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Virulent lactococcal prolate (or c2-like) phages are the second most common phage group that causes
fermentation failure in the dairy industry. We have mapped two host range determinants in two lactococcal
prolate phages, c2 and 923, for the host strains MG1363 and 112. Each phage replicates on only one of the two
host strains: c2 on MG1363 and 923 on 112. Phage-phage recombinants that replicated on both strains were
isolated by a new method that does not require direct selection but rather employs an enrichment protocol.
After initial mixed infection of strain 112, two rotations, the first of which was carried out on strain MG1363
and the second on 112, permitted continuous amplification of double-plating recombinants while rendering one
of the parent phages unamplified in each of the two rotations. Mapping of the recombination endpoints showed
that the presence of the N-terminal two-thirds of the tail protein L10 of phage c2 and a 1,562-bp cosR-terminal
fragment of phage 923 genome overcame blocks of infection in strains MG1363 and 112, respectively. Both
infection inhibition mechanisms act at the stage of DNA entry; in strain MG1363, the infection block acts early,
before phage DNA enters the cytoplasm, and in strain 112, it acts late, after most of the DNA has entered the
cell but before it undergoes cos-end ligation. These are the first reported host range determinants in bacte-
riophage of lactic acid bacteria required for overcoming inhibition of infection at the stage of DNA entry and
cos-end ligation.

Acquisition and exchange of functional modules by recom-
bination has been proposed as the major mechanism of viral
evolution, based on analyses of arrangements of conserved and
nonconserved segments along the genomes of lambdoid phage
and functional analysis of the recombinants (hybrids) between
distant members of the family comprising phage P22 of Sal-
monella enterica serovar Typhimurium and phage � of Esche-
richia coli K12 (3, 5, 22, 23, 55). The selective pressure for
generating phage-phage recombinants in nature is most likely
the ability to replicate on an increased number of hosts.

Bacteriophages of Lactococcus lactis, a lactic acid bacterium
(LAB) used in dairy fermentation, are numerous and diverse.
The most frequently encountered are two groups of small
isometric-headed phages named 936 and P335 and one group
with prolate-headed phage named c2 (28, 38). Recent large-
scale sequence analyses of bacteriophages of LAB indicate that
exchange of functional modules by recombination is wide-
spread among these phages (2, 6, 10, 11, 33, 37).

Prolate-headed (or prolate) phages are the secondmost
common group isolated after fermentation failure in New Zea-
land dairy plants. This is a relatively conserved group with an
exclusively lytic life style. The two prolate phages (c2 and
bIL67) whose genome sequences have been determined to
date have an overall identity of 80% (36, 54). Both 20- to

22-kbp double-stranded DNA (dsDNA) genomes code for two
blocks of divergently oriented open reading frames (ORFs),
transcribed early and late, separated by a noncoding region
that serves as an origin of replication (51, 53, 61). The early
ORFs are detectable 2 min postinfection. They code for prod-
ucts whose function has not yet been determined. Late ORF
expression begins approximately 8 min postinfection, and the
products are virion proteins and proteins that carry out assem-
bly and release of the virions from the host cells (34, 36). The
termini of the genome carry cos ends, which are ligated in the
host but appear linear when DNA is extracted from the virion
(35, 36, 47).

A given prolate phage typically replicates on only 5 to 10 L.
lactis strains among hundreds (21). The molecular basis for this
tropism is largely unknown, except for one phage/strain pair.
The determinant of the tropism of phage CHL92 for host
strain CAa120 has recently been revealed by in vivo phage-
plasmid recombination to be gL15 (58). The product of gL15,
a minor tail protein, has been proposed to be an adsorption
protein. It is not yet clear how host range determination by
variants of gL15 relates to currently recognized primary and
secondary receptors for prolate phage infection, namely, rham-
nose residues of the cell wall (44, 60) and the integral mem-
brane protein phage infection protein (PIP) (19, 44). The pro-
tein coded by gene gL10, located at the tip of the tail, was
proposed to be an adsorption protein based on its location and
presence of a binding motif for Ca2�, an ion required for
prolate phage infection (35).

Several nonprolate LAB phages have been subjected to in
vivo recombination experiments to reveal strain-specific host
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range determinants that are capable, when acquired by a given
phage, of overcoming adsorption and several other defense
mechanism barriers (4, 13, 14, 42, 58). In these experiments,
recombination with engineered homologous segments on plas-
mids or with chromosomally located prophages was demon-
strated. Very recently, recombination between two lactococcal
virulent phages of the 936 (small isometric) species was re-
ported, with direct selection of recombinants resistant to two
defense systems (cloned on a plasmid and transformed into a
host strain) (12).

Phage-phage recombination in the environment is clearly
necessary for phage evolution. However, no reports are yet
available that feature a design relevant for generation of viru-
lent phage-phage recombinants in the environment, without
use of engineered hosts. In this study, we applied a novel
procedure that consisted of unmodified host strains and phage
and used an enrichment rather than a direct selection protocol
to isolate the recombinants. This approach was used to map
the host range determinants of two prolate phages, c2 and 923,
for two L. lactis strains, MG1363 and 112, respectively.

MATERIALS AND METHODS

Strains, media, and culture conditions. L. lactis strains used in this report were
MG1363, a plasmid-free strain and prophage-cured derivative of NCDO 712
(18); AJ376 and MG1363/pAJ376 (35); AJ510 and MG1363/pAJ510 (30); IL-
1403, a plasmid-free strain (7); C6 (50); 112, a New Zealand (NZ) dairy plant
isolate; and 2282, a NZ dairy plant isolate. Phages used in this report were c2 (32,
40, 48); bIL67 (54); c6A (32, 50); 923, a NZ dairy plant isolate (26); 943, a NZ
dairy plant isolate; 5440, a NZ dairy plant isolate; 5447, a NZ dairy plant isolate;
5469, a NZ dairy plant isolate; Rc1 through Rc12, recombinants between 923 and
c2 phage (this work); and Rc13 through Rc16, recombinants between 923 phage
and plasmid pAJ376 (this work).

Plasmids used in this work were pAJ510 and pSA3 (9), carrying the 7.5-kbp
EcoRI fragment of c2 phage (nucleotide [nt] 15681-cos through 633 of the c2
genomic sequence), and Emr (35) and pAJ376 and pSA3, carrying the 4,230-bp
EcoRI fragment of c2 (nt 11451 through 15680 of the c2 genomic sequence), and
Emr (30). L. lactis strains were grown in M17 medium supplemented with 0.5%
(wt/vol) glucose at 30°C (59) unless otherwise stated (Table 1). For selection of
L. lactis carrying plasmids pAJ376 and pAJ510, 5 �g/ml erythromycin (Ery) was
added to the medium.

Bacteriophage propagation and isolation. Preparation of phage stocks was
carried out in liquid medium or by plate lysis in the presence of 5 mM CaCl2 (26).
When required, phages were concentrated by centrifugation at 40,000 � g for 2 h
in a Sorvall centrifuge or by precipitation with polyethylene glycol (26).

Recombinant DNA methods. Purification of DNA fragments from agarose gels
was carried out using commercial DNA purification kits from Roche Molecular
Biochemicals and QIAGEN according to the manufacturers’ instructions. DNA
from polyethylene glycol-precipitated phages was isolated using the QIAGEN �

phage DNA purification kit (Midi), according to the manufacturer’s instructions.
DNA from phage-infected L. lactis was isolated as described previously (24).
Transformation of L. lactis was carried out by electroporation (49).

Sequencing strategy of L10 and recombinants. For sequencing of the gL10
gene, genomic fragments equivalent to the c2 sequence from coordinates 13127
to 15263 (36) were amplified using primers complementary to the sequences
conserved in c2 and bIL67 phage genomes, JR127 (5� CAATGGCTAAAGAA
AAATATGTC 3�) and JR128 (5� GCTTTTAGTATAAATCAACGCTT 3�) in
six prolate phages, c6A, 923, 943, 5440, 5447, and 5449, using DNA from phage
particles as templates.

To sequence the fragment in phages 923 and Rc13 through Rc16 equivalent to
the c2 EcoRI fragment from coordinates 11451 to 15681 (insert in plasmid
pAJ376 carrying ORFs L7 through L11), gL10 and the regions upstream and
downstream of it were amplified separately in three PCRs. The amplified prod-
ucts were sequenced using primer walking. The sequence of the genome frag-
ment from gL14 to the cosR end (c2 coordinates 18601 through 22163) and
further to the cosL intergenic (IG) fragment (c2 coordinates 1 through 176) in
phages 923, Rc5, and Rc6 was determined from three overlapping PCR frag-
ments.

To minimize the error rate, proofreading polymerase Pwo (Roche Molecular
Biochemicals) was used in all amplifications. As an additional precaution, each
preparative PCR was divided in four PCR tubes prior to cycling. After the PCR,
the four reactions were combined for use in subsequent purification and se-
quencing. The sequencing was carried out using the BigDye mix (Applied Bio-
systems) at the Allan Wilson Centre DNA Analysis Services (Institute of Mo-
lecular Biosciences, Massey University). Both strands were sequenced by primer
walking, each with an at least twofold redundancy. Sequences were assembled
and analyzed using the GeneWorks program (Accelrys; Oxford Molecular),
BioEdit (Tom Hall, North Carolina State University, Raleigh, NC), and Vector
NTI (Informax-Invitrogen).

Bacteriophage assays. A phage adsorption assay was carried out in the linear
adsorption range (multiplicity of infection [MOI] � 0.001) at 30°C for 10 min as
described previously (27). Transduction of strains MG1363 and 112 was carried
out using phage lysates of strain MG1363 containing a plasmid carrying the
7.5-kbp EcoRI fragment that spans the cos ends of phage c2. These lysates were
obtained from the infection of the strain AJ510 (MG1363 transformed with
pAJ510, which carries c2 phage cos ends ([35]) with phage c2 or Rc15. Bacterial
cells were removed from the lysate by filtering them through a 0.22-�m-pore-size
filter, and the phage particles in the lysates were titered on MG1363. Transduc-
tion experiments were carried out by infecting exponentially growing strain
MG1363 or 112 in liquid medium at an MOI of 0.1. The mixtures of phages and
bacteria were diluted and plated on erythromycin-containing plates to determine
the number of cells that acquired plasmid from the transducing particles. The
transduction efficiency was calculated as a ratio of the number of Eryr transduc-
tants per ml of lysate to phage titer in the lysate (number of PFU per ml).

Membrane inactivation assay. Membrane protein extract was prepared and
the inactivation assay carried out as described previously (44). Each assay was
carried out using 10 �g of protein extract (in a volume of 5 �l) and 5 � 105

phages (in a volume of 5 �l). Inactivation was determined relative to the buffer
control. For each experiment, a total of 600 to 900 plaques on three plates were
counted; triplicates of each experiment were carried out.

cos ligation assay. To monitor cos-end ligation, total DNA was isolated from
112 and MG1363 host cells 5 and 20 min after infection with phages c2, 923,

TABLE 1. Host range of the phage

Phagea

Efficiency of plating on bacterial strain:

L10 typeMG1363
IL1403, 30°C C6, 30°C 112, 30°C 2282, 30°C

30°C 37°C

c2 1 0.63 0.055 �9.1 � 10�10 �9.1 � 10�10 �9.1 � 10�10 Long
bIL67 �9.1 � 10�9 �9.1 � 10�9 1 �9.1 � 10�9 �9.1 � 10�9 �9.1 � 10�9 Short
c6A �1.9 � 10�9 �1.9 � 10�9 0.0028 1 �1.9 � 10�9 �1.9 � 10�9 Short
923 �2.4 � 10�9 0.0046b 0.022 �2.4 � 10�9 1 3.0 � 10�7 Short
943 �2.3 � 10�9 0.0024b �2.3 � 10�9 �2.3 � 10�9 1 2.0 � 10�7 Short
5440 �3.6 � 10�9 �3.6 � 109 �3.6 � 10�9 �3.6 � 10�9 �3.6 � 10�9 1 Short
5447 �4.8 � 10�9 0.0012b �4.8 � 10�9 �4.8 � 10�9 0.015 1 Short
5469 0.35 0.37 9.8 � 10�8 �1.9 � 10�9 0.72 1 Long

a Phage stocks were prepared on standard permissive host strains (efficiency of plating underlined).
b Phages from the plaques could not be propagated further at 37°C.
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Rc16, and Rc5. DNA extracted from cells that had been infected on ice was used
as a 0-min time point. Isolation of replicating phage DNA was carried out by the
rapid phage purification method (24). DNA was further purified with a QIEX kit
(QIAGEN) and digested with appropriate restriction enzymes: BstUI for phages
c2 and Rc5 and EcoRI for 923 and Rc16. The digested DNA was separated by
agarose electrophoresis and Southern blotted onto a nitrocellulose filter, and the
fragments carrying cos ends were detected using a PCR-generated probe span-
ning the cos ends. To generate the probe, primers JR150 (forward, 5�-CAGTA
GTAGTTAGTCATCTGTATAA-3�; nucleotides 21933 through 21967 of the c2
sequence) and JR151 (reverse, 5�-CCTCCTATATAATACCCCTTTAA-3�; nu-
cleotides 154 through 176 of the c2 sequence) were used. Two probes were
created. The first probe was amplified from c2 DNA as a template and used for

the detection of phage c2, and the second was amplified from 923 DNA as a
template and used for detection of phage 923, Rc16, and Rc5 cos ends.

Phage-phage recombination. Recombinants between phages 923 and c2 were
isolated from mixed infections of one host (MG1363 or 112), followed by alter-
nate plating on each host to enrich for recombinants, which plate on both strains,
as opposed to parental phage, which each plate on only one of the two hosts
(Table 2). The experiment is outlined by a flowchart diagram (Fig. 1). In the
Table 2 and Fig. 1, “IN” and “OUT” represent the total number of PFU used in
the infection and obtained after the lysis, respectively, and “OUT/IN” represents
the ratio of the two values. The initial mixed infection of 112 was carried out at
30°C and that of MG1363 at 37°C. In brief, to exponentially growing cells (optical
density at 600 nm of 0.1; 0.1 ml), CaCl2 was added to 5 mM. After 10 min, both

FIG. 1. Flowchart diagram for isolation of phage-phage recombinants by an enrichment strategy.

TABLE 2. Phage-phage recombination experiment

Step of the expt
INa OUTb OUT/INc

No. of
double-plating
phage clones

(%)d

On 112 On MG1363 On 112 On MG1363 On 112 On MG1363 112e MG1363e

Initial mixed infection of 112f 1.1 � 108 6.0 � 108 2.3 � 109 5.3 � 107 2.1 � 101 8.8 � 10�2 �2 �2
Round 1g on MG1363 4.3 � 106 1.0 � 105 7.5 � 107 1.8 � 1010 1.7 � 101 1.8 � 105 96 2
Round 2g on 112 1.0 � 103 2.5 � 108 9.7 � 109 1.4 � 1010 9.7 � 104 5.6 � 101 92 90
Round 3g on MG1363 1.0 � 103 1.4 � 105 1.2 � 1010 5.3 � 1010 1.2 � 105 3.8 � 105 NDh NDh

a Total PFU used in the infection.
b Total PFU in the lysate.
c The ratio of the number of PFU in the lysate to the number of PFU used in the infection. Data are in boldface as explained in Results.
d Lysates were plated on 112 or MG1363 at a density of 300 to 400 PFU per plate. Single plaques were purified through two passages by streaking on the strain from

which they had been picked. To test whether the phages from the isolated plaques were single or double plating, phages from the purified plaques were streaked on
112 and MG1363.

e Strain on which the clones were plaque purified.
f The total number of cells was 107 in a volume of 0.1 ml. Note that this is one-cycle phage growth in the liquid medium.
g The enrichment rounds 1, 2, and 3 were plate lysates.
h ND, not determined.
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phages were added to the growing cells, 923 at an MOI of 11 and c2 at an MOI
of 60, and incubated for 10 min. To remove the majority of unadsorbed phage
particles, cells were pelleted by centrifugation, medium was removed, and cells
were resuspended in 1 ml of fresh medium. Lysate was collected after 1 h, time
required for lysis of the host cells. Bacterial cells were removed by filtering
through a 0.22-�m-pore-size filter. The subsequent rounds of enrichment were
carried out on plates by using 105 PFU of the phage (as titered on the strain on
which the following round of enrichment was to be carried out). To recover the
phages, 5 ml of dilution buffer (M17 medium diluted 10-fold with distilled water)
was pipetted onto the plate, followed by slow shaking for 1 h at room temper-
ature. The dilution buffer containing phages was filtered through a 0.22-�m-
pore-size filter to eliminate bacteria.

After each round of plating, the enrichment was monitored in a sample of 50
plaques obtained by plating the mixed lysate on each host by using the following
procedure. The lysate was first plated at low density on each host (MG1363 and
112) to obtain individual plaques. Fifty plaques from each host plate were
passaged twice by streaking onto a new plate with the same host. The purpose of
this passage was to make master plates and eliminate the residual nongrowing
parental phages that may have colocalized near the original plaques. To detect
recombinants, phages from each master plate were streaked on both hosts, and
the phages that formed plaques on both MG1363 and 112 were scored as
recombinants. A total of 12 recombinant plaques were purified and analyzed
further.

Restriction mapping of phage-phage recombinants. The sequence of phage c2
has been determined; therefore, its restriction map is known (36). Phage 923 and
12 recombinants from the phage-phage recombination experiment (Rc1 through
Rc12) were mapped using EcoRI and BstUI restriction enzymes. Phage DNA
was isolated from infected cells by the rapid method of Hill et al. (24). This
method, rather than phage DNA isolation from lysates, was used because of its
rapidity. The isolated phage DNA was probed with several probes sufficient for
coverage of the whole genome. The restriction maps were constructed based on
cumulative data from Southern blots with all probes. Figure 2 shows a represen-
tative Southern blot of the BstUI-digested DNA of parent phages and recom-
binants Rc1 through Rc16 and the digest probed with the full-length phage c2
DNA isolated from the phage lysate.

Phage-plasmid recombination. A culture of AJ376 grown at 37°C to an OD600

of 0.1 was infected with phage 923 at an MOI of 1 for 10 min at 37°C. Cells were
then centrifuged to remove unadsorbed phage, and the culture was incubated for
1 h at 37°C. To determine the presence and frequency of recombinants, the lysate
was titered on strain MG1363 at 30°C (a temperature at which the parental
phage 923 does not form plaques on that strain) and on 112, the permissive host
strain for phage 923.

Alternatively, 104 PFU of phage 923 was used to infect AJ376 at 37°C and
plated on AJ376 on solid medium. Recombinants gave clear plaques on AJ376 at
37°C, as opposed to parent phage 923, which gave small, turbid plaques. Four
clear plaques were isolated and passaged by streaking onto MG1363-containing
plates at 30°C to eliminate parental phage 923. A single plaque from each streak
was picked into medium, and residual bacteria were removed by filtering through
a 0.22-�m-pore-size filter. The dissolved plaques were used to obtain plate
lysates of recombinants on strain 112 for further analysis.

Nucleotide sequence accession numbers. The GenBank accession numbers for
the sequences were as follows: for gL10, AY569312 for 943, AY569313 for 5440,
AY569314 for 5447, AY569315 for 5469, and AY569311 for c6A; for phage 923
sequences, AY570983 for L6-L12, AY572847 for L14-cosL, AY570984 for Rc13
and L6-L12, AY570985 for Rc14 and L6-L12, AY570986 for Rc15 and L6-L12,
AY570987 for Rc16 and L6-L12, AY572848 for Rc5 and L14-cosL, and
AY572849 for Rc6 and L14-cosL.

RESULTS

Generation of phage-phage recombinants. To examine the
host ranges of a group of laboratory and industrial phages, a
plating matrix of eight phages on five host strains was carried
out (Table 1). We focused on identification of the host range
determinants of two phages, c2 and 923, on their respective
standard permissive strains, MG1363 and 112, by in vivo
phage-phage recombination. Phage c2 was chosen because it is
the best characterized prolate phage and its host is the most
commonly used L. lactis laboratory strain, MG1363. Phage 923
is a New Zealand industrial isolate from 1975. It was chosen
because its host, strain 112, does not restrict phages passaged
on strain MG1363 (data not shown). Neither phage can form
plaques on the other phage’s standard permissive host at 30°C,
the optimal growth temperature for L. lactis (Table 1). At
37°C, strain MG1363 is slightly less resistant to infection with
phages 923, 943, and 5447, permitting low-efficiency formation
of small and turbid plaques that could not be propagated
further (Table 1 and data not shown). The influence of growth
temperature on the stringency of phage resistance mechanisms

FIG. 2. Restriction digest patterns of the recombinant phages. BstUI digest of the phage DNA isolated from the cells after 20 min of infection,
probed with the full-length c2 genomic DNA isolated from the phage lysate. The host strain of c2 was MG1363, and that of all other phages was
112. Lanes: 1, c2; 2, 923; 3, Rc13; 4, Rc14; 5, Rc15; 6, Rc16; 7, Rc1; 8, Rc2, 9, Rc3; 10, Rc4; 11, Rc5; 12, Rc6; 13, Rc7; 14, Rc8; 15, Rc9; 16, Rc10;
17, Rc11; 18, Rc12; 19, DNA from uninfected strain 112.
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is well documented in L. lactis (for examples, see references 29
and 52). In the group of strains tested in Table 1, decreased
stringency of phage resistance at 37°C was also observed for
IL-1403 and C6 (data not shown). For strains 112 and 2282,
incubation at 37°C was lethal; therefore, the influence of in-
creased temperature on their phage resistance mechanisms
could not be examined.

Mixed infection of strain 112 with phages c2 and 923 was
performed in an attempt to obtain recombinants between the
two phages. Direct selection of such recombinants was not
possible because each parent phage and the recombinants
were expected to form plaques on one of the two host strains,
MG1363 or 112. Indeed, in the lysate obtained after the initial
mixed infection of strain 112, the standard permissive strain for
phage 923, the titer of this phage was 2.3 � 109/ml. Moreover,
plating 103 of these phages on a mixed lawn of strains 112 and
MG1363 in an effort to detect recombinants as clear plaque
formers gave a negative result. The titer of the phages from the
same lysate on strain MG1363 (host of c2 phage) was 5.3 �
107/ml. This population should consist of the residual unad-
sorbed phage from the c2 stock used to infect the host cells,
which form plaques only on strain MG1363 and recombinants
which should plate on both strains (MG1363 and 112). To
search for recombinants, 50 plaques from strain MG1363 (host
of c2) were purified and tested for their ability to form plaques
on both hosts but did not reveal any recombinants. Hence, the
frequency of recombinants was too low for any rapid method of
detection in the lysate after the initial mixed infection. We
therefore devised an enrichment strategy whereby the putative
recombinants in the lysate obtained after the mixed infection
stage would be enriched by alternate plating (rotation) on the
two host strains. Each round would prevent amplification of
one of the parent phages while supporting amplification of
double-plating recombinants. The method is described in de-
tail by the flowchart diagram (Fig. 1). The total numbers of
PFU before and after initial mixed infection and at every step
of enrichment are given in Table 2 (columns “IN” and
“OUT”). The OUT/IN ratio was used as an indicator of en-
richment. In particular, the OUT/IN ratios on the host other
than that from which the lysate was obtained were expected to
be very low in the absence of recombination. Therefore, this
ratio (Table 2, OUT/IN column pair, bold font) was used as an
indicator of the appearance and enrichment of recombinants.
To confirm that double-plating recombinant clones were
present in the lysates and to determine what fraction of the
lysate they represented, 100 single plaques from each round
(50 from a plate of each host strain) were purified and tested
for double-plating (Table 2, data columns 7 and 8).

In the initial mixed lysate obtained from infecting strain 112,
the OUT/IN PFU ratio, as determined on MG1363, was 8.8 �
10�2 (Table 2, “Initial mixed infection” row, OUT/IN column,
bold). An identical OUT/IN ratio was obtained in the parallel
control experiment in which only c2 was used for infection of
strain 112 (data not shown), suggesting that there was no
complementation between phages c2 and 923 in the mixed
infection.

In the first round of enrichment, 105 PFU (as titered on
strain MG1363) from the initial mixed-infection lysate was
used to infect MG1363 (Table 2, “Round 1” row, data column
2). The OUT/IN PFU ratio of this enrichment round, as de-

termined on strain 112, was 1.7 � 101 (“Round 1” row,
OUT/IN column, bold), suggesting that there was a population
of strain 112-plating phages that had been amplified on
MG1363. Moreover, testing for double-plating phages among
the plaques on strain 112 showed that 96% were double-plat-
ing recombinants and 4% parent phage 923 (Table 2, “Round
1” row, data column 7). Therefore, this rotation was very suc-
cessful in preventing replication of the 923 parent phages and
allowing replication of c2 phages and recombinants. To enrich
for recombinants relative to c2, a second rotation, this time on
strain 112, was carried out. After this rotation, as determined
by a double-plating assay, most of the plaques purified from
either of the host strains were recombinants (Table 2, “Round
2” row, data columns 7 and 8). To confirm equal amplification
of the double-plating recombinant phages on both hosts, a
third round of plating was carried out. The OUT/IN ratio on
both hosts was over 105, suggesting that the recombinants were
amplifying equally well on both hosts (Table 2, “Round 3” row,
columns 5 and 6).

The reciprocal experiment was also carried out, where
MG1363 was the primary host of the mixed infection, with
similar results. In order to obtain recombinants in this exper-
iment, the initial mixed infection of MG1363 had to be carried
out at 37°C.

Restriction analysis of recombinants and mapping of the
host range determinants. Twelve recombinants isolated from
the two recombination experiments were purified and analyzed
further. Some of the recombinants isolated from the same
recombination experiments were expected to be clonal (de-
rived from the same original recombinant phage), but the
analysis was pursued to determine the number of distinct re-
combinants in each of the two experiments.

Restriction mapping of recombinants was carried out by
Southern blotting of BstUI and EcoRI digests of phage DNA
isolated from infected cells with a series of overlapping probes
that covered the whole phage genome. Figure 2 shows a rep-
resentative Southern blot in which full-length c2 phage DNA
isolated from the virions was used as a probe. Mapping was
facilitated by availability of the genome sequence (and hence
the precise restriction map) of phage c2. Restriction mapping
revealed that there were most likely five and three different
recombinants, respectively, in the two experiments in which
112 and MG1363 were the primary hosts (Fig. 3). Interestingly,
no recombination endpoints were found within the block of
early genes (Fig. 3).

Infection in nonpermissive phage/host pairs is inhibited at
the step of DNA entry or cos-end ligation. To reveal at what
step of the phage life cycle the infection was inhibited in non-
permissive phage/host pairs, 923/MG1363 and c2/112, assays
for adsorption, entry, and DNA replication were carried out.
Assays of adsorption and inactivation of the virions by mem-
brane protein extracts showed that, for the nonpermissive
phage/host strain pairs, the efficiencies of these two steps were
within the range reported to be sufficient for infection (Table
3) (1, 44, 58). Therefore, neither adsorption nor inactivation of
virions by membrane proteins is inhibited in these nonpermis-
sive phage/host pairs. To resolve whether infection was inhib-
ited early or late, a time course of phage DNA replication
during infection was examined by Southern blotting of DNA
isolated from infected cells. No replication was detected
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within the first 20 min of infection, suggesting an early block
of infection. This experiment also examined whether the cos
ends of the phage DNA in the nonpermissive phage/host
pairs had undergone ligation, using as a probe a phage
genome fragment that spanned the cos ends (Fig. 4). This
experiment showed that the cos-end ligation did not occur in
nonpermissive phage/host pairs within the first 20 min of
infection and that the amount of recovered phage DNA
remained constant during that time (Fig. 4A, phage 923
infection of strain MG1363, and B, phage c2 infection of
strain 112). Because of the ability of phage to adsorb to the
nonpermissive host cells, phage DNA was isolated even
when phages were mixed with prechilled bacteria on ice and

subjected to DNA extraction without warming the mix (Fig.
4, time point, 0 min), the conditions that prevent phage
DNA entry. Therefore, this assay could not distinguish
whether or not DNA entered the cytoplasm. Consequently,
it was not possible to resolve whether the failure of cos
ligation in the nonpermissive infections was due to the in-
hibition of DNA entry or direct inhibition of ligation of the
cos ends of the genome. In contrast to the nonpermissive
host strain infection, the cos-end ligation in the permissive
strain infection occurred within the first 5 min of infection
and it was followed by replication, as demonstrated by the
increase in the amount of phage DNA (Fig. 4A, phage c2
infection of strain MG1363, and B, phage 923 infection of
strain 112).

A cosR fragment of phage 923 is the host range determinant
for strain 112. Restriction mapping of phage-phage recombi-
nants showed that recombinant Rc5 had acquired the shortest
segment of phage 923 DNA (Fig. 3). Sequence analysis showed
that Rc5 carried 1,562 bp from the cosR end of the phage 923
genome, comprising the 3� 93% of gL16, the complete gL17,
and the cosR portion of the cos IG region (GenBank accession
number AY572848) (Fig. 5). Therefore, gL16, gL17, or the

FIG. 3. Comparison of parental and recombinant phages. (Top) Schematic map of the prolate phages with the relevant genes indicated. First
two lines, restriction maps of the parent phages. Arrow indicates the insert in plasmid pAJ376. Panels A and B show restriction maps of the
recombinants. Black box, c2-derived sequences; white box, 923-derived sequences. Restriction sites: BstUI (vertical lines), EcoRI (lollipops).
(A) Hybrid phages whose recombination endpoints were determined by sequencing. The exchanged DNA fragment sequences have been deposited
in GenBank. (See Material and Methods section for the accession numbers.) Table contains the titers of each phage on strains MG1363 and 112.
(B) Hybrid phages Rc1 through Rc4 and Rc7 through Rc12, whose recombination endpoints were determined by restriction mapping only. Stippled
lines denote the fragments where the crossover points were expected to be based on the restriction mapping. The titers of these phages were similar
to those of the phages in panel A (data not shown).

TABLE 3. Adsorption and membrane inactivation assaysa

Phage
Adsorption by: Membrane inactivation by:

MG1363 112 MG1363 112

c2 96 	 2% 60 	 2% 92 	 3% 31 	 3%
923 42 	 3% 92 	 2% 49 	 3% 49 	 9%

a Each value was obtained from three independent experiments.
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cosR IG DNA of 923 carried by the exchanged fragment are
required for propagation on strain 112.

From the cos-end ligation experiment, it was clear that the
recombinant Rc5 had overcome inhibition in the nonpermis-
sive strain 112 (Fig. 4). However, it was not clear whether the
inhibition was acting at the step of DNA injection or cos-end
ligation. To distinguish between these two possibilities, it
would have been necessary to examine whether bypassing in-
fection by direct transfection of c2 phage DNA into host 112
would overcome the inhibition. For the c2/112 nonpermissive
phage/host pair, however, this was not possible because of the
very poor transformability of strain 112. Instead, an indirect
approach was taken. It was based on transduction of the plas-
mid pAJ510 that carries phage c2 cos-end DNA. This plasmid
is packaged into the c2 virions upon infection of strain AJ510
(MG1363 carrying pAJ510) (35). The transduction efficiency of
the nonpermissive host strain 112 was 10�4 that of the permis-
sive strain MG1363 (Table 4). This confirms the block in DNA
injection or recircularization by cos-end ligation, two steps
upon which the transduction efficiency depends. To investigate
whether the strain 112 inhibitory mechanism was acting on
c2-derived virion proteins or c2 cos-end DNA, plasmid pAJ510
was encapsidated into the recombinant Rc15 virion (which
carries phage 923-derived virion proteins) and tested for the
transduction of strains 112 and MG1363. The transduction
efficiency of these chimeric particles into the nonpermissive
strain 112 was as low as that of the particles consisting of the
phage c2 virion proteins (Table 4), suggesting that virion pro-
teins from phage 923 could not bypass the inhibition of infec-
tion in 112. This in turn indicates that the transduction effi-

ciency is low in these particles because the c2 cosR DNA is a
target of an inhibition mechanism in strain 112. A postentry
blocking mechanism is also indicated by the fact that, in the
phage-phage recombination experiment, phage c2 DNA had to
enter into the cytoplasm of the nonpermissive host 112 in order
to recombine with the phage 923 DNA. Therefore, in strain
112, the cosR DNA of phage c2 is likely the target of a blocking
mechanism, a consequence of which is the failure of the phage
c2 cos-end ligation.

With the premise that the least-conserved portion of the
exchanged cosR fragment may be a candidate for the target of
the blocking mechanism, the conservation of the coding and
IG portions of this fragment between the c2 and 923 phages
was examined. The least-conserved segment was a portion of
the cosR IG sequence of 98 bp immediately downstream of the
L17 stop codons (49% identity). This sequence was followed by
highly conserved 44 nt that included the absolutely conserved
cohesive-ends nonamer (Fig. 5B). The gL16 and gL17 coding
sequences conservation (90% and 85% identity, respectively)
matches that of the average prolate phage genome conserva-
tion. Therefore, the low-identity 98-bp fragment is a candidate
for a target of the cos-end ligation inhibitory mechanism in
strain 112.

The gL10 of c2 phage is a host range determinant for strain
MG1363. When restriction maps of phage-phage recombinants
were aligned, they all carried a common fragment from phage
c2 comprising a set of late genes from gL6 to gL11, suggesting
that this fragment of phage c2 carries the host range determi-
nant for plating on strain MG1363. To define more precisely
the host range determinant of c2 required for plating on
MG1363, phage-plasmid recombination was carried out using
plasmid pAJ376, which carries a 4,230-bp EcoRI fragment of
c2 containing genes gL7 through gL11 (30). Strain AJ376
(MG1363 carrying pAJ376) was infected with phage 923 at
37°C. (The recombination could not be carried out in the
industrial strain 112, which is 100% permissive for 923, because
this strain was very poorly transformable, and pAJ376 trans-
formants were not obtained even after several attempts.)

The recombinants in the resulting lysate were detected by
their ability to propagate on MG1363 at 30°C, the temperature
at which the parental phage 923 does not form plaques on this
strain. After 1 h of infection, 16% of the phages in the lysate
were recombinants. The entire 4.2 kbp corresponding to
pAJ376 was sequenced in 4 independent recombinants to de-
termine the portion of the c2 genome acquired from the plas-
mid. The minimum common c2 sequence in all four recombi-
nants spanned from nt �25 to � 1500 of gL10c2 and included
a 300-bp (100-amino acid) insert which is present in c2 but
absent in 923 gL10 (Fig. 3A, Rc13 through Rc16). Therefore,
the 5� portion of gL10 of c2 is a host range determinant for
plating on the laboratory strain MG1363.

The cos-end ligation experiment could not distinguish be-
tween inhibition of DNA entry and direct blocking of cos-end
ligation in the 923/MG1363 nonpermissive phage/host pair.
Hence, further experiments were performed to distinguish be-
tween these two possibilities. This could be resolved directly by
taking advantage of the relatively high transformation effi-
ciency of the laboratory strain MG1363. Transfection of puri-
fied phage 923 DNA bypassed the adsorption and entry steps
and allowed the ability of the phage DNA to replicate follow-

FIG. 4. cos-end ligation assay. The assay was performed as de-
scribed in Materials and Methods. LR, ligated cosL and cosR ends; R,
unligated cosR; L, unligated cosL. For the zero time point, phages were
added to an aliquot of a chilled culture and incubated for 20 min on ice
before DNA isolation. Hence, the bands on the Southern blots of the
0-min time points are derived from the adsorbed phages, the DNA of
which has not entered the host cells.
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ing introduction into the host cytoplasm by electroporation to
be determined. The burst size of transfected phage 923 DNA
was 25% that of the c2 DNA control, suggesting that when
phage 923 DNA is introduced into the nonpermissive host, it
completes the life cycle, including cos-end ligation. In contrast,
infectious center formation after conventional infection of
MG1363 with phage 923 occurred at much lower efficiency,
only 1% that of c2. An infection inhibition that prevents phage
DNA entry was also suggested by the inability to obtain phage-
phage recombinants after mixed infection of strain MG1363 at
30°C. All these findings suggest that the major block of

MG1363 infection by phage 923 is at the step of DNA injec-
tion, before cos-end ligation.

The “long” gL10 correlated with the replication of prolate
phages on strain MG1363 in the sample of eight phages (Table
1). Among those, two industrial phage isolates from the same
cheesemaking “season” (1995), named 5649 and 5447, carried
“long” and “short” gL10 genes, respectively (GenBank acces-
sion numbers AY569314 and AY569315). Interestingly, the 5�
1530 nucleotides (carrying the “insert”) were 66% identical,
while the remaining 603 residues were 100% identical between
the two phages. This pattern of nucleotide conservation within
gL10 can be rationalized by a recombination event that had
created a hybrid “long” gL10 with the recombination endpoint
located only 30 nucleotides downstream of the one found in
our experimentally derived c2/923 recombinant Rc13 (Fig. 6).
Phage 5469 has a broader host range than does 5447 (Table 1);
therefore, the putative recombination event has created a
more promiscuous hybrid phage. Phage 5469 does not have
identical host range to that of c2 with respect to the other
tested strains (Table 1), most likely because of differences in
other host range determinants, e.g., cosR (this work) or gL15
(58).

FIG. 5. The 5� and 3� ends of the phage 923-derived fragment in the Rc5 recombinant. Alignment of c2, 923, and Rc5 DNA sequences around
the recombination endpoints. Shaded background indicates identities. Darker-shaded background indicates the parental phage from which a
particular portion of the sequence is acquired by the recombinant. The ends of the Rc5 fragment acquired from 923 are indicated by arrows above
the sequence. (A) Alignment beginning with the ATG codon of gL16. Box, sequence identical in all three phages within which the crossover has
occurred. (B) Alignment of the sequences of cosR and cosL termini. The alignment was broken at the cos-end nonamer (white font) to indicate
ends of the genome. Assuming that recombination occurred between the linear c2 and 923 genomes (before the cos-end ligation), the cos nonamer
should be the end of the Rc5 sequence acquired from the phage 923. Underlining, the low-identity segment of the cosR IG sequence.

TABLE 4. Transduction of the cos-end-carrying plasmid pAJ510

Transducing
lysate Recipient Frequency of

transductantsa

Relative
transduction

frequency
(112/MG1363)

Rc15(pAJ510) MG1363 5.4 � 10�3

Rc15(pAJ510) 112 2.1 � 10�7 2.6 � 10�4

c2(pAJ510) MG1363 1.5 � 10�3

c2(pAJ510) 112 1.4 � 10�7 9.3 � 10�5

a Relative to the phage titer in the lysate.
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DISCUSSION

Among the large number of prolate phages that infect nu-
merous strains of L. lactis, the host range determinant, gL15,
for only one phage/host strain pair, CHL92/CAa120, has been
revealed to date (58). The detection of host range determi-
nants in the lactococcal bacteriophages were impeded by the
poor transformation capacity of many industry lactococcal
strains, lack of appropriate genetic and molecular biology tools,
and toxicity of significant portions of prolate phage gene products
for E. coli and L. lactis (31; J. Rakonjac and M. W. Lubbers,

unpublished data). We have used an approach with minimal re-
quirement for genetic manipulation, in which phage-phage re-
combinants were isolated by enrichment through strain rotation,
to reveal two new host range determinants for two phage/host
pairs, c2/MG1363 and 923/112, respectively, which overcame
strain-specific barriers of phage DNA entry and cos-end ligation.
Previous reports have identified the host range determinants of
LAB phages acting at the stage of phage adsorption (4, 13, 14, 42,
58). This report reveals the first two LAB phage host range de-
terminants involved in phage DNA entry and possibly cos ligation.

FIG. 6. Comparison of the gL10 recombination endpoints in the laboratory recombinant Rc13 and industrial isolate 5469. Top alignment, c2,
923, and Rc13; bottom alignment, 5447 and 5469. The numbering in the alignments starts from the A residues of the ATG codons of gL10 of c2
and 5469, respectively. Thin-line box indicates a fragment of the “insert” in the “long” gL10 genes of phages c2 and 5469. Shaded background
indicates identities in each of the alignments. Darker-shaded background indicates sequences of the recombinants Rc13 and 5469 that match the
short-L10 parent phages 923 and 5447, respectively. Sequences 5� to these blocks in Rc13 and 9469 match the long-L10 parent phage c2 and an
unknown parent phage, respectively. Thick-line box indicates the rows of the two alignments where the recombination endpoints are located.
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In the nonpermissive phage/host pair 923/MG1363, phage
DNA injection was inhibited at a stage after the virion inacti-
vation step but before DNA had entered the host cell. Recom-
binant phages that completely overcame the infection barrier
had all acquired a minimal common fragment of c2 carrying
the 5� two-thirds of gL10, from nt �25 to � 1500. The gL10
genes of the two parent phages, c2 and 923, were 70% identi-
cal, and the portion of c2 required for plating on strain
MG1363 carried a 300-bp “insert” relative to the 923 gL10
gene.

Our findings suggest that gL10 of prolate phages is involved
in DNA entry into the host cells. This is interesting because
pL10 has been shown to be located at the tip of the virion tail
and proposed to be an adsorption protein (36). In the set of
strains that are the subject of the present study, pL10 did not
determine the host specificity at the step of adsorption. How-
ever, it is possible that this protein provides conserved func-
tions for adsorption (such as Ca2� binding), while the receptor
recognition resides in other minor tail proteins, such as pL15,
which determines the host specificity of adsorption of prolate
phage CHL92 to host strain CaA120 (58). Interestingly, in the
two phage/host pairs in which we mapped the host range de-
terminants c2/MG1363 and 923/112, pL15 did not determine
the host specificity or adsorption efficiency despite the low
conservation between the phages c2 and 923 (34% identity)
(data not shown).

The questions remain as to which host proteins interact with
pL10 to mediate DNA entry and whether variants of these
proteins determine the host range of the prolate phages. The
lactococcal membrane protein PIP is required for infection by
many prolate phages, and its presence correlates with the abil-
ity of host cells to inactivate the virions (1, 19, 44). Phage 923
is inactivated by the MG1363 membrane protein extract with
42% efficiency, sufficiently high for infection (44). Therefore,
the inhibition of infection in MG1363 either is not dependent
on PIP or depends on a PIP function different from its role in
the inactivation of the virion. Alternatively, by analogy with the
model cos-end-containing phage �, which is inactivated by the
surface (outer membrane) protein LamB but still requires an-
other, inner membrane protein Pel (or MalY) for injection,
additional host protein(s) may participate in prolate phage
DNA injection. Provided this protein is variable in different L.
lactis strains, only certain variants of the host protein would
interact with the matching variants of phage protein pL10 (17).
The absence of such protein in certain strains could also be
responsible for variations in host range. Another possibility is
that an active injection inhibition mechanism could be medi-
ated by a putative prophage-encoded protein present in
MG1363 and counteracted by long gL10. An example of pro-
phage-encoded injection inhibition protein in L. lactis is
Sie2009 (39), which inhibits the injection of a large number of
species 936 phages (but not prolate phages). MG1363 is a
plasmid-free laboratory strain used to test various phage de-
fense mechanisms. Considering that in our sample, only one-
quarter of the tested prolate phages could propagate on
MG1363, it would be of interest to identify and, if possible,
eliminate putative inhibitory proteins in order to broaden this
strain’s use for the expression and testing of phage defense
mechanisms for an increased number of phages.

The second host range determinant, that for growth on

strain 112, overcomes an infection barrier of a very late step of
infection, when most of the phage DNA has entered the cyto-
plasm, and/or at the step of cos-end ligation. Transduction
experiments showed that the target of the inhibition mecha-
nism was the cos-end DNA, consistent with this portion of the
genome of phage 923 being the host range determinant re-
quired for replication of the recombinant phages in strain 112.

A major portion of the cosR IG sequence (except for the
cos-end nonamer and adjacent 35 bp) is poorly conserved
between phages c2 and 923; therefore, it could be hypothesized
that a putative DNA-binding inhibitory protein could distin-
guish between the cosR IG sequences of phages c2 and 923. In
� phage, an asymmetric mutation of the cosN site prevents
injection-coupled cos-end ligation. If mutant phage DNA is
introduced into host cells by CaCl2-dependent transformation,
the cos-end ligation proceeds normally (62). A possible expla-
nation for this observation could be that a host protein re-
quired for injection (e.g., Pel) may bind to the cos end of the
genome that is injected last into the host cell and, under certain
circumstances, fails to release it, thus preventing the cos-end
ligation. It can be speculated that this type of interference
might be active in strain 112, perhaps as a consequence of
putative membrane protein variability among lactococcal
strains, where the variant present in strain 112 may prevent the
release of the cosR end of c2 but not that of phage 923.

In this work, virulent phage-phage recombinants were ob-
tained with ease by a protocol that does not involve mutation
or genetic modification of the phages and the host strains. This
represents the situation in the natural environment and sug-
gests how it is possible for virulent phage-phage recombinants
to arise in nature.

The divergence between the prolate phage genomes is about
20%, thus the recombination would be expected to occur with
a low efficiency due to the action of host repair systems (16,
57). Consequently, the recombinants should not be obtainable
without direct selection. The unexpectedly high recombination
efficiency between the prolate phages could be due to the
presence of a phage-encoded recombinase capable of bypass-
ing the host repair systems. A candidate recombinase in pro-
late phage is the product of ORF E15, which shares 37%
identity and 57% similarity to the ERF recombinase of phage
P22 of Salmonella enterica serovar Typhimurium (36, 45, 54).
The ERF recombinase mediates high-efficiency recombination
and mutagenesis by a mechanism similar to lambda Red
, and
it belongs to the same protein superfamily (25, 46, 63, 64).
Further work will be carried out to determine whether the
product of ORF E15 is a recombinase.

Strain rotation protocol presented in this paper is related to
a common practice of changing or rotating strains in the dairy
fermentation to avoid phage attack (8, 15, 56). Thus, the strain
rotation practice in dairy fermentation is very likely a factor
that stimulates LAB phage evolution by horizontal gene trans-
fer, plausibly contributing to the observed genetic mosaicism
(2, 6, 10, 11, 33, 37). With respect to managing the risks of
phage-mediated fermentation failure in dairy industry, our
work suggests that an undesirable long-term outcome of the
strain rotation practice may actually be the appearance of
highly promiscuous hybrid “super-phages” with an expanded
host range, a phenomenon encountered in the industry (20, 29,
43).
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Phage therapy is an alternative to antibiotic treatment of
bacterial infection (41). One of the limitations of phage ther-
apy is the narrow host range of bacteriophage. Our approach
to obtain recombinants with broadened host range without in
vitro genetic modifications can be used to increase the number
of bacterial targets of one phage. It may therefore help de-
crease the costs of phage production and cut expenses associ-
ated with obtaining approvals for usage of therapeutic phages
by regulatory authorities such as the Food and Drug Admin-
istration.
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