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The aim of this work was to identify genes responsible for host recognition in the lactococcal phages skl and
bIL170 belonging to species 936. These phages have a high level of DNA identity but different host ranges.
Bioinformatic analysis indicated that homologous genes, orfI8 in skl and orf20 in bIL170, could be the
receptor-binding protein (RBP) genes, since the resulting proteins were unrelated in the C-terminal part and
showed homology to different groups of proteins hypothetically involved in host recognition. Consequently,
chimeric bIL170 phages carrying orfI8 from skl were generated. The recombinant phages were able to form
plaques on the skl host Lactococcus lactis MG1614, and recombination was verified by PCR analysis directly
with the plaques. A polyclonal antiserum raised against the C-terminal part of phage skl ORF18 was used in
immunogold electron microscopy to demonstrate that ORF18 is located at the tip of the tail. Sequence analysis
of corresponding proteins from other lactococcal phages belonging to species 936 showed that the N-terminal
parts of the RBPs were very similar, while the C-terminal parts varied, suggesting that the C-terminal part
plays a role in receptor binding. The phages investigated could be grouped into sk1-like phages (p2, fd13, jj50,
and ¢7) and bIL170-like phages (P008, P113G, P272, and bIL66) on the basis of the homology of their RBPs
to the C-terminal part of ORF18 in sk1 and ORF20 in bIL170, respectively. Interestingly, skl-like phages bind
to and infect a defined group of L. lactis subsp. cremoris strains, while bIL170-like phages bind to and infect

a defined group of L. lactis subsp. lactis strains.

Lactococcus lactis is the most important bacterium used for
starter cultures by the dairy industry. An important problem in
industrial milk fermentation is infection of the starter bacteria
by bacteriophages, which leads to bacterial lysis. The conse-
quences of phage infection are fermentation delay, alteration
of product quality, and in severe cases loss of the product. All
these outcomes result in considerable economic loss to dairies
(5, 22). Industrial phage ecology is dominated by three phage
species: the predominant species 936 and species ¢2 and P335,
which also have considerable importance (5, 22).

The first step in phage infection is adsorption of the phage to
the host cell. Despite the fact that little information concerning
the adsorption process of lactococcal phages is available, it
seems to be a two-step process that starts with reversible bind-
ing to specific carbohydrates exposed on the surface of the cell
wall (30, 37, 39), which is followed by, at least in species c2,
irreversible binding to a protein in the cell membrane (14, 30,
38). Information on receptor-binding proteins (RBPs) in
phages infecting gram-positive bacteria is sparse compared to the
information available for phages infecting gram-negative bacteria.
However, recently, Duplessis and Moineau identified the first
RBP genes for the Streptococcus thermophilus phages DT1 and
MD4 (11). These authors reported that a variable region in the
C-terminal part of the protein encoded by orfI8 of phage DT1
was responsible for host recognition. Subsequently, the RBP
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genes were identified in three prolate-headed phages belonging
to species c2 infecting L. lactis (35). For these phages the homol-
ogous genes orf2 in CHL92, orf35 in bIL67, and orfl15 in c2 were
identified as the RBP genes. The central part of the RBPs was
found to be responsible for host recognition.

In this work we identified the RBP genes in the lytic L. lactis
phages skl and bIL170 belonging to the important species 936.
The genomes of both of these phages have been completely
sequenced (7, 10). The sk1 genome has 28,451 nucleotides and
contains 54 open reading frames (7). The phage bIL170 ge-
nome is larger, with 31,754 nucleotides and 64 open reading
frames (10). sk1 and bIL170 are closely related and have a high
level of DNA identity (84% nucleotide identity for 80% of the
shortest genome) and the same overall gene organization (10).
Especially the late-transcribed regions encoding the structural
genes are very similar in the two phages. Despite the similar-
ities between sk1 and bIL170, they have different host ranges.
Consequently, they constitute a useful model for identifying
and studying genes that are important for host recognition.

MATERIALS AND METHODS

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

Escherichia coli XL1-Blue MRF’ was grown in Luria-Bertani medium (33) at
37°C with 12.5 g of tetracycline per ml. Erythromycin (200 pg/ml) was added
when appropriate. L. lactis strains were cultured at 30°C in M17 broth (Oxoid
Ltd., Basingstoke, Hampshire, England) supplemented with 0.5% (wt/vol) glu-
cose (GM17). Erythromycin (5 pg/ml) was added when appropriate. Phages were
propagated on their hosts growing in GM17 containing 5 mM CaCl, (GM17-
Ca®"). Media for plaque assays containing agarose instead of agar were prepared
essentially as described by Lillehaug (26).
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TABLE 1. Bacterial strains, phages, and plasmids used in this study

Bacterial strain, phage,

or plasmid

Relevant feature(s)

Source and/or reference

E. coli strains
XL1-Blue MRF’
BL21D

Transformation host, Tet"
T7 expression strain

Stratagene, La Jolla, Calif.
Invitrogen, Carlsbad,

Calif.

L. lactis strains

Bu2 L. lactis subsp. lactis biovar diacetylactis 19

F7/2 L. lactis subsp. lactis biovar diacetylactis 28

FD13 L. lactis subsp. cremoris E. W. Nielsen”

1L1403“ L. lactis subsp. lactis, plasmid free (AE005176) 3

KH L. lactis subsp. cremoris 34

MGl614 L. lactis subsp. cremoris, plasmid free 13

V322 L. lactis subsp. cremoris E. W. Nielsen
Phages®

bIL66 Propagated on 111403 2

bIL170¢ Propagated on IL1403 (AF009630) 10

P008 Propagated on F7/2 28

P113G Propagated on 1L1403 27

P272 Propagated on 111403 27

fd13 Propagated on FD13 E. W. Nielsen

ji50 Propagated on KH 23

p2 Propagated on KH 17

sk1¢ Propagated on MG1614 (AF011378) 6

&7 Propagated on KH E. W. Nielsen
Plasmids

pIDC9-6 E. coli-L. lactis low-copy-number shuttle vector, Erm" derivative of pJDC9 8; J. Josephsen

with a replicon from pJW566

pKDU1 pJDC9-6 with an insert of nucleotides 13117 to 15469 from phage sk1, Em" This study

pRSET-B T7 expression vector, Amp" Invitrogen

pKDU2 pRSET-B with an insert of nucleotides 14197 to 14672 from phage skl1, This study

Amp"

¢ Bacterial strain or phage with known genome sequence. The GenBank accession number is indicated in parentheses.
 Department of Food Science, The Royal Veterinary and Agricultural University, Frederiksberg, Denmark.

¢ Phages belonging to species 936.

Preparation of plasmid and phage DNA. E. coli and L. lactis plasmid DNA was
isolated by using a QIAprep spin plasmid miniprep kit (QIAGEN, Inc., Chats-
worth, Calif.) as recommended by the manufacturer, except that L. lactis initially
was incubated with lysozyme (20 mg/ml) for 15 min at 37°C. Phage DNA was
isolated as described by Josephsen et al. (21).

Molecular DNA techniques. Molecular DNA techniques were performed es-
sentially as described by Sambrook and Russell (33). Primers (Table 2) used for
PCR amplification of DNA fragments were obtained from MWG Biotech AG
(Ebersberg, Germany). orf18 in skl was amplified by using primers sklorfl6F and
sklorf20R, and the PCR product obtained was digested with Xbal and PstI. The
PCR fragments were cloned in pJDC9-6, and the resulting plasmid was designated
pKDUI (Table 1). The 3" fragment of orfI8 in skl, covering nucleotides 14197 to
14672, was amplified with primers sk1orfISIHF and sklorfI8IHR. After digestion
with BamHI and EcoRI, PCR fragments were cloned in the T7 expression vector
pRSET-B (Invitrogen, Carlsbad, Calif.). The resulting plasmid was designated

pKDU2 (Table 1). Genes analogous to orfI8 and orf20 from skl and bIL170 were
PCR amplified in phages fd13, ¢7, jj50, p2, P008, P113G, P272, and bIL66 by using
primers bIL1700rf19F and bIL1700rf22R covering nucleotides 15522 to 16866 in
bIL170.

Electrotransformation of plasmid DNA into E. coli was performed essentially
as described by Sambrook and Russell (33), while electroporation of L. lactis was
performed as described by Holo and Nes (18).

DNA sequence analysis. DNA sequence analysis of the PCR products was
performed with a CEQ 2000 DNA analysis system (Beckman Coulter, Inc.,
Fullerton, Calif.). Sequences were assembled by using the ContigExpress pro-
gram of the Vector NTI Suite 7 software package (Invitrogen). Sequences were
aligned by using the ClustalX (version 1.81) program (36). BLAST searches (1)
were conducted by using the National Center for Biotechnology Information
homepage (http://www.ncbi.nlm.nih.gov/BLAST/).

Production and identification of recombinant phages with altered host spec-

TABLE 2. Primers used in this study

Primer Sequence (5'-3")" Position Restriction site
sklorf16F GCTCTAGAATAGAAAAAGAATCACGACAA 13117 Xbal
sklorf20R AACTGCAGAAAGTATGAGCGACAACTCTC 15469 Pstl
sklorf18F GGGTAGATAGACCATTTCGTC 14496
bIL1700rf22R CTAACATGCGTGTAGATCGTA 17409
sklorf18IHF CGGGATCCTAACGGTGTTGATATAAACAA 14197 BamHI
sklorfI8SIHR CGGAATTCTTTGTTTCGCTTTCTATTTTG 14672 EcoRI
bIL1700rf19F GCTCTAGAGTATCAATTGGTGGTTATCC 15522 Xbal
bIL1700rf22R AACTGCAGTGAGCCTGCGTCATT 16866 Pstl

“ Underlined sequences are restriction sites.
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TABLE 3. Infection and binding abilities of lytic
lactococcal bacteriophages®

L. lactis subsp. lactis L. lactis subsp. cremoris

Phage” strains strains
1L1403 F7/2  Bu2 KH  MGI1614 FD13 V32.2
bIL170 + + + - - - -
P0O08 + + + — - - -
bIL66 + + + - - - -
P113G + + + — - - -
P272 + + + - - - -
skl - - - + + + +
fd13 - - - + + + +
&7 - - - + + + +
1j50 - - - + + + +
p2 - - - + + + +

“ Infection was determined by a spot test, and binding ability was determined
by using SYBR Gold-stained phages.

’ Phages showing homology in the C-terminal part of the RBPs (Fig. 5) are
grouped together.

ificity. Recombinant phages with altered host specificity were obtained as pre-
viously described (11, 35). Plasmid pKDU1 was transformed into L. lactis 1L1403
(host strain for bIL170). The transformed strain was grown to an optical density
at 600 nm of 0.3 and infected with phage bIL170 at a multiplicity of infection of
0.01. After overnight incubation, 200-pl samples of the phage lysate were tested
in plaque assays against L. lactis MG1614 (host strain for phage sk1). Production
of recombinant phages was confirmed by a PCR assay performed directly with
single plaques. The PCR assay included four primers, sklorfl6F, sklorf20R,
sklorf18F, and bIL1700rf22R (Table 2).

Host range determination. Host ranges of the phages listed in Table 1 were
determined by using the spot test method. Ten-microliter drops of suitable phage
dilutions were deposited on top of a soft layer containing 200 pl of a fresh
overnight culture. Clearing zones were recorded after incubation overnight.

Phage adsorption assay with SYBR Gold-stained phages. Phages were SYBR
Gold stained essentially as described by Noble and Fuhrman (31). A phage lysate
with a titer of at least 10'° PFU/ml was mixed 20:1 (vol/vol) with a 1,000-fold
diluted SYBR Gold stock solution (Molecular Probes, Inc., Eugene, Oreg.) and
incubated overnight in the dark at 4°C. Phages were mixed 1:1 with host cells
grown to an optical density at 600 nm of 0.6, and phage adsorption was examined
with a fluorescence microscope (Axioplan 2; Zeiss, Inc., Jena, Germany) at a
magnification of X1,000 with blue light (450- to 490-nm) excitation. If the phage
titer was low (<10'° PFU/ml), a 10-min preincubation step was included before
inspection by microscopy. Adsorption of phages to the host cells was indicated by
a fluorescent halo around the cells.

Expression and purification of proteins. The 3’-terminal part of orf18 in sk1,
cloned in pRSET-B (pKDU?2), was expressed by using the T7 expression system

skl
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(Invitrogen). The resulting proteins were subsequently purified by using the
Probond purification system (Invitrogen). Both systems were used as recom-
mended by the manufacturer.

Preparation of polyclonal antisera. A rabbit was immunized by subcutaneous
injection of 200 mg of purified protein consisting of the C-terminal part of
ORF18 (158 amino acids) of phage sk1. Before injection the protein solution was
mixed 1:1 with Freund’s incomplete adjuvant (Sigma-Aldrich Chemie GmbH,
Steinheim, Germany). The rabbit was immunized four times at 3-week intervals.
Antisera were obtained 14 days after the last immunization.

SDS-PAGE, Western blotting, and dot blotting. Sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE), Western blotting, and dot
blotting were carried out essentially as described by Harlow and Lane (16). The
NuPage precast gel system (Invitrogen) was used for SDS-PAGE and Western
blotting. For dot blotting, 10° phage were collected in each dot on a nitrocellu-
lose membrane (BAS8S; Schleicher and Schiill, Dassel, Germany) by using a
Minifold T SRC 96 dot blotter (Schleicher and Schiill). The polyclonal antisera
were diluted 1:20,000 and used for overnight incubation of the blots. Alkaline
phosphatase-conjugated anti-rabbit immunoglobulin G (Sigma-Aldrich) was
used at a 1:30,000 dilution during a 2-h incubation. As substrate for the alkaline
phosphatase, 5-bromo-4-chloro-3-indolylphosphate—nitroblue tetrazolium (Sig-
ma-Aldrich) was used according to the instructions of the manufacturer.

Immunogold labeling and electron microscopy. Phages were incubated over-
night at room temperature with polyclonal antisera that were diluted 10-fold.
Subsequently, the phage-polyclonal antibody mixture was incubated for 2 h with
anti-rabbit immunoglobulin G-5-nm gold conjugate (BioCell, Oxford, England)
diluted 1:10 to 1:40. After the phage-antibody complexes were fixed with 0.1%
(vol/vol) glutaraldehyde for 30 min, samples were attached to 300-mesh carbon-
coated grids (Electron Microscopy Sciences, Fort Washington, Pa.) for 5 min.
Liquid was removed from the grids, and the preparations were negatively stained
in 2% (wt/vol) uranyl acetate for 5 min. Air-dried grids were examined with a
transmission electron microscope (CM100; Philips, Eindhoven, The Nether-
lands) at 80 kV and at an instrument magnification of x52,000.

Nucleotide sequence accession numbers. Sequence data for phage gene ho-
mologues to orfI8 and orf20 in skl and bIL170 have been deposited in the
GenBank database under accession numbers AF539441 (p2), AF539444 (fd13),
AF539448 (jj50), AF539450 (b7), AF539449 (P008), AF539451 (P113G),
AF539443 (P272), and AF539445 (bIL66).

RESULTS AND DISCUSSION

Bioinformatic analysis of phages skl and bIL170. Due to
the completely different host ranges of phages sk1 and bIL170
(Table 3), putative RBP genes were assumed to show no or
only partial homology in the two phages. The first step in
identifying the RBP genes was to demarcate the DNA region
in both phages encoding the tail proteins. Previously, Chandry
et al. (7) suggested that the region encoding tail proteins in
phage skl included orf9 to orfI8 on the basis of a comparison

orfl0 orfll orfl2 o

onf10 orf11 orf12

orfl3  orfld orfl5

orfl6 orfl7 orfl8  orfl9 orf20

bIL170

FIG. 1. Gene organization of the genome regions in skl and bIL170 encoding tail proteins. Homologous genes in phages skl and bIL170 are
connected by dashed lines. The grey boxes indicate DNA sequences with homology in sk1 and bIL170. The open boxes indicate DNA sequences
with no homology in skl and bIL170. NPS, putative neck passage structure; TMP, putative tape measure protein.
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FIG. 2. PCR assay for confirmation of homologous recombination between orfI8 from sk1 and the bIL170 genome. (A) Combined gene map
for phages skl and bIL170, showing the putative RBP gene and surrounding genes. Areas of homology and nonhomology are indicated by solid
and dotted lines, respectively. The arrows represent primers. Primers sklorfl6F and sklorf20R (Table 2) bind to both sk1 and bIL170 DNA.
Primers sklorf18F and bIL1700rf22R (Table 2) bind exclusively to skl and bIL170 DNA, respectively. The lines below the gene map indicate the
DNA distances between the primers. (B) PCR analysis with all four primers used in the reaction. Lane 1, control PCR performed directly with
a lysate from L. lactis IL1403(pKDUT1) infected with phage bIL170; lanes 2 to 5, PCR performed directly with single plaques; lane L, 1-kb DNA

ladder (Life Technologies Inc., Rockville, Md.).

of the gene sizes and predicted isoelectric points of the result-
ing proteins in the phage lambda tail region with correspond-
ing information for skl1. A homologous tail region in bIL170
consisting of orf10 to orf20 was identified (10). This region of
the bIL170 genome included a gene (orf12) with no homolo-
gous gene in phage sk1, as well as two regions of nonhomology
to skl in the center of orfl16 (orfl4 in sk1) and a region with no
homology in the 3’ end of orf20 (orf18 in skl) (Fig. 1).

BLAST searches were conducted with the predicted protein
sequences encoded by the genes in phages skl and bIL170
which exhibited no or only partial homology. ORF12 in bIL170
showed 68% amino acid identity over the whole sequence (653
amino acids) with ORFS51, a putative neck passage structure in
phage TP901-1 (4, 20). This is consistent with electron micro-
graphs of sk1 and bIL170 showing that bIL170 contains a collar
that is absent in sk1 (data not shown) and that deletion of orf12
did not impair propagation of bIL170 (10).

National Center for Biotechnology Information BLAST
analyses of OFR14 (sk1) and ORF16 (bIL170) revealed that
the proteins showed approximately 18% amino acid identity to
ORF45, an experimentally determined tape measure protein in
phage TP901-1 (32). In addition, the 3D-PSSM fold program
(25) suggested that both proteins fold in an «-helix-like struc-
ture that also has been found for the tape measure protein gpH
in phage lambda (24). Hence, it appears likely that orf/4 and
orfl6 encode tape measure proteins in phages sk1 and bIL170,
respectively.

orfl8 in skl and orf20 in bIL170 showed 89% identity in the
5" 340 nucleotides (Fig. 1), while the remaining 460 nucleotides
of the genes showed no homology. At the protein level, the
unique C-terminal part of ORF18 in skl (approximately 140
amino acids) showed 33% amino acid identity to ORF49, an
experimentally determined base plate protein in TP901-1, and
27% amino acid identity to ORF18, a putative RBP, in phage
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FIG. 3. Western (A) and dot blot (B) analyses of skl and bIL170
phages performed with antibodies raised against the C-terminal part of
ORF18 from sk1. Lane M contained a protein marker (BioWhittaker
Molecular Applications, Rockland, Maine).

BKS5-T (29). For comparison, the C-terminal part of ORF20 in
bIL170 (approximately 140 amino acids) showed 43% identity
to the C-terminal part of proteins hypothetically involved in
host recognition in two L. lactis 1L1403 prophages, bIL309
(ORF53) and bIL286 (ORF57) (9). Hence, the variable C-
terminal regions of the two proteins and their homologies to
different hypothetical host recognition proteins suggest that
ORF18 in skl and ORF20 in bIL170 are the RBPs with bind-
ing specificity found in the C-terminal region. By analogy, the
C-terminal part of the RBP in phage lambda, specified by gene
J, was also found to be essential for host recognition (40). We
speculate that the homologous N-terminal parts of ORF18 and
ORF20 interact with conserved proteins at the distant part of
the tail, while the variable C-terminal regions are exposed to
the environment and recognize specific bacterial receptors.

Identification of the RBP gene in skl and bIL170 by homol-
ogous recombination. The information derived from the bioin-
formatic analysis prompted us to generate recombinant bIL170
phages carrying the putative RBP gene from sk1. orfI8 in skl1,
including approximately 800 bp of flanking DNA on each side,
was cloned into pJDC9-6 (pKDU1) (Table 1) and used to
transform L. lactis IL1403. The DNA flanking orf8 in sk1 was
very similar (approximately 90%) to DNA flanking orf20 in
bIL170 (data not shown), which favored homologous recom-
bination. L. lactis IL1403(pKDU1) was infected with bIL170,
and the phage progeny were tested for recombinant phages
with altered host specificities by screening for plaques on the
skl host strain L. lactis MG1614.

Twelve plaques presumed to contain chimeric bIL170 phages
were obtained. They were all pinpoint and turbid, and the
recombinant phages could not be propagated further. Conse-
quently, recombination was confirmed by a PCR assay per-
formed directly on the plaques. The assay mixture included a
pair of primers (sklorfl6F and sklorf20R [Table 2]) annealing
in regions homologous in sk1 and bIL170 to verify the presence
of phages, recombinant or not, by the formation of a 2.4-kbp
PCR product (Fig. 2A). To detect recombinant phages, two
additional primers (sklorfl8F and bIL170orf22R [Table 2],
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FIG. 4. Immunogold electron micrograph of phage skl1. The pri-
mary antibodies were those described in the legend to Fig. 3. Second-
ary antibodies conjugated to gold particles that were 5 nm in diameter
were used.

annealing to nonhomologous areas in skl and bIL170, respec-
tively) were included in the assay mixture (Fig. 2A), which
generated two additional DNA fragments (1.15 and 0.95 kbp).
Finally, primers sklorf16F and bIL1700rf22R were expected to
generate a 2.6-kbp product from all bIL170 phages, recombi-
nant or not.

All plaques containing putative chimeric phages were ana-
lyzed by PCR assays, and recombination was confirmed by
fragments that were approximately 1.1 and 0.9 kbp long (Fig.
2B, lanes 2 to 5). As a control, the assay mixture was applied
directly onto progeny phages from L. lactis 1L1403(pKDU1)
infected with bIL170, which resulted in a single approximately
2.5-kbp PCR product (Fig. 2B, lane 1). This PCR product was
probably a mixture of 2.4- and 2.6-kbp PCR products. In ad-
dition, no PCR products were formed when the assay was
performed with L. lactis MG1614, L. lactis 111403, and sam-
ples of the bacterial lawn outside plaques in the recombination
plaque assay (data not shown). Hence, the 1.1- and 0.9-kbp
fragments indicated that there was homologous recombination
between skl and bIL170 and did not arise from unexpected
PCR with remnant DNA fragments in the lysate originating
from the host strain or the cloned skl DNA. These results
suggest that recombinant bIL170 phages revealing the host
specificity of sk1 were obtained in the plaques and indicate that
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FIG. 5. Alignment of the deduced amino acid sequences of the RBPs in lytic lactococcal phages. The stars above the sequences indicate
positions at which there is a single, fully conserved residue. The alignment scores are shown below the ruler.

orfl18 and orf20 in skl and bIL170 are involved in host recog-
nition.

We were not able to propagate the bIL170 recombinant
phages containing orfI8 from phage sk1, although a number of
different experimental conditions were tried. Duplessis and
Moineau (M. Duplessis and S. Moineau, Lactic acid bacteria:
genetics, metabolism and applications, book of abstracts, abstr.
no. F19, 2002) recently emphasized that host specificity is de-
termined not only by the phage RBP and the bacterial receptor
but also by internal host factors. They found that some S.
thermophilus phages that adsorbed efficiently to specific strains
could not produce progeny phages, as determined by plaque
assays. Such incompatibility between phage bIL170 and L.
lactis MG1614 in DNA replication, gene expression, and/or
phage assembly may explain our finding that recombinant
bIL170 phages formed pinpoint plaques and could not be
propagated further. This was also suggested by the low fre-
quency at which chimeric bIL170 phages appeared (less than
107?). Although this frequency is comparable to the frequency
found for construction of chimeric S. thermophilus DT1 phages
with the host specificity of phage MD4 (11), Stuer-Lauridsen et
al. (35) obtained chimeric L. lactis bIL67 phages with the host
specificity of phage CHL92 at a 100- to 1,000-fold-higher fre-
quency. This may be explained by the overlapping host ranges
of bIL67 and CHL92 (35), suggesting a closer relationship of
the two phages. This possibly permits more successful propa-
gation of phage bIL67 in a host for phage CHL92.

Immunogold labeling and electron microscopy. The 3’ part
of orfl8, encompassing 474 nucleotides, was cloned in a T7
expression vector (pKDU?2 [Table 1]). The protein (158 amino
acids) was expressed and purified from E. coli. Subsequently,
polyclonal antibodies were raised against the purified protein.
The specificity of the antiserum was tested with phage skl in a
Western blot (Fig. 3A). The results demonstrated that there
was specific binding to a 28.5-kDa protein from phage skli,
which corresponded to the calculated size of ORF18. As a
control, no reaction was seen with phage bIL170. A concomi-
tant dot blot analysis showed that the antibodies were also able
to bind to native skl phages but not to native bIL170 phages
(Fig. 3B).

Subsequently, the antiserum was used in immunogold label-

ing of phage skl and analyzed by electron microscopy. The
polyclonal antibodies specifically bound to the tip of the tail
(Fig. 4), which supported the results of the recombination
experiments showing that orfI8 in phage sk1 encodes the RBP.
Binding of the polyclonal antibodies to the tip of the tail was
seen in several independent experiments.

RBP gene sequences in phages with host ranges similar to
those of skl and bIL170. The presumed RBP genes in phages
with host ranges and host binding abilities similar to those of
sk1 and bIL170 (Table 3) were PCR amplified and sequenced.
Alignment of the deduced amino acid sequences from all
phages (sk1, p2, fd13, jj50, 7, bIL170, P008, P113G, P272, and
bIL66) showed that the N-terminal parts (approximately 135
amino acids) were about 79% identical (Fig. 5). Based on
homologies, the C-terminal parts (approximately 130 amino
acids) of the RBPs fell into two groups: the RBPs of skl-like
phages (sk1, p2, £d13, jj50 and 7), which showed 64% identity,
and the RBPs of bIL170-like phages (bIL170, PO0S, P113G,
P272, and bIL66), which showed 90% identity (Fig. 5). A third
type of RBPs has recently been identified in the 936-species
phages ¢$645 and $712 (12).

Table 3 shows that phages with homology in the C-terminal
region of RBP bind to and infect the same lactococcal strains.
These results are supported by the observation that phages
with a RBP similar to that of bIL170 (P008, P113G, P272, and
bIL66) were unable to bind to a receptor-negative mutant of L.
lactis 11.1403 selected for its inability to adsorb phage bIL170
(12). In conclusion, these results further verify that orfl8 in
phage skl and orf20 in phage bIL170 encode the RBPs, which
allows the establishment of two host specificity groups within
936-species phages based on the binding specificity of the C-
terminal region of the RBPs.

Interestingly, it was observed that phages belonging to the
sk1 host specificity group infected only L. lactis subsp. cremoris
strains, whereas members of the bIL170 host specificity group
infected only L. lactis subsp. lactis strains. The same pattern,
with only a few exceptions, has been determined previously for
a group of lytic phages tested on different strains of L. lactis
(15).

Conclusion. The results presented in this paper strongly
suggest that orfI8 in phage skl and orf20 in phage bIL170



5824 DUPONT ET AL.

encode RBPs. Moreover, two groups of lytic lactococcal
phages belonging to species 936 have been identified based on
host specificity, host binding ability, and the amino acid se-
quence of the RBP. The two groups are represented by phages
sk1 and bIL170.
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