmid and phage DNA isolation and molecular cloning. Isolation of E. coli
plasmid DNA and phage genomic DNA was accomplished by using a QIAprep
spin plasmid miniprep kit (Qiagen, Inc., Chatsworth, Calif.) and a Qiagen
lambda minikit kit, respectively, as recommended by the manufacturer. Restric-
tion enzymes and T4 DNA ligase were purchased and used according to the
instructions of the manufacturer (Boehringer GmbH, Mannheim, Germany).
Genes homologous to rep,ype and orfl7 from Q30, Q33, and ul36 were PCR
amplified by using synthetic primers designed on the basis of the Tuc2009 DNA
sequence (GenBank accession no. AF109874) and were cloned by using a TOPO
TA Cloning kit according to the instructions of the manufacturer (Invitrogen
Corporation, Carlsbad, Calif.).

DNA sequence analysis. DNA sequence analysis was performed with a model
373A automated DNA sequencer (Applied Biosystems Inc., Foster City, Calif.)
by using synthetic oligonucleotides (Oligo 1000M; Beckman Instruments) as
primers. Sequences were assembled by using the seqman program of the
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TABLE 2. Coordinates of the regions of the Tuc2009 chromosome amplified by PCR to construct antisense plasmids”

Start Stop
Antisense construct
Position Oligonucleotide Position Oligonucleotide
pNZ44-toporev 5881 AAATCTAGAAGTTTGAGGTAAATTATG 6519 AAACTGCAGTTATTTACTCCAATCTATATATG
pNZ44-ssbrev 6495 AAATCTAGAAGCATATATAGATTGGAG 6971  AAACTGCAGTTAAAATGGTAGGTCATC
PNZA44-rep, orev 7077°  AAATCTAGAATAGAAGAAAGGAGTATT 7878° AAACTGCAGTTAGATAAGACCCCCGAG
pNZ44-orfl 7rev 7858 AAATCTAGAACTCTCGGGGGTCTTATC 8603 AAACTGCAGTCATCTTTGTTGTCCTGTAC

pNZ44-methrev 8586
pNZ44-orf19rev 9331
pNZ44-msplrev 33453
pNZ44-msp2rev 23701

AAATCTAGAATATGAGGTGTC

AAATCTAGAACAGGACAACAAAGATGAAG 9358

AAATCTAGACCAAATAATAGAAATAG
AAATCTAGAATTTAGACTAAGATAGG

AAACTGCAGTTAAATTTCAAAGAGCGACAC
9737 AAACTGCAGTTATACCTCTGTAATTTC

34000 AAACTGCAGTTTCTAATTCCGATAAAG

24224  AAACTGCAGGTCAGTAATATTTTCAGC

“ GenBank accession no. AF109874.

b Oligonucleotide also used to PCR amplify homologous genes from phages Q30, Q33, and u136.

DNASTAR software package. Database searches were performed by using the
FASTA, BLASTN, and TBLASTN (3) programs with sequences present in the
latest release of the nonredundant sequence databases (http://www.ncbi.nlm
.nih.gov/). Sequences were aligned by using the Clustal method of the MEGA-
LINE release 3.06 program of the DNASTAR 1996 release software package.

Electroporation procedure. Electrotransformation of plasmid DNA into E.
coli was performed essentially as described by Sambrook et al. (40). Electro-
transformation of plasmid DNA into L. lactis was performed as described by
Wells et al. (47).

Bacteriophage assays. Plaque assays were performed as described by Lillehaug
(29). Lysis-in-broth experiments were performed by growing strains in 10-ml
portions of GSB to an optical density at 600 nm (ODg) of approximately 0.2,
adding CaCl, to a final concentration of 10 mM and 10 pl of a solution contain-
ing the desired concentration of phage particles, and measuring the ODgq, over
time.

Construction of Per and antisense constructs. Construction of pNZRep-Cii
has been described previously (31). pSMG-1 was constructed by cloning tandem
copies of ori,yye in the Ncol-Xbal site of pNZ8048, while pPSMG-2 was obtained
by cloning a third copy of oriyy in the Xhol site of pSMG-1. To create pNZ44,
the nisin-inducible promoter (PnisA) of pNZ8048 was replaced with the consti-
tutive P44 promoter from the L. lactis chromosome (43). Antisense constructs
were generated by PCR amplifying open reading frames of interest, including
potential Shine-Dalgarno sequences, with synthetic primers having suitable re-
striction sites at their 5" ends and cloning in the reverse orientation behind the
P44 promoter of pNZ44. Coordinates of the regions cloned and the oligonucle-
otides used are listed in Table 2.

Southern blot analysis. Bacteriophage DNA was restricted with EcoRI and
separated by 1.0% agarose gel electrophoresis (40). Following electrophoresis,
the DNA was transferred to a Hybond N+ membrane (Amersham Corp., Am-
ersham, United Kingdom) by capillary transfer by using 40 mM NaOH (40). An
enhanced chemiluminescence kit (ECL; Amersham) was used to label DNA
probes and to detect specific DNA fragments by using conditions specified by the
supplier.

RNA isolation. Bacterial cells were grown to the mid-log phase (ODyg, 0.4 to
0.6), and then cells (4-ml aliquots) were harvested by centrifugation and the cell
pellets were drop frozen in liquid nitrogen. Following sampling, the cell pellets
were resuspended in 500 pl of buffer containing 20 mM sodium acetate, 1%
sodium dodecyl sulfate, and 1 mM EDTA. Each cell suspension was immediately
mixed with acid phenol-chloroform (1:1) (pH 4.7) that had been preheated to
65°C and 200 pl of glass beads (diameter, <100 wm). Samples were incubated for
10 min at 65°C with repeated vortexing, and this was followed by centrifugation
at the maximum speed in a microcentrifuge for 10 min. The aqueous phase was
extracted once with an equal amount of acid phenol-chloroform and transferred
to a fresh Eppendorf tube containing 2 volumes of 96% ethanol. After incubation
at —20°C for at least 1 h, RNA was collected by centrifugation at the maximum
speed in a microcentrifuge for 20 min. RNA pellets were washed once in 70%
ethanol and resuspended in TE buffer (10 mM Tris, 1 mM EDTA; pH 8.0)
supplemented with 10 mM MgCl,. RNase-free DNase (Boehringer) and RNase
inhibitor (Boehringer) were added to final concentrations of 10 and 5 U, respec-
tively. Samples were incubated at room temperature for 30 min, after which they
were treated with buffered phenol-chloroform (1:1) (pH 4.7) to remove the
DNase and the RNase inhibitor. RNA was precipitated by adding 0.1 volume of
3 M sodium acetate (pH 5.2) and then 2.5 volumes of 96% ethanol. Samples were
incubated overnight at —20°C to ensure the maximal yield. After centrifugation,
pellets were washed with 70% ethanol and allowed to air dry for 15 min. The

RNA was resuspended in 11 pl of diethyl pyrocarbonate-treated deionized wa-
ter.

Northern analysis. RNA samples were denatured with formamide and form-
aldehyde and were separated by 1.2% agarose gel electrophoresis (40). After
electrophoresis, the RNA was transferred to a Hybond N+ membrane (Amer-
sham) by capillary transfer by using 10 mM NaOH (40). An enhanced chemilu-
minescence kit (ECL; Amersham) was used to label DNA probes and detect
transcripts by using conditions specified by the supplier.

Visualization of intracellular phage DNA replication. The procedure de-
scribed by Hill et al. (21) was used to isolate DNA at various times following
infection. Briefly, UC509.9 cultures were grown to the early log phase (ODg,
0.3 to 0.4) and infected with Tuc2009 phage (multiplicity of infection, >1). At
zero time, 2 ml of each culture was removed, and the cells were harvested by
centrifugation for 2 min at the maximum speed with a bench top centrifuge. The
pellets were then drop frozen in liquid nitrogen. The volume of culture from
which cells was harvested was adjusted at subsequent times so that the same mass
of cells was present in each sample. Total cellular DNA was isolated, and samples
were restricted with the enzyme Pstl, subjected to 1% agarose gel electrophore-
sis, and transferred to a Hybond N+ membrane (Amersham) (40). An ECL kit
(Amersham) was used to label DNA probes and to detect phage DNA by using
conditions specified by the supplier.

Nucleotide sequence accession numbers. The rep,y,o and orfI7 homologues
identified for Q30 have been deposited in the GenBank database under acces-
sion no. AF264632 and AF264633, respectively. Similarly, the rep,,yo and orf17
homologues identified for Q33 have been deposited in the GenBank database
under accession no. AF264634 and AF264635, respectively.

RESULTS

Tuc2009, Q30, Q33, and ul36 have similarly organized rep-
lication modules. In order to determine if Per2009, the
Tuc2009-derived Per system (31), was active against other
phages and to examine if genes of the replication module are
suitable targets for development of antisense strategies, South-
ern blot analysis was employed to compare genes of the
Tuc2009 replication module with genes on the chromosomes
of a number of P335 type phages (Fig. 1). DNA probes repre-
senting orfl4 (encoding a putative topoisomerase), orfl5 (en-
coding a putative single-stranded DNA binding protein), orf16
(rep>ppo encoding the putative replisome organizer), orfl7 (un-
determined function), and orf/9 (undetermined function) of
Tuc2009 all hybridized with DNA of phages Q30, Q33, and
ul36. Furthermore, synthetic oligonucleotide primers designed
by using the Tuc2009 DNA sequence (Table 2) allowed am-
plification of genes homologous to rep,,,, and orfl7 of
Tuc2009 from these three phages. The sequence of the repli-
cation module of ul36 has recently been made available (6)
(GenBank accession no. AF212845) and contains two genes,
orf255 and orf241, which are highly homologous to rep,,,, and
orf17 of Tuc2009, respectively. Sequence analysis revealed that



VoL. 67, 2001

b orfl4 c orfl5 d repPaggy

M ABC D A BC D A BCD A B C D
sip Bd
a1 m -
0¥ ! B o
20» ‘ i e -
] 4 - ’ R - w
- -
100 - Ao s
-
e orfl7 f orfl8 g orf19
A BC D A BCD A B C D
51 oy
:<I1> 3o kil
10 [ . LTI
20 - s o]
I(n’ et
IU»
-

FIG. 1. Southern blot analysis showing hybridization of labeled
Tuc2009 DNA probes to DNA fragments of bacteriophages Q30, Q33,
and ul36. (a) Ethidium bromide-stained agarose gel with EcoRI-re-
stricted phage DNA. (b through g) Southern blot analysis. The
Tuc2009 DNA probe used is indicated above each panel. Lane M
contained DNA molecular weight marker X (Boehringer). Lanes A,
Tuc2009; lanes B, Q30; lanes C, Q33; lanes D, ul36.

these genes exhibit more than 90% DNA homology in all four
phages. Significantly, the region previously designated ori,e
(31) is the same in all four phages. A DNA probe representing
orfl§ (putative methylase) of Tuc2009 did not hybridize to
DNA from phages Q30, Q33, or ul36, indicating that this gene
is apparently not present on any of these phages. Furthermore,
PCR analysis verified that the organization of the replication
module genes of both Q30 and Q33 is the same as the orga-
nization of orfl4 to orfl9 of Tuc2009 except for orfl8, which is
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not present on either phage. This gene organization is consis-
tent with that recently reported for ul36 (6).

Increasing the number of origins of replication cloned in-
creases the Per phenotype. It has been reported that the de-
gree of phage resistance conferred by Per plasmids is directly
related to the plasmid copy number (38, 42). The Per2009
plasmid, pNZRep-Cii (31), was constructed by using vector
pNZ8048, which has a reported copy number of approximately
50 copies per cell (42). In order to further increase the number
of phage Tuc2009 origins (orisy,) supplied, pSMG-1 and
pPSMG-2 were constructed, which contained two and three
copies of ori,yg, respectively. Both of these plasmids were
maintained in a stable condition in UC509.9 cells. As Table 3
shows, a direct relationship between the number of ori,,,e
fragments carried by the pNZ8048 derivatives and the phage
resistance conferred was observed when UC509.9 harboring
these plasmids was challenged with Tuc2009. Plaques on
strains harboring pPSMG-1 and pSMG-2 were difficult to enu-
merate because of their small size, and the difference in Per
phenotype conferred was visualized better by lysis-in-broth
experiments (Fig. 2).

The finding that phages Q30, Q33, and ul36 contained se-
quences identical to the sequence of ori,,,, indicated that
Orispp0-harboring  plasmids  (Per2009-conferring plasmids)
would be effective at inhibiting proliferation of these phages.
As indicated in Table 3, Per2009 plasmids confer resistance on
SMQ86 against phages Q30, Q33, and ul36, albeit to different
degrees. The Per phenotype conferred by pNZRep-Cii is much
more dramatic for Q33 and ul36 than it is for Q30 or indeed
Tuc2009, and increasing the copy number of ori,,,, had little
additional effect on the former two phages. In the case of Q30
there was little discernible phenotypic difference between the
presence of one copy of ori,,,, on a plasmid and the presence
of two copies of ori,,,, on a plasmid. However, when three
copies of ori,y,, Wwere present, the resistance phenotype was
greatly increased. These data demonstrate that the Per2009
system successfully inhibits proliferation of other phages be-

TABLE 3. Comparison of the effects of Per2009 and antisense plasmids on the EOP of the phages tested”

Phage EOP
Plasmid

Tuc2009 Q30 Q33 ul36
pNZ8048 1 1 1 1
pNZrep-Cii 1x 107" (pp)® 5% 107" (sr) 1x107° (1) 1x107° (1)
pSMG-1 1% 1072 (pp) 5% 107" (sr) 1% 1075 (1) 1% 1075 (I)
PSMG-3 1% 1073 (pp) 1% 1075 (1) 1% 107 (1) 1% 1075 (1)
pNZRep-3 1 x 107" (pp) NT* NT NT
pNZ44 1 1 1 1
PNZ44-rep,p90 5% 1071 (sr) NT NT NT
pNZ44-toporev 1 X 1071 (s1) 1 1 1
pNZ44-ssbrev 1 X 1071 (sr) 1 1 1
PNZ4d-rep spporey 1% 10°° (pp) 1% 1073 (1) 1% 107° (1) 1% 1075 (1)
pNZ4d-orfl 7rev 1 X107 (pp) 5% 1071 (sr) 1 X107 (1) 1 X 1074 (1)
pNZ44-methrev 5% 1071 (st) 1 1 1
pNZA44-orf19rev 1 1 1 1
pNZ44-mspIrev 1 NT NT NT
pNZ44-msp2rev 1 (sr) NT NT NT

“ Tuc2009 was titrated on uc509.9. Q30, Q33, and ul36 were titrated on SMQ86.

® pp, pinpoint plaques; sr, slight reduction in plaque size; I, irregularly shaped plaques (both small and large).

¢ NT, not tested.
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FIG. 2. Lysis-in-broth experiment, demonstrating the increased levels of resistance conferred by increasing the numbers of copies of ori,ye
cloned. Phage was added at zero time at a multiplicity of infection of approximately 1, and the ODy,, was measured over time. Symbols: ¢,
UC509.9(pNZ8048); m, UC509.9(pNZRep-Cii); A, UC509.9(pSMG-1); X, UC509.9(pSMG-2). The data are averages based on three independent

experiments.

longing to the P335 group, which contain replication functions
similar to those of Tuc2009.

Genes of the replication module are suitable targets for
antisense strategies. We have previously described a Tuc2009
genomic region containing genes assumed to be involved in
DNA replication, including rep,,,o, Which appears to be essen-
tial to the replication process (31). Results have also indicated
that at least one additional phage-encoded protein other than
Rep,ggo is necessary for DNA replication initiation (31). In
order to determine if antisense constructs directed against
7eP 5000 and other genes from the assumed replication module
of phages Tuc2009, Q30, Q33, and ul36 are effective in pre-
venting phage proliferation, a number of antisense plasmids
were constructed as described in Materials and Methods. Two
plasmids targeting major structural proteins were also con-
structed in order to compare the efficiency when genes other
than those of the replication module are targeted. As Table 3
shows, the levels of resistance conferred on UC509.9 by anti-
sense constructs targeted against genes of the replication mod-
ule were significantly greater than the level of resistance con-
ferred by targeting the major structural proteins. The most
dramatic resistance phenotypes were conferred by pNZ44-
repsppotev and pNZ44-orfl7rev, and these two constructs also
conferred significant protection on SMQ86 against Q33 and
ul36 infections, indicating that the gene products of the rep,o
and orfl7 homologues identified for these phages also play
important roles in DNA replication. However, these plasmids
conferred significantly less resistance against Q30 than against
the other phages tested. This finding is in good agreement with
the phenotypes conferred by Per2009 plasmids and indicates
that expression of these proteins is significantly different for
Q30 than it is for the other phages tested. Previous experi-
ments have shown that the resistance conferred on UC509.9

against Tuc2009 is independent of the orientation in which the
complete rep,,y, gene is cloned and is identical to the resis-
tance conferred by the minimum Per-conferring DNA frag-
ment ori,,y; 1.€., there are pinpoint plaques and a 10-fold
reduction in the efficiency of plating (EOP) (31). However, the
resistance phenotype conferred by pNZ44-rep,,,orev is dra-
matically increased; i.e., there are pinpoint plaques and a 6-log
reduction in the EOP. The rep,,,, gene cloned in the sense
orientation in pNZ44 (pNZ44-rep,,,,) actually conferred a less
efficient Per phenotype (EOP, 0.5) than pNZRep-Cii con-
ferred (EOP, 0.1). This was probably due to transcription from
the P44 promoter through ori,,,, which interfered with
Rep,gge binding. Northern blot analysis demonstrated that
PNZ44-rep,yporev generates several RNA transcripts, the most
prominent of which is approximately 800 bp long, whereas no
such transcripts were detected with pNZRep-3 (Fig. 3).
These results indicate that the observed phage resistance con-
ferred by the antisense constructs was in fact due to transcrip-
tion of antisense mRNA.

Antisense constructs targeted against replication module
genes interfere with intracellular phage DNA replication. We
have previously demonstrated that intracellular Tuc2009 DNA
replication is severely inhibited in UC509.9 harboring a
Per2009-conferring plasmid (31). In order to determine if the
resistance phenotype conferred by antisense constructs was
due to a similar mechanism, intracellular Tuc2009 DNA rep-
lication in strains harboring antisense constructs was moni-
tored. As Fig. 4 shows, there was a direct correlation between
the level of phage resistance conferred and the reduction in
intracellular phage DNA replication for each of the antisense
constructs targeted against replication module genes. The two
constructs which conferred the most pronounced resistance
phenotypes, pNZ44-rep,,jorev and pNZ44-orfl7rev, caused
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FIG. 3. Northern blot analysis showing antisense rep,,,, mMRNA
transcribed from pNZ44-rep,,yorev. Lane 1, total RNA isolated from
SMQS86 harboring pPNZRep-3; lane 2, total RNA isolated from SMQ86
harboring pNZ44-rep,,,orev. RNA samples were prepared and blotted
as described in Materials and Methods. An 800-bp PCR DNA frag-
ment representing rep,,yo was used as a hybridization probe. Transcript
size was estimated by using the 0.24- to 9.5-kb RNA ladder from Gibco
BRL (Life Technologies Ltd., Paisley, United Kingdom). Sizes (in
kilobases) are indicated on the left. The position of the main transcript
representing antisense rep,,,0 mMRNA is indicated on the right.

the most dramatic inhibition of DNA replication, whereas con-
structs targeting other genes of the replication module con-
ferred much lower levels of resistance and had little or no
effect on DNA replication. Constructs targeting the major
structural proteins had no effect on DNA replication. These
results indicate that transcription of antisense mRNA disrupts
efficient translation of proteins essential for DNA replication,
thus inhibiting phage proliferation. Antisense constructs that
targeted orf14, orfl5, rep,ype orfl7, and orfl§ of Tuc2009
caused some inhibition of phage DNA replication, resulting in
the conferred Per phenotype, but only pNZ44-rep,,,orev and
PNZ44-orfl 7rev conferred resistance against phages Q30, Q33,
and ul36. The latter result indicated that the rep,,,, and orfl7
homologues are also important for DNA replication in these
phages.

Isolation of phages that are not sensitive to engineered
resistance mechanisms. The ability of phages of the P335 spe-
cies to overcome abortive infection or Per mechanisms has
been reported previously, and it has been shown that Per- and
Abi-insensitive phages can be isolated from large plaques in
these instances (6, 15, 35). Large plaques, which were indica-
tive of Per2009-insensitive (Per20097) phages, were observed at
a frequency of approximately 10~° when phages Q30, Q33, and
ul36 were titrated on L. lactis SMQS86 harboring Per2009-
conferring plasmids (i.e., pNZRep-Cii, pSMG-1, and pSMG-
2).
Plaque assays were performed with the three phages by
using SMQS86 harboring pNZRep-Cii, and a single large
plaque was picked in each case and propagated on
SMQ86(pNZRep-Cii). The resulting three “new” phages, des-
ignated Q307, Q33", and ul36", exhibited an EOP of 1 on strains
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FIG. 4. Southern blot analysis showing the effects of antisense con-
structs on intracellular Tuc2009 DNA replication. Total cellular DNA
was isolated at 20-min intervals from Tuc2009-infected UC509.9 har-
boring antisense constructs. Lanes A, zero time; lanes B, 20 min; lanes
C, 40 min; lanes D, 60 min. The gene targeted by each antisense
construct is indicated.

harboring Per2009-conferring plasmids. It was notable that
these Per2009" phages also exhibited an EOP of 1 when they
were titrated on SMQ86 harboring antisense plasmid pNZ44-
repsppoteV or pNZ44-orfl 7rev. Comparison of the genomes of
the Per2009-sensitive and Per2009" phages by restriction anal-
ysis revealed significant differences in the genomic organiza-
tions of Q30" and ul36" and their parent phages (Fig. 5). Bou-
chard and Moineau (6) have recently described genomic
reorganization in AbiK-insensitive ul36 mutant phages and
demonstrated that these phages had exchanged DNA with
phage sequences in the host chromosome via homologous re-
combination. No such genomic reorganization was observed
for Q33" (Fig. 4B), and PCR and sequence analysis revealed
that this phage still contained a rep,,,, homologue identical to
that of the Per2009-sensitive parent strain. Large plaques were
also observed at a frequency of 10~ ° when the parent phages
were titrated on SMQ86 harboring antisense construct pNZ44-
repppotev or pNZ44-orfl 7rev, which indicated that the large
plaques also represented antisense-insensitive phages. Inter-
estingly, the plaque morphology of Tuc2009 on UC509.9 har-
boring Per2009-conferring or antisense-producing plasmids
was uniformly pinpoint, and Per2009" phage were never ob-
served, indicating that evolution of engineered resistance-in-
sensitive phages may depend on the lactococcal host.
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FIG. 5. Restriction profiles of phage genomes comparing Per2009-
sensitive and Per2009" phages. (A) Lanes 1 and 3, Per2009-sensitive
phage Q30; lanes 2 and 4, Per2009-insensitive phage Q30". (B) Lanes
1 and 3, Per2009-sensitive phage Q33; lanes 2 and 4, Per2009-insensi-
tive phage Q33". (C) Lanes 1 and 3, Per2009-sensitive phage ul36;
lanes 2 and 4, Per2009-insensitive phage ul36". In all panels lanes 1 and
2 contained preparations restricted with PstI and lanes 3 and 4 con-
tained preparations restricted with EcoRV.

DISCUSSION

In this study we demonstrated that the Per2009 system may
be used to inhibit proliferation of three other phages, Q30,
Q33, and ul36. Furthermore, cloning of multiple copies of
OTi5pp0 ON high-copy-number plasmid pNZ8048 was shown to
significantly increase the efficiency of the Per2009 phenotype
conferred against two of the four phages. This demonstrates
that increasing the number of false phage origins of replication
supplied in trans has the effect of titrating larger amounts of an
essential replication factor. A dose-response relationship be-
tween the number of cloned ori,,,0 DNA fragments and the
Per2009 phenotype conferred was observed for Tuc2009 (Ta-
ble 3). A different relationship between the number of ori,
DNA fragments cloned and the Per2009 phenotype was ob-
served for the three other phages, Q30, Q33, and ul36 (Table
3). These results led us to conclude that these four phages
employ similar means of DNA replication. However, it does
appear that the overall replicative process is slightly different
for Q33 and ul36 and significantly different for Q30. It may be
that intracellular expression of phage replication factors is
different for the four phages and that one copy of the ori, ;o
DNA fragment, supplied on plasmid pNZ8048, is sufficient to
titrate limiting amounts of a replication factor for Q33 and
ul36, whereas more copies are needed to achieve a similar
effect for Tuc2009 and Q30. These results are in good agree-
ment with those recently reported by Bouchard and Moineau
(6). These authors described a Per system based on shuttle
vector pMIG3. This Per system was significantly less effective
than Per2009 at inhibiting Q33 and ul36 proliferation and
actually conferred no resistance against Q30. pMIG3 has a low
copy number in L. lactis (47), and therefore titration of essen-
tial phage DNA replication factors by ori sequences on this
plasmid would be expected to be considerably less than titra-
tion of the same sequence supplied on the high-copy-number
vector pNZ8048.

Five of the six antisense constructs targeted at the replica-
tion module open reading frames of Tuc2009 had an inhibitory
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effect on Tuc2009 proliferation and were shown to interfere
with DNA replication, whereas no significant protection was
provided by major structural protein-targeted constructs. In
particular, pNZ44-rep,,,orev and pNZ44-orfl7rev were shown
to be highly effective at inhibiting Tuc2009 DNA replication
and provided significant protection against all four phages. To
our knowledge, this represents the most efficient antisense
strategy acting against bacteriophages infecting Lactococcus
described to date. We have previously suggested that in addi-
tion to the Rep,(o protein, at least one other phage-encoded
replication factor is essential for Tuc2009 DNA replication
(31), and the results obtained in this study indicate that the
protein product of orfl7 is a very likely candidate. One of the
possible functions of the orfl7-encoded protein is as a helicase
loader which facilitates delivery of the helicase to the origin of
replication during DNA replication initiation (30). Genes cod-
ing for such helicase loader proteins have been identified im-
mediately downstream of replisome organizer protein-encod-
ing genes in lactococcal phage rlt (45) and Bacillus subtilis
phage SPP1 (5).

Interestingly, it has been reported that ul36 is also sensitive
to the ¢50-derived Per50 system, and Moineau et al. (35)
proposed that ul36 contains an origin of replication similar to
that of $50. A comparison of the sequences of the ul36 and
Tuc2009 replication modules revealed extensive homology be-
tween the two sequences. However, no significant similarity
was observed between the putative origins of replication for
&50 (0ri50) and the ul36-Tuc2009 origin of replication se-
quence (0ri5yg0). These observations led us to conclude that
ul36 may in fact contain at least two functional origins of
replication, a situation similar to that found in B. subtilis phage
SPP1 (39) and S. thermophilus phage 7201 (42). In the latter
case both origins of replication for 7201, ori7201A and
ori7201B, were found to confer a Per phenotype when they
were cloned independently.

It has been reported previously that when P335 phages are
titrated on strains harboring Per or abortive infection plasmids,
Per" and Abi" mutant phages may be isolated (6, 15, 35, 38).
Recently, Durmaz and Klaenhammer sequenced a 7.8-kb region
of $31.1, a recombinant Abi" phage isolated after infection of
NCK203 (Abi™) (15). This newly acquired region contained
numerous regions of homology with temperate lactococcal
bacteriophages, as well as homologues of lambda recombina-
tion protein BET and E. coli Holliday junction resolvase RUS,
factors which may contribute to efficient recombination pro-
cesses, as well as a new origin of replication.

Per2009" and antisense-resistant phages could be isolated
when Q30, Q33, and ul36 were titrated on SMQ86 harboring
Per2009 plasmids, and restriction analysis revealed that
genomic reorganizations had taken place in Q30" and ul36".
The occurrence of these new recombinant phages was most
likely due to acquisition of DNA from the host chromosome
via homologous recombination, as recently described for ul36
when it was titrated on the AbiK™ Lactococcus strain SMQ88
(6). No obvious genomic reorganization appeared to have
taken place in Q33", indicating that the occurrence of this
Per2009-insensitive phage was somewhat different than the
occurrence of the other two phages. It may be that Q33" ac-
quired a mutation which resulted in higher levels of expression
of replication factors, thereby negating the effect of Per2009
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and antisense plasmids. Interestingly, recombinant Per2009"
phages were never isolated on UC509.9, indicating that pro-
phages capable of exchanging DNA with Tuc2009 are not
present in this strain. These observations add to the evidence
that the presence of prophages on the chromosomes of Lac-
tococcus strains may act as reservoirs for the evolution of new
lytic phages (6, 15, 35).

In conclusion, by cloning multiple copies of ori,,,e, We im-
proved the efficiency of the Per2009 system for preventing
Tuc2009 proliferation, and we also identified three other
phages against which the Per2009 system acts. We developed
an optimized antisense strategy which is very effective at pre-
venting proliferation of four P335 type phages. Data from
experiments performed with antisense constructs further indi-
cate that the Rep,ygo protein and its homologues encoded by
other P335 phages play an important role in DNA replication
in these phages. Furthermore, a novel important DNA repli-
cation protein, Orfl7, was identified for Tuc2009, and very
similar proteins were present in other phages of the P335
species. Work is currently under way in our laboratory to
elucidate the role that this protein plays in phage DNA repli-
cation.
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