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Comparative genomics of 11 lactococcal 936-type phages combined with host range analysis allowed subgrouping of these phage
genomes, particularly with respect to their encoded receptor binding proteins. The so-called pellicle or cell wall polysaccharide
of Lactococcus lactis, which has been implicated as a host receptor of (certain) 936-type phages, is specified by a large gene clus-
ter, which, among different lactococcal strains, contains highly conserved regions as well as regions of diversity. The regions of
diversity within this cluster on the genomes of lactococcal strains MG1363, SK11, IL1403, KF147, CV56, and UC509.9 were used
for the development of a multiplex PCR system to identify the pellicle genotype of lactococcal strains used in this study. The re-
sulting comparative analysis revealed an apparent correlation between the pellicle genotype of a given host strain and the host
range of tested 936-type phages. Such a correlation would allow prediction of the intrinsic 936-type phage sensitivity of a partic-

ular lactococcal strain and substantiates the notion that the lactococcal pellicle polysaccharide represents the receptor for (cer-
tain) 936-type phages while also partially explaining the molecular reasons behind the observed narrow host range of such

phages.

Lactococcal phages are classified into 10 groups based on mor-
phology and DNA hybridization studies (1). Of these, three
species are most frequently isolated from dairy environments,
namely, the 936, c2, and P335 species (1). The 936 phages are
strictly lytic and frequently cause problems for the dairy fermen-
tation industry (2). For this reason, members of this phage species
have attracted significant attention in recent years, and the ge-
nomes of several phages of this species are now available (3-8).
The genome organization of these phages is well conserved and
consists of three clusters: the early-, middle-, and late-expressed
regions. Comparative genomic analysis of these phages has re-
vealed that while most of the structural genes are highly con-
served, there are particular regions of diversity within other re-
gions of their genomes. Among these are the early-expressed
genes, which are assumed to encode the replication functions of
the phage, as well as the late-expressed region, particularly
within the genes encoding the receptor binding protein (RBP)
and the tail tape measure protein (TMP) (3, 4, 8). It has been
suggested that the genomes of the 936-type phages can be sub-
grouped based on these variable regions, which appear to corre-
spond to the subspecies grouping (i.e., Lactococcus lactis subsp.
lactis or L. lactis subsp. cremoris) of the host(s) which they infect
(3,9). However, there are a number of exceptions to this in terms
of phages that are capable of infecting both subspecies of L. lactis.
Phages 645 and P475, for example, are capable of infecting certain
members of both subspecies and possess a RBP which is different
from those of the two major subgroups of the 936 phages (9).
Recently, the RBP structures of phages p2 and bIL170 (or domains
thereof) have been solved, which revealed that these RBPs are
comprised of three regions, the N-terminal shoulder domain, the
central neck domain, and the C-terminal head domain, the latter
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of which is believed to be required for receptor recognition (10—
13). The specificity of the RBP is assumed to be associated with
amino acids forming a groove between two monomers of the tri-
meric RBP head (10, 13).

Host genes that are involved in facilitating adsorption of 936-
type phages have been identified for phages bIL170 and 645
(which infect L. lactis subsp. lactis IL1403 and L. lactis subsp.
cremoris Wg2, respectively) and represent genetic elements within
a gene cluster that is believed to be responsible for the biosynthesis
of a cell wall-associated polysaccharide (CWPS) (14). More re-
cently, so-called long-chain mutants of the prototype L. lactis
subsp. cremoris strain MG1363 were isolated, which carried a mu-
tation in a gene within the presumed CWPS or so-called pellicle
biosynthesis cluster and which were also shown to be insensitive to
phage skl (a 936-type phage) infection (15). The evidence for an
interaction between lactococcal 936-type phages and the CWPS
on the host cell envelope is compelling, although conclusive proof
for such direct phage-host binding has not yet been obtained.

A study relating to the lactococcal host receptor material has
included phage inactivation assays with the cell wall, cell mem-
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branes, and polysaccharides (16). This study has implicated a sac-
charide component in adsorption, although very little is known
about the requirement by these phages for specific polysaccha-
rides or if it is a general receptor that permits initial and reversible
binding prior to irreversible binding to a secondary receptor. In-
terestingly, the RBP head domain of phages bIL170 and p2 exhib-
its a high avidity for saccharide components, including glycerol
and phosphoglycerol (10, 13), and for this reason, the current
dogma would suggest a singular role for cell envelope-associated
phosphorylated polysaccharide or lipoteichoic acid components
in adsorption and infection by this group of phages. It should be
noted, however, that the notion of lipoteichoic acid as the lacto-
coccal phage receptor would be at odds with the observed speci-
ficity of 936-type phages of being able to infect just one or a very
limited number of L. lactis strains. Therefore, the discovery of
more complex saccharides as putative lactococcal phage receptors
opened a new field of promising investigations.

In this study, we further expand the bank of publicly available
genome sequences of 936-type phages and exploit this informa-
tion to reveal a correlation between the receptor binding head
domain of these phages and the observed diversity among CWPS-
encoding gene clusters of their respective lactococcal host.

MATERIALS AND METHODS

Lactococcal strains and bacteriophages. Lactococcal strains (Table 1)
were grown in M17 broth supplemented with 0.5% glucose at 30°C with-
out agitation. Phages were propagated on the relevant strains at 30°C in
M17 broth (Oxoid, Hampshire, United Kingdom) supplemented with
0.5% glucose and 5 mM CaCl, without agitation, as previously described
(17). The phages used in this study and relevant details are listed in
Table 2. Plaque assays were performed by using the double-agar
method, as previously described (18). This method was also used to
determine the host range of phages against a bank of lactococcal strains
(Tables 1 and 2).

Phage purification and DNA preparation. Phage purification by ce-
sium chloride gradient centrifugation was performed as previously de-
scribed (19). The generated purified phage suspension (1 ml) was precip-
itated with 10% polyethylene glycol 8000 (PEG 8000) (Sigma-Aldrich,
MO, USA) and 0.5 M sodium chloride at 4°C overnight. Subsequently, the
suspension was centrifuged at 4°C at 17,700 X g for 15 min, and the
supernatant was removed (phages 340, 645, JM2, JM3, and P113g). Alter-
natively, the phage suspension was dialyzed as described previously by
Sambrook and Russell for phage N (phages 936 [named 936" throughout
the text to identify this as the prototype phage of the species], fd13, P272,
P680, P475, and 7) (19). The PEG-salt-induced precipitate was resus-
pended in 0.5 ml of Tris-EDTA (TE) buffer (pH 9.0) and treated with 20
ul of 20 mg ml~" proteinase K (Sigma-Aldrich, MO, USA) for 20 min at
56°C, followed by treatment with SDS at a final concentration of 2% at
65°C for 20 min. This mixture was then phenol-chloroform (25:24:1 phe-
nol-chloroform-isoamyl alcohol; Sigma-Aldrich, MO, USA) treated at
least twice, and the aqueous phase was precipitated with 2.5 volumes of
ice-cold 96% ethanol and 0.1 volume of sodium acetate (pH 4.8). After
centrifugation at 20,000 X g at 4°C for 15 min, the pellet was washed in
70% ethanol and resuspended in 100 pl of TE buffer (pH 8.0).

Genome sequencing, assembly, and annotation. For DNA sequenc-
ing, 5 ug of DNA of phages 645, 340, ViridusJM2 (JM2), PastusJM3 (JM3),
and P113g was extracted and verified by nanodrop quantification, and
confirmatory molecular identification tests were conducted on the DNA
extract prior to shipment to the contract sequencing facility (Macrogen
Inc., Seoul, South Korea). A 40- to 65-fold sequencing coverage was ob-
tained by using pyrosequencing technology on a 454 FLX instrument. The
files generated by the 454 FLX instrument were assembled with GSassem-
bler (454, Branford, CT, USA) to generate a consensus sequence. Phages
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TABLE 1 Features of the lactococcal strains used in this study

Reference or Infected by
Strain source? Organism CWPS type  phage(s)
101403 35 L. lactis subsp. lactis IL/KF (B) +
F7/2 36 L. lactis subsp. lactis IL/KF (B) +
biovar diacetylactis

Bu2-60 37 L. lactis subsp. lactis IL/KF (B) +
455 Dupont-Danisco L. lactis subsp. cremoris  IL/KF (B) +
uc77 ucCcC L. lactis subsp. cremoris  IL/KF (B) +
229 ucc L. lactis subsp. lactis IL/KF (B) —
WMI1 UuccC L. lactis subsp. lactis Uc/ICV (A) -
ML8 1 L. lactis subsp. cremoris ~ UC/CV (A)

C10 UuccC L. lactis subsp. cremoris ~ UC/CV (A)
1E-16 1 L. lactis subsp. cremoris ~ UC/CV (A)  —
SMQ-450 1 L. lactis subsp. cremoris ~ UC/CV (A) —
SMQ-562 1 L. lactis subsp. cremoris ~ UC/CV (A)  —
111 1 L. lactis subsp. cremoris ~ UC/CV (A)  —
UCo063 uccC L. lactis subsp. cremoris ~ UC/CV (A)  —
UC509.9 UuccC L. lactis subsp. cremoris ~ UC/CV (A)  —
UL8 uccC L. lactis subsp. lactis UC/CV (A) -
275 UucC L. lactis subsp. lactis UC/CV (A)

KH 28 L. lactis subsp. cremoris ~ UC/CV (A)  —
C3 38 L. lactis subsp. cremoris ~ UC/CV (A)  —
w22 39 L. lactis subsp. cremoris ~ MG/SK (C)  +
W34 7 L. lactis subsp. cremoris ~ MG/SK (C)  +
3107 40 L. lactis subsp. cremoris ~ MG/SK (C)  +
WG2 36 L. lactis subsp. cremoris ~ MG/SK (C)  +
FD13 9 L. lactis subsp. cremoris ~ MG/SK (C)  +
H2 41 L. lactis subsp. cremoris ~ MG/SK (C)  +
158 34 L. lactis subsp. cremoris ~ MG/SK (C)  +
V32.2 42 L. lactis subsp. cremoris ~ MG/SK (C)  +
M3 uccC L. lactis subsp. cremoris ~ MG/SK (C)  +
M2 ucCC L. lactis subsp. cremoris ~ MG/SK (C)  +
1196 uccC L. lactis subsp. cremoris ~ MG/SK (C)  +
SMQ86 1 L. lactis subsp. cremoris ~ MG/SK (C) —
US3 43 L. lactis subsp. cremoris ~ MG/SK (C)  —
E8 KU L. lactis subsp. cremoris ~ MG/SK (C)  +
MG1614 44 L. lactis subsp. cremoris ~ MG/SK (C)  —
901-1 40 L. lactis subsp. cremoris ~ MG/SK (C)

184 ucc L. lactis subsp. lactis Unknown -

“UCC, University College Cork.

P475, £d13, 7, 936", and P272 were sequenced by using the 454 Roche
Titanium platform available at the Department of Systems Biology, Tech-
nical University of Denmark, Lyngby, Denmark. These phages were se-
quenced as part of tagged pools of unrelated phages, built as MID-tagged
Rapid libraries, and sequenced in one region (half a picotiter plate) using
the GS FLX Titanium XLR70 sequencing kit. One phage, P680, was se-
quenced as 96-base reads by using the Illumina HighSeq2000 platform
(Department of Systems Biology, Technical University of Denmark),
again as part of a pool of unrelated phages, tagged with an index as part of
one lane of the flow cell. Custom indexing primers were used to build
libraries as described previously (20). Reads were assembled into contigs
by using CLC Genomics Workbench 5.0.1 (CLC Bio, Aarhus, Denmark).
Quality improvement of the genome sequence involved sequencing of 15
to 25 PCR products across the entire genomes to ensure correct assembly,
double stranding, and the resolution of any remaining base conflicts oc-
curring within homopolynucleotide tracts. Protein-encoding open read-
ing frames (ORFs) were predicted by using Zcurve_V and Genmark.hmm
(21, 22), followed by manual assessment and, where necessary, correction
(18). Preliminary identification and functional annotation of ORFs were
performed on the basis of BLASTP (23) analysis against the nonredundant
protein database (nr) provided by the National Center for Biotechnology
Information (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

CWPS typing of lactococcal strains by multiplex PCR. The relevant
DNA regions encompassing the cell wall polysaccharide biosynthesis
operon in the sequenced lactococcal strains IL1403 (GenBank accession
no. AE005176.1), KF147 (accession no. NC_013656.1), MG1363 (acces-
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TABLE 2 Features of the phages used in this study

Phage-Host Interactions of Lactococcal Phages

Yr of first Propagating Genome G+C No.of  RBP

Phage Source or reference Source location report/isolation host length (kb) content (%) ORFs group
fd13 KU Denmark 2004 FD13 30.674 34.7 53 I
P113g 9 Germany 1986 1L1403 30.796 34.1 58 1I
P272 9 Germany 1986 1L1403 30.778 34.1 61 11
936 34 New Zealand 1984 158 27.302 34.5 49 II
P475 Danisco Culto” Europe Unknown 455 30.961 34.3 57 111
P680 7. Atamer and J. Hinrichs® Germany 2009 101403 29.631 35.1 49 I

7 KU Denmark 2004 V322 32.382 34.2 57 I
645 This study Denmark 2004 1L1403 29.247 35.0 51 111
340 This study Denmark 2010 1L1403 32.337 34.5 58 111
ViridusJM2 This study Ireland 2010 M2 31.090 34.3 59 I
PastusJM3 This study Ireland 2010 M3 28.674 34.4 52 1

“ Danisco Cultor Niebiill GmbH, Niebiill, Germany.
b University of Hohenheim, Germany.

sion no. NC_009004.1), SK11 (accession no. NC_008527.1), UC509.9
(accession no. CP003157.1), and CV56 (accession no. CP002365.1) were
analyzed and compared by using BLASTP (23) analysis as described
above. By using these data, conserved and unique regions within the oper-
ons of these strains were identified (Fig. 1). Primers were designed based
on LLKF_205 of IL1403/KF147 (CWPS type B) (product size of 183 bp),
llmg_0226 of MG1363/SK11 (CWPS type C) (product size of 686 bp), and
UC509_0206 of UC509.9/CV56 (CWPS type A) (product size of 442 bp)

UC509.9

UC509.9/CV56

CV56

1L1403

1L1403/KF147

SK11

MG1363/SK11

MG1363

Okb

10kb

CWPS types, as indicated in Fig. 1 (Table 3). A control was also included,
in which primers based on the conserved rmiIB gene were used to generate
aproduct of 891 bp to verify that the PCR was working in all samples. The
multiplex PCR included these four sets of primers and was applied to
the strains assessed in the host range analysis (Table 1) under the
following conditions: 95°C for 6 min followed by 31 cycles of 95°C for
15 s, 57°C for 30 s, and 72°C for 1 min, followed by a final extension
step at 72°C for 7 min.

ccecebli
13383895
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polysaccharide export ABC transporter permease &
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FIG 1 Comparison of the genomic regions encoding the CWPS biosynthesis clusters of six lactococcal strains (UC509.9, CV56, IL1403, KF147, SK11, and
MG1363). Homologous protein-encoding genes are joined by gray blocks including the level of identity (percent amino acids) relative to UC509.9. The three
subgroups of CWPS are the UC509.9/CV56 (UC/CV) (CWPS A), the IL1403/KF147 (IL/KF) (CWPS B), and the MG1363/SK11 (MG/SK) (CWPS C) subgroups,
with unique regions in the operons of UC509.9, IL1403, and MG1363 in the schematic highlighted by stars to indicate the genes upon which the multiplex PCRs
are based. The control for the multiplex PCR was based on the rmiB gene, which is conserved in each of the strains.
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TABLE 3 Primers for CWPS multiplex PCR

Product
Primer Sequence (5'-3") size (bp)
IL-KFfw GATTCAGTTGCACGGCCG
IL-KFrv AGTAAGGGGGCGGATTGTG 183
MG-SKfw AAAGCTCATCTTTCCCCTGTTGT
MG-SKrv GCACCATAGTCTGGAATAAGACC 686
UC-CVfw GTGCCTATGCTCCGTTAGTC
UC-CVrv CGAGGGCCAATCTCTTTACC 442
CONfw (control) GTACACTATGTTTATAACAATCATCCAG
CONrv GCAAACCAGATTCAAAGTCAGTATG 891

Electron microscopy (EM). Adsorption of CsCl-purified phages to
freshly prepared carbon film floated from a freshly coated mica sheet and
negative staining with 2% (wt/vol) uranyl acetate were done as described
previously (24). The film was picked up with a 400-mesh copper grid
(Agar Scientific, Essex, United Kingdom), and specimens were examined
with a Tecnai 10 transmission electron microscope (FEL, Eindhoven, The
Netherlands) operated at an acceleration voltage of 80 kV.

Nucleotide sequence accession numbers. The GenBank accession
numbers for the phages sequenced in this study are as follows: KC182542
(phage 340), KC182543 (phage 645), KC182544 (phage 936), KC182545
(phage fd13), KC182546 (phage JM2), KC182547 (phage JM3),
KC182548 (phage P113G), KC182549 (phage P272), KC182550 (phage
P475), KC182551 (phage P680), and KC182552 (phage 7).

RESULTS AND DISCUSSION

Selection of phages for this study. Eleven phages were selected for
this study in order to assess genome diversity among phages be-
longing to the 936 species. The phages represent a broad range of
936 phages isolated across Europe (and one New Zealand phage)
during a time period that spanned from the 1980s until 2010
(Table 2). First, phages P113g, P272, P680, and 645 were selected,

TABLE 4 Host range of phages assessed in this study”

as they had been used in several phage-host interaction studies
conducted over the past decades (9, 17, 25, 26). Second, phage
936" was selected to serve as the prototype member of the 936
phage species for comparative purposes. Finally, considering the
geographical origin and year of isolation of the phages, those that
had been isolated over the past 30 years in Ireland (JM2 and JM3),
Germany (P113g, P272, and P680), Denmark (fd13, 645, 340, and
7), other European regions (P475), and New Zealand (936%) were
selected (Table 2).

Host range analysis. Thirty-six lactococcal strains (Table 1)
were assessed for their sensitivity to the 11 phages sequenced in
this study. All phages assessed in this study have a relatively nar-
row host range and are limited to infecting at most 6 different
strains from this panel of 36 possible hosts. It is also noteworthy
that host range overlap was observed for certain members of the
sequenced group of phages. For example, the host ranges of P475,
645, and 340 overlap those of P680, P272, and P113g (Table 4).
Since these phages are derived from similar geographical loca-
tions, it is perhaps unsurprising that these apparent subgroups of
phages possess related host ranges. Phages JM2, JM3, fd13, and
936" display very narrow host specificities, infecting only a single
strain among those tested.

Genome sequence analysis. The genome sequences of the 11
936-type phage isolates were determined, and each of the genomes
was analyzed and compared to each other to define subgroups
within this close-knit group of phages (see Table S1 in the supple-
mental material). It is evident that the overall architecture and
functional organization of the genomes are maintained relative to
previously sequenced 936-type phages (3-6, 8). The prototype of
the species, phage 936", was used as the primary comparator (see
Table S1 in the supplemental material), and its genome size rep-
resents the smallest of those sequenced in this study (Table 2). The
genome sizes of the phages of this study are in line with previously
sequenced 936-type phage genomes, all being 30 = 3 kb (Table 2).
The general characteristics of the phages are presented in Table 2.

936  P475

645

340 7 fd13 M2 M3

Infected by phage:
Strain Subspecies CWPS P680 Pl13g P272
1L1403 lactis IL/KF (B) A + 1
F7/2 lactis IL/KF (B) +
Bu2-60 lactis IL/KF (B) A 1 1
uc77 cremoris IL/KF (B)
455 cremoris IL/KF (B)
3107 cremoris MG/SK (C)
V322 cremoris MG/SK (C)
FD13 cremoris MG/SK (C)
w22 cremoris MG/SK (C)
W34 cremoris MG/SK (C)
158 cremoris MG/SK (C) A
1196 cremoris MG/SK (C)
E8 cremoris MG/SK (C)
M2 cremoris MG/SK (C)
IM3 cremoris MG/SK (C)

¢ In gray-shaded blocks are the phages that group into RBP groups I (7, fd13, JM2, and JM3), II (P680, P113g, P272, and 936), and III (P475, 645, and 340).
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The genomes are arranged in three divergent clusters as fol-
lows: the morphogenesis module is situated back to back with the
presumed replication module, which is head to head with the
so-called “middle-expressed” region, which as yet is of unknown
function (5). The morphogenesis modules of these phages are
highly conserved, with only a few regions of divergence (see Table
S1in the supplemental material). These divergent regions are rep-
resented by genes that encode the predicted neck passage (NPS) or
collar protein, the tail tape measure protein (TMP), the receptor
binding protein (RBP), and the holin and lysin. The replication
module is characteristically diverse for the sequenced phages, al-
though there are a number of conserved open reading frames ob-
served in this region. The middle-expressed clusters are highly
conserved between most of the phages.

While the overall genomic content highlights the intricacies of
this phage species, the most interesting dissection of the species
lies within the subtle subdivision of the morphogenesis module
based on the regions of genetic divergence, as mentioned above.
These points of divergence highlight the subgrouping of the
phages into those with most similarity to the sk1-like, bIL170-like,
or unique/intermediate genotypes and cluster similarly with
groups I, I, and III based on the RBP identified in this study (see
below). For example, the TMP and RBP of phages P113g and P272
are more related to those of bIL170 and P008 (group II), while the
equivalent proteins encoded by 936" are more related to their sk1
counterparts (group I). This gives further substance to the notion
that while the primary indicator of host range is the RBP, other
features of the morphogenesis module, including the TMP, may
interact with host components and potentially play a role in the
infection process. It is also noteworthy that the majority of the
phages possess predicted NPS/collar structural proteins (of vari-
ous sizes), a feature that previously was thought to be present in
the bIL170-like and absent from the sk1-like phages (see Table S1
in the supplemental material) (3). Our results show that the NPS is
a rather common feature of 936-type phages and that, apparently
due to its nonessential nature, the corresponding gene is absent in
certain isolates, including sk1 and 936".

CWPS typing of strains by multiplex PCR. While a consider-
able amount of information exists relating to phages belonging to
the 936 species, little is known about the specific interactions be-
tween these phages and their hosts. The host receptor for members
of the 936 phage species is believed to be (part of) the CWPS,
whose biosynthetic machinery is encoded by a large operon, iden-
tified in three lactococcal strains (MG1363,1L1403, and Wg2) (14,
15). Furthermore, structural studies of the 936-type phage p2 have
elucidated that glycerol was bound in the saccharide binding site
of the baseplate, highlighting the carbohydrate affinity of these
phages (13).While this presumption gives an insight into the ini-
tial interactions of these particular phages, it does not provide any
explanation regarding the specificity of the host interaction of
these phages.

BLASTP analysis of the proteins encoded by the CWPS-speci-
fying clusters of the currently available lactococcal genomes iden-
tified three major CWPS subgroups based on conserved se-
quences, allowing classification into the UC509.9/CV56 (CWPS
type A), KF147/IL1403 (CWPS type B), and SK11/MG1363
(CWPS type C) CWPS subgroups (Fig. 1). Each subgroup is de-
fined by unique regions that were used to develop a multiplex
PCR-based typing method (see Materials and Methods). This was
applied to classify the CWPS type of each of the strains used in this
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study. Of the 36 strains assessed, 6 strains were in this way classi-
fied as CWPS type B (17%), and 16 belonged to CWPS type C
(44%), while 13 belonged to CWPS type A (36%). Three strains
(W22, W34, and 158) produced weaker bands relating to CWPS
type C, which may be indicative of sequence variation in the DNA
region corresponding to the primers used for this multiplex PCR.
Onestrain (L. lactis subsp. lactis 184) did not generate an amplicon
for any of the three CWPS types, although the conserved region,
which is present in all three subtypes, was amplified (see Fig. S1 in
the supplemental material), which may be indicative of an as-yet-
unidentified CWPS type not represented by the three subtypes
presented in this study. The dominance of CWPS types C and A is
interesting, in addition to the finding that 12 out of 16 C-type
strains and 5 of the 6 B-type strains were sensitive to phages in this
study, whereas none of the strains belonging to CWPS type A was
infected by phages in this study.

Correlation of CWPS type and host range. Of the 11 phages, 5
phages (fd13, 936, 7, M2, and JM3) are largely limited to infect-
ing strains of CWPS type C (Table 4). Conversely, the remaining
six phages are almost completely limited to infecting hosts with
CWPS type B. There are exceptions to this generalization, how-
ever, such as phages 645 and 340, which were shown to infect L.
lactis subsp. cremoris 3107 (CWPS type C) as well as L. lactis subsp.
lactis IL1403 (CWPS type B) and four other strains of this CWPS
type. These phages can infect strains of both CWPS types with an
equal relative efficiency, indicating that the receptor for these
phages is conserved in both strain types. A similar observation was
made for phage P475, which infects strains of CWPS type B but
which also infects L. lactis W22 (CWPS type C), at a much lower
efficiency of plaquing (EOP) (10~ ° to 10~7). Interestingly, none of
the strains possessing the type A CWPS were infected by any of the
936-type phages assessed in this study, nor are they known to be
infected by 936 phages from previous studies, with the exception
of KH, which was previously reported to be infected by a number
of 936 phages of the sk1-like genotype (14). Host range analysis of
phages is routinely performed in studies related to emerging
phage isolates, and such information may be correlated to host
specificity and preference when strain typing information is
known (3, 8). However, the range of strains used in such studies
may be limited, and currently, little information is available relat-
ing to lactococcal strain typing. Therefore, we envisage that the
system discussed here may be a useful starting point for such strain
typing systems with respect to lactococcal strain collections to
achieve a universal understanding and classification of such strain
collections and their implications for phage susceptibility pat-
terns.

Correlation between RBP group and host range. The RBPs of
the sequenced phages were used to perform a comparative se-
quence analysis which also included sequences of previously se-
quenced 936 phage RBPs. Since the amino-terminal regions of
these proteins are well conserved, the first 130 residues were re-
moved from the RBP sequences, and a comparison of the much
more variable sequences of the RBPs’ carboxy termini was per-
formed. Through this analysis, three subgroups of the RBP are
identifiable (Fig. 2): group I corresponds to what was previously
termed the skl-like or L. lactis subsp. cremoris-infecting phages
(25), group II contains the bIL170-like or L. lactis subsp. lactis-
infecting phages (25), and group III represents a small yet distinct
group of phages that infect primarily L. lactis subsp. lactis strains
but are also capable of infecting strains of L. lactis subsp. cremoris
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FIG 2 Representative phylogenetic tree of the RBP variable C termini of 32 936 phages, including the 11 sequenced phages of this study. Three major groups of
the 936 RBPs are observed: group I includes the majority of phages in this study that infect strains with a MG/SK CWPS (except 936), group II includes those
phages in this study that infect strains with an IL/KF CWPS, and group III represents a small group with a divergent RBP that predominantly infects strains with
an IL/KF CWPS but also infects a strain with the MG/SK CWPS with equal efficiency.

(Table 4). While there are three main RBP groups, subtle sub-
groups within these groups can be distinguished (Fig. 2). The
phages of RBP group I in this study infect exclusively strains that
possess the type C CWPS. Similarly, the majority of phages of RBP
group II infect strains that possess the type B CWPS, with the
exception of 936", which infects L. lactis subsp. cremoris 158, while
those belonging to group III appear to preferentially infect strains
of CWPS type B, although some members of this group can also
infect strains with a type C CWPS, as mentioned above (the cases
of P475, 645, and 340). The exceptional case of 936" may be a
reflection of the potential variation in the CWPS sequence of L.
lactis 158, which produced a weak amplicon for CWPS type C (see
Fig. S1 in the supplemental material). This highlights the possibil-
ity of unique relationships, the specifics of which are as yet un-
known.

Furthermore, since a link can be made between the RBP type of
a phage and the CWPS-type strain that it will infect, a very con-
trolled approach to defining dairy starter culture rotations could
be implemented rapidly without the need for full genome se-
quencing of phages or starter strains in any given dairy facility.
This reduces both the time taken to design such a starter rotational
strategy and the cost of applying such systems. However, while the
requirement for full genome sequencing may not be relevant to
industry in all cases, there is a further wealth of information that
dissects this group of phages into subclasses within the genome
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content. Such information includes the presence of particular fea-
tures such as the neck passage structures (NPSs) of these phages,
which have long been implicated in host range determination or
extension (3, 27). Additionally, while the relationship between
phage-encoded RBPs and the host CWPS type is a useful indicator
of potential phage-host interactions, it must be mentioned that
factors such as host-encoded phage resistance mechanisms may
limit the host range of phages either within a collection of strains
of a CWPS type or between different types, which may explain the
narrow host range of some of these phages (26, 28-33). Further-
more, intricacies and additional unique genes within the CWPS
biosynthesis cluster in as-yet-unsequenced strains may present an
additional factor to explain why 936 phages of a certain RBP type
cannot infect all strains of a particular CWPS type. It must also be
considered that phages belonging to RBP group III may infect
strains of the B and C CWPS types. This would indicate that these
phages may recognize a component of the CWPS polymer that is
common to all of these strains, for example, the saccharidic com-
ponent, whose biosynthesis is directed by the predicted rhamnosyl
transferases, which are common to all CWPS biosynthesis clusters
(Fig. 1). In contrast, phages belonging to RBP groups I and II are
largely limited to infecting strains of a single CWPS type, indicat-
ing a specific target rather than a generalized target. Furthermore,
while this study relates to the interactions of 936 phages, there may
be broader implications for other phage species with affinity for
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FIG 3 Representative electron micrographs of each of the 11 phages used in
this study. The phages are grouped according to the RBP grouping assigned in
this study (RBP groups I, II, and IIT). Where a collar-like structure is observed,
it is highlighted with an asterisk in the image.

saccharidic receptors, including the P335 phages, although con-
clusive evidence of P335 receptors on lactococcal hosts remains to
be identified. Structural analysis of the cell wall composition of
lactococcal strain MG1363 has been performed, and the cell wall is
composed of hexasaccharide repeating units containing two Glc,
two GlcNAc, one Rha, and one Galf residues, linked via a phos-
phodiester bond (15). This reported CWPS compositional analy-
sis on a lactococcal strain provides an excellent basis for future
studies relating to the identification of receptor material for
phages of this and other species.

Correlation of genotype features and morphology. Each of
the phages was examined with respect to their morphology and
genome sequence to assess the relationship between features such
as the proposed neck passage structure and the tail length corre-
lation to the size of the TMP, as these are previously highlighted
features of these phages. In this study, by electron microscopic
analysis, it was determined that the tail lengths of the phages are as
follows: 147 = 2 nm (n = 8) for JIM2, 149 = 4 nm (n = 5) for 7,
162 * 4 nm (n = 5) for fd13, 149 = 4 nm (n = 9) for J]M3, 148 +
6nm (n = 5) for P113g, 149 * 4 nm (n = 4) for P272, 142 * 5nm
(n = 5) for P680, 166 = 4 nm (n = 5) for 936", 147 + 7 nm (n =
4) for 340,145.6 = 2.7nm (n = 11) for P475,and 149 * 2nm (n =
4) for 645. The longer tail length observed for fd13 and 936" than
for all other 936 phages in this study is in agreement with their
larger tape measure proteins. For example, the TMP of fd13 is a
996-amino-acid (aa)-residue protein, and that of phage 936" is
959 aa residues in length, while the TMPs of the remaining phages
are 916 aa residues in length (with the exception of JM2, which is
895 aa residues long), concurring with their shorter tail lengths, as
observed by EM analysis (Fig. 3). Furthermore, analysis of the
presence of so-called neck passage structures (collar-like struc-
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tures) between the head and tail of the phages has revealed that six
of the phages appear to possess collars (645, 340, fd13, 7, P680, and
JM2), while the remaining five appear not to have this structure
(936", P1 13g, P272, P475, and JM3). This is largely in agreement
with the genomic data in which phages 340, 645, fd13, 7, P680, and
JM2 have been shown to possess ORFs that encode proteins of at
least 650 aa residues, while phages JM3, P113g, P272, and P475
specify a seemingly truncated derivative of these proteins (approx-
imately 140 to 300 aa residues), with phage 936" lacking an anal-
ogous ORF. Therefore, it is logical that these phages exhibit no
obvious collar-like features in their ultrastructure, as has been
observed previously for phage 712 (3). The overall morphological
data therefore correlate with the genomic data. It is notable that
two distinct types of neck passage structures are distinguishable:
phage JM2 (Fig. 3) possesses a collar with very short whiskers and
large terminal globuli, while phages fd13 and P680 revealed a col-
lar with significantly longer whiskers terminating with small
globuli, which may be a reflection of the larger collar protein en-
coded by these phages than by phages 7, 340, and 645, for which
collar structures but no whiskers/globuli are visible (Fig. 3). The
overall dimensions and morphology of these phages are similar to
those documented for 936 species phages that have previously
been isolated (27, 34).

Conclusions. This study has devised a classification system for
lactococcal strains based on the genetic diversity found within the
CWPS biosynthesis operon and to derive a host range link be-
tween the phage population and the starter strain collection. Such
a classification system could be used as a rapid approach to the
grouping of starter strain collections into phage-unrelated groups
that could be used in a rotational strategy to circumvent the prob-
lem of phage infection of a defined or mixed starter culture.

It is imperative that the intricacies involved in the interactions
of the 936 species phages and their hosts are unraveled in order to
design effective strategies to overcome the persisting phage prob-
lem in the dairy fermentation industry. Therefore, while this re-
search has identified clear relationship markers for the 936 phages
and their hosts, it is obvious that further studies are required to
uncover further details concerning the molecular nature of the
host-encoded receptor(s) as well as the molecular trigger(s) for
DNA injection of these phages following their adsorption.
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