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Taxonomic Differentiation of Bacteriophages of Lactococcus lactis by 
Electron Microscopy, DNA-DNA Hybridization, and Protein Profiles 
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Thirty-seven virulent and 19 temperate bacteriophages of Lactococcus lactis subsp. lactis and 
Lactococcus Iactis subsp. crernoris were classified in a taxonomic system on the basis of 
morphology, DNA-DNA hybridization, and protein composition. As judged from electron 
microscopy and susceptibility to cleavage by restriction endonucleases, the genome of all the 
bacteriophages investigated is composed of double stranded DNA. Seven virulent phage groups 
were recognized: types PO34 (genome size 18.1 kilobase pairs, kb), PO01 (20.2 kb), PO08 
(29.7 kb), P335 (36.4 kb), PO26 (51.5 kb), P107 (51.5 kb), and PO87 (54.5 kb). In addition, two 
temperate phage groups were established: types TP-40-3 (genome size 42-1 kb) and TP-936-1 
(37.8 kb). Phages within each group revealed strong DNA homology and similar protein 
compositions, whereas no significant DNA homology and different proteins were found in 
phages of different groups. Virulent phages of group P335 exhibited strong DNA homology with 
the temperate phages of group TP-936-1. 

I N T R O D U C T I O N  

Bacteriophages of mesophilic starter cultures used by the dairy industry for the production of 
cheese, sour milk, and cream were recognized as early as 1935 (Whitehead & Cox, 1935). Due to 
the great economic impact of faulty dairy fermentations, a large body of information on the 
occurrence and properties of bacteriophages specific for Lactococcus lactis and its subspecies 
lactis and crernoris has since been collected (Coveney et al., 1987; Jarvis, 1984a; Lautier & 
Novel, 1987; Powell & Davidson, 1985; Relano et al., 1987; Teuber & Lembke, 1983; Teuber & 

Loof, 1987). An exciting novel development is the discovery of bacteriophage insensitivity 
mechanisms coded on plasmids (Klaenhammer, 1987). Such ‘phage resistance’ plasmids may be 
transferred by conjugation to other strains (Baumgartner et al., 1986; De Vos et al., 1984; 
McKay & Baldwin, 1984; Neve et al., 1987; Sanders & Klaenhammer, 1983; Wetzel et al., 

1986). In addition, genetic information determining bacteriophage insensitivity phenomena has 
been cloned and subsequently transferred by transformation (Laible et al., 1987; Simon et al., 
1985). However, very little is known of the biochemical basis of bacteriophage resistance in 
Lactococcus. Development of bacteriophage resistant starter cultures requires knowledge of as 
many as possible of the bacteriophages likely to exist in a dairy environment in order to make 
predictions of the usefulness and stability of genetically constructed resistant starter strains. 

Using bacteriophages of lactococci collected from the industry over more than two decades, 
we have compared the previously morphologically defined bacteriophage types (Lembke et al., 
1980; Teuber & Lembke, 1983) by exhaustive electron microscopic characterization, by 
DNA-DNA hybridization, and by electrophoresis of bacteriophage proteins. Evidence is 
presented for the existence of at least seven genetically distinct virulent phage types and two 
temperate phage types, one of these being clearly related to a virulent type. The main three 
phage types (Pool, P008, P335) collected in Germany are similar to those already described in 
the literature (Coveney et al., 1987; Jarvis, 1984a) and occur throughout the world. 
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METHODS 

Bacteriophages and host bacteria. Virulent phages and their bacterial host strains are listed in Table 1. Table 2 

summarizes the temperate bacteriophages and their lysogenic host strains. The previously described virulent 

prolate-headed phage c6A (Powell & Davidson, 1985) and the temperate phage BK5-T (Jarvis, 19846) were 

included in this study. 

The bacterial strains were propagated at 30 "C in M17-broth (Terzaghi & Sandine, 1975). The medium was 

supplemented with 2 mM-CaC1, when phage lysates were prepared. The bacteria were stored at -72 "C in 

Table 1. Virulent bacteriophages used in this study 

All phages were originally isolated from dairy environments, e.g. milk, sour milk, cheese, whey or 
starter cultures. Most phages of group PO08 were grown on either Lactococcus lactis subsp. lactis (L.I.s.1.) 
F7/2 or Bu2-60, which both show a restriction-modification-negative phenotype. Phages P221 BN, 
P123BN and P114-4BN can only be grown on the Lactococcus lactis subsp. cremoris (L.1.s.c.) strains 
indicated in the Table. Phages of the type POOl were, for historical reasons, grown on L.I.s.1. H42. This 
strain is phenotypically identical to F7/2 but differs from F7/2 by the absence of a small cryptic plasmid. 
Phages P109 and P127 were specific for L.1.s.c. strains. Phages P142ag, PO26 and PO87 can only be 
grown on the indicated host strains. 

Year of 
Phage Propagating host and strain isolation 

Type phage POOl L.I.s.1. H42 1971 
P159 L. 1. s. 1. H42 1979 
P167 L.I. s.1. H42 1979 
P330 L. 1. s. 1. H42 1979 
P177 L. 1. s.1. H42 1979 
P220 L.l.s.1. H42 1978 
PO29 L. 1. s .I. H42 1977 
P109 L.I.S.C. wg2* 1978 
P127 L.I.S.C. wg2 1978 
c6A s.1.t c6 

Type phage PO08 L. 1. s.1. F7/2 1971 
P315 L.I.S.I. F7/2 1979 
P232 L.I.S.I. F7/2 1979 
PO39 L.I.s.1. F7/2 1978 
PO03 L.I.S.I. F7/2 1977 
P008S L.l.s.1. F7/2 1982 
PO96 L. 1. s. 1. F7/2 1978 
PO53 L. 1. s. 1. F7/2 1978 
PO3 1 L. 1. s. 1. F7/2 1978 
P179 L.I.s.1. F7/2 1979 
P221BN L.1.s.c. P8/11-32 1982 
P123BN L.I.S.C. P8/ 12-58 1982 
P 1 14-4BN L.1.s.c. P8/ 12-55 1982 
PO10 L. 1. s .  1. Bu2-60 1971 
P239 L.I. s.1. Bu2-60 1979 
P228 L.I.S.I. Bu2-60 1979 
P323 L*l.s.l. Bu2-60 1979 

Type phage P335 L.I.s.1. F7/2 1979 
PO1 3 L.I.S.I. F7/2 1971 
PO02 L.I.S.I. F7/2 1977 
PO47 L.I.S.C. wg2 1978 
P 142ag L.I.S.C. S22n- 1 1978 

Type phage PO34 L.l.s.1. F7/2 1978 
P369 L.I.S.I. F7/2 1978 

Type phage P107 L.l.s.1. F7/2 1978 
Type phage PO26 L. 1. s. 1. Bst5 1977 
Type phage PO87 L. 1. s. 1. C13 1978 

* Strain was originally obtained from NIZO, Ede, the Netherlands. 
t Data and taxonomy from Powell & Davidson (1985), Streptococcus lactis. 

Source 

Germany 
Germany 
Thailand 
Germany 
Germany 
France 
Germany 
Germany 
Germany 
Australia 

Germany 

Thailand 
Germany 
Germany 
Germany 
Germany 
Germany 
Germany 
Thailand 
Germany 
Germany 
Germany 
Thailand 
Netherlands 
Norway 
Germany 

France 
Germany 
Germany 
Germany 
Sweden 

Germany 
Germany 
Germany 
Germany 
Germany 
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Table 2 .  Temperate bacteriophages used in this study 

The phages were released from the indicated host bacteria by UV-irradiation. 

Phage Lysogenic host and strain 

Type phage TP-C 10 
TP-7 12 
TP-40-3 
TP-2 1-2 
TP-P2/ 1-3 

Type phage TP-936-1 
TP-95 1 - 1 
TP-90 1 - 1 
TP-938-2 
TP-9 18 
TP-Bu2-KS 
TP-3 106 
TP-3 107 

TP-Bus3018 
TP-Bus302 1 
TP-11-13 

TP-Wis98.1 

TP-W is3-1 

BKS-T* 

L.I.S.I. 
L.I.s.1. 
L .I. s. 1. 
L.ls.1. 
L.I.S.C. 

L.I.S.C. 
L.I.S.C. 
L.I.S.C. 
L.I.S.C. 
L.I.S.C. 
L .  1. s. 1. 
L.I. s. 1. 
L.1.S.C. 
L.l.s.1. 
L.1.s.c. 
L.I.S.C. 
L.I.S.C. 
L.I.S.C. 

s . c . t  

ClO 
NCDO 712 
40-3 
21-2 
P2/1-3 

936-1 
951-1 
901-1 
938-2 
918 
Bu2-K5 
3106 
3107 
Wis98.1 
Bus30 18 
Bus3021 

Wis3-1 
11-13 

* Data from Jarvis (1984b). 
t Taxonomy from Jarvis (1 984b), Streptococcus cremoris. 

reconstituted skimmed milk. For the induction of the temperate phages exponential-phase cultures were 

irradiated with UV-light (260 nm). 

Phage pur8cation and isolation of phage DNA. Concentration and purification of the phages were essentially 

done according to Yamamoto et al. (1970). The phages were concentrated by a two-step precipitation with 5% 

(w/v) and 10% (w/v) polyethylene glycol 6000 in the presence of 1 M-NaC1. They were purified by two caesium 

chloride step gradients. The procedure of Maniatis et al. (1982) was used for the extraction of the DNA. 

Electron microscopy. The phages were negatively stained with 2% (w/v) uranyl acetate and examined in a Philips 

EM300 at an acceleration voltage of 80 kV (Lembke et al., 1980). 

Determination of the phage genome sizes. The aqueous spreading technique described by Evenson (1977) was 

used; the internal standard was the circular DNA of the phage PM2 (9.7 kilobase pairs; Boehringer Mannheim). 

The DNAs were photographed in a Philips EM300 at 40 kV, and the contour lengths of the molecules were 

measured with a Morphomat 10 picture analysis system (Zeiss). 

Restriction enzyme analysis. The phage DNAs were digested with restriction endonucleases (Boehringer 

Mannheim) according to the supplier's recommendations. DNA fragments were separated on 0-8 % (w/v) agarose 

gels in TBE buffer (Maniatis et al., 1982), and the fragment sizes were determined from the co-migrating DNA 

fragments of a HindIII/EcoRI-digest of phage 1 DNA (Boehringer Mannheim). 

DNA-DNA hybridization. DNA fragments were transferred to Zeta-Probe membranes (Bio-Rad) according to 

Southern (1975) and hybridized under stringent conditions [50% (v/v) fomamide, 42 "C] with chemically labelled 

(Chemiprobe Kit, Biozym) phage DNA. Antigenic sulphone groups were coupled to the cytosine moieties of the 

DNA. After hybridization, the membranes were washed for 30 min at 68 "C in 2 x SSC (1 x SSC is 0.15 M-NaCl 
plus 0.015 M-sodium citrate, pH 7.0) plus 0.1 % (w/v) SDS and for 30 min at room temperature in 0.1 x SSC plus 

0.1 % (w/v) SDS. The labelled DNAs were visualized by a specific monoclonal antibody reaction, and washed in 

0.5 M-NaCl plus 0.5% (v/v) Brij 35T for three x 10 min at room temperature. An alkaline phosphatase anti- 

immunoglobulin antibody conjugate was added, and the membrane was washed in 0.5 M-NaCl plus 0.3% (v/v) Brij 

35T for three x 20 min at room temperature followed by the addition of a chromogenic substrate. 

SDS-polyacrylamide gel electrophoresis. Purified phage particles were dialysed against double distilled water, 

and were suspended in an equal volume of sample buffer [0.12 M-Tris/HCl (PH 6-75), 20% (v/v) glycerol, 4% (w/v) 

SDS, 10% (v/v) b-mercaptoethanol]. The phage particles were disintegrated by boiling at 100 "C for 10 min and 

electrophoresed on a 12.0% (w/v) polyacrylamide gel at 30 mA as described by Laemmli (1970). The molecular 

mass marker mixture SDS-7 (Sigma) was used for calibration. 
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R E S U L T S  

Electron microscopy 

The virulent phages listed in Table 1 belong to seven different morphological groups. Five of 
these groups, represented by the type phages P008, P335, P026, P107 and P087, consist of 
phages with isometric heads, differing in head size, and in tail length and structure. The two 
prolate-headed phage groups with the type phages POOl and PO34 differed in tail structure. The 
great majority of the virulent phages examined belonged to the phage groups POO1, PO08 and 
P335, and only two to group PO34 (PO34 and P369). Phages P026, P107 and PO87 were unique 
isolates. The temperate phages from the two groups of phages (TP-40-3, TP-936-1) with 
isometric heads differ in tail length (Fig. 1). 

Restriction enzyme analysis 

To verify these groups based on morphological properties, a restriction enzyme analysis of the 
phage genomes was performed. The DNAs of phages of the POOl group and some of the P335 
group (P335, PO02 and P013) were highly refractory to the action of many restriction 
endonucleases. If any, a much lower than expected number of restriction sites was observed. 
Phages of the POOl group, propagated on Lactococcus lactis subsp. lactis H42, showed almost 
identical restriction profiles with several endonucleases (Fig. 3 a) with the exception of phage 
P330 (Fig. 3a, lane 8), which was not cut by most of the restriction enzymes. Phage c6A, 
characterized in Australia by Powell & Davidson (1989, could be distinguished from the other 
prolate-headed phages by its unique DNA restriction pattern (Fig. 3a, lane 11). 

Two phages, P109 and P127, specific for Lactococcus lactis subsp. cremoris strains showed 
clearly different restriction patterns with several endonucleases, such as HpaII (Fig. 3a, lanes 3 
and 4). The numerous members of the PO08 group showed very similar restriction fragment 
profiles with several enzymes including EcoRI and Tag1 (data not shown). 

Within the P335 group and the temperate phage groups TP-936-1 and TP-40-3, phages 
revealed similar or even identical restriction enzyme patterns after digestion of the DNAs with 
various restriction endonucleases. Since the type phages POOl and PO08 are the representatives 
of the most common virulent phages, restriction maps of these two phages were established. The 
restriction map of the isometric-headed phage PO08 has already been published (Teuber & Loof, 
1987). The restriction map of the prolate-headed phage POOl is presented in Fig. 2. By ligation of 
the phage DNA prior to digestion with restriction endonucleases and heating of the phage DNA 
for 15 min at 70 "C after digestion (data not shown) it was proved that this molecule was linear 
with cohesive ends. A variety of restriction endonucleases did not cut the DNA of the phage 
POOl (Fig. 2). An analysis of its base composition by high performance liquid chromatography 
displayed no modified bases (S. Hertwig, A. Geis & M. Teuber, unpublished data). 

DNA-DNA hybridization 

To determine the degree of homology of the phages within a group and among different 
groups, DNA-DNA hybridization with the DNAs of the type phages as probe was done. 
Phages within each group revealed strong DNA homology, as is shown in Fig. 3 for the prolate- 
headed phages of the POOl group. The POOl probe hybridized with all bands of the other phages, 
including phages P109, P127, and c6A that was grown on other host strains and showed 
different restriction profiles (Fig. 3). A similar result was obtained with the phages of the PO08 
group. All the phage DNAs from this group, even those with different restriction fragment 
profiles or from phages propagated on different host strains, hybridized strongly with the P008- 
DNA probe. 

No significant hybridization signals were found in cross-hybridization experiments using 
DNA probes prepared from the type phages POO1, P008, P335, P107, P087, PO34 and P026. 

The grouping of the temperate phages according to morphological properties was also 
confirmed by DNA-DNA hybridization. The DNAs of the phages TP-901-1, TP-938-2, 
TP-3107, and TP-Wis98.1 hybridized extremely well with the TP-936-1 DNA probe (Fig. 4), 
whereas little or no homology was found with the DNAs of TP-C10, TP-40-3 (Fig. 4, lanes 7 and 
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Fig. 2. Restriction map of the POOl phage genome. Fragments are labelled alphabetically in order of 
their decreasing size. The dotted lines indicate the cohesive ends of the DNA molecule. The DNA was 
not cleaved by ApaI, Asp718, AvuI, BurnHI, BclI, BglI, BglII, DpnI, EcoRV, KpnI, NueI, PstI, P o d ,  
PouII, S a d ,  SulI or XhoI. 

Fig. 3. Hybridization of phage POOl DNA with the HpuII fragments of other prolate-headed phages. 
(a) Agarose gel electrophoresis patterns of HpaII restriction digests of DNAs of prolate-headed phages. 
(b) Hybridization of sulphonated POOl DNA with DNAs from other prolate-headed phages. Lane 1, 
pBR322 (negative control); lane 2, POOl; lane 3, P109; lane 4, P127; lane 5, P029; lane 6, P159; lane 7, 
P167; lane 8, P330; lane 9, P177; lane 10, P220; lane 11, c6A; lane 12, P107 (negative control). 

Fig. 4. Hybridization of the DNA of the temperate phage TP-936-1 with DruI fragments of the DNAs 
of other temperate phages. (a) Agarose gel electrophoresis patterns of DruI restriction digests of phage 
DNAs. (b) Hybridization of sulphonated TP-936-1 DNA with DruI fragments of the DNAs from other 
temperate phages. Lane 1, BK5-T; lane 2, TP-901-1; lane 3, TP-936-1; lane 4, TP-938-2; lane 5, 
TP-3107; lane 6, TP-Wis98.1; lane 7, TP-C10; lane 8, TP-40-3; lane 9, phage A (negative control). 
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Fig. 5. Hybridization of the DNA of the virulent phage P335 with DruI DNA fragments of temperate 
phages. (a) Agarose gel electrophoresis patterns of DruI restriction digests of phage DNAs. (6) 
Hybridization of labelled P335 DNA with DNAs from temperate phages. Lane 1, BK5-T; lane 2, 
TP-936-1; lane 3, TP-938-2; lane 4, TP-Bu2-KS; lane 5, TP-3107; lane 6, TP-Wis98.1; lane 7, TP-C10; 
lane 8, TP-40-3; lane 9, phage 3, (negative control); lane 10, P335. 

Fig. 6. SDS-polyacrylamide gel (12%) electrophoretic profiles of proteins of the virulent type phages 
and of some temperate phages. Lane 1, TP-40-3; lane 2, TP-C10; lane 3, TP-951-1; lane 4, TP-936-1; 
lane 5, P335; lane 6, P107; lane 7, P034; lane 8, PO01 ; lane 9, P008; lane 10, P087; lane 1 1 ,  SDS-7 (size 
standards). 

S), and the temperate phage BK5-T (Fig. 4, lane 1). This observation suggests that the temperate 
phages in Table 2 belong to at least two different groups and that the phage BK5-T is not related 
to one of these groups. 

Temperate phage DNAs were also hybridized with labelled DNAs of the virulent type 
phages. The temperate phage group TP-936-1 (Fig. 5, lanes 2-6) displayed strong DNA 
homology of various degrees after hybridization with type phage P335, whereas the members of 
the temperate phage group TP-40-3 exhibited only very weak signals (Fig. 5,  lanes 7 and 8), as 
did the temperate phage BK5-T (Fig. 5 ,  lane 1). 

The DNA homology between P335 and phages of group TP-936-1 indicates a close genetic 
relationship between these virulent and temperate phages. 
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Fig. 7. SDS-polyacrylamide gel (1 2%) electrophoretic profiles of proteins of prolate-headed phages. 
Lane 1 ,  c6A; lane 2, P159; lane 3, PO01 ; lane 4, P029; lane 5, P167; lane 6, SDS-7 (size standards); lane 
7, P127; lane 8, P177; lane 9, P220; lane 10, P109; lane 1 1 ,  P330. 

SDS-polyacrylamide gel electrophoresis 

Phage grouping according to the DNA-DNA hybridizations was confirmed by the analysis of 
the structural protein profiles. The major protein bands of the seven virulent type phages were 
different from each other and from the temperate phages (Fig. 6). Nevertheless, one major 
protein of about 30 kDa was found in the virulent phage group P335 (Fig. 6, lane 5) and in the 
temperate phage group TP-936-1 as well (Fig. 6, lanes 3 and 4), but not in the other temperate 
phage group TP-40-3 with the exception of the phage TP-ClO (Fig. 6, lanes 1 and 2). 

The phages of the POOl group contained major proteins of identical size. Also most of the 
minor protein bands of phage POOl were present in the other phages. Phages c6A, P109, and 
P330 exhibited additional bands (Fig. 7, lanes 1, 10 and 11). 

DISCUSSION 

Fifty-six virulent and temperate bacteriophages of L. lactis subsp. lactis and L. lactis subsp. 
cremoris have been grouped in a taxonomic system. Seven virulent and two temperate phage 
groups were generated on criteria of morphology and genome size. DNA homology and protein 
composition confirmed that some members of the same taxonomic group were very similar (in 
some cases identical) whereas other phages were not so clearly related. The PO08 group seems to 
be widespread in cheese factories all over the world. Hybridization studies by other laboratories 
showed that this group is closely related to group 111 (France) of Relano et al. (1987), phage types 
a and b (New Zealand) described by Jarvis (19844 and phages uc 1001 and uc 1002 (Ireland) of 
Coveney et al. (1987). Investigations by Heap & Jarvis (1980) and Jarvis (1984a) demonstrated 
that prolate-headed phages were closely related. This is consistent with our experiments. Phage 
c6A (Australia), characterized in detail by Powell & Davidson (1985), exhibited strong DNA 
homology and showed the same major protein bands as the other members of this group. We 
propose that all tailed prolate-headed phages published up to now belong to this one group, 
POOl/c6A. 

The relationship between virulent and temperate phages was also examined. We found 
evidence of a close relationship between the virulent phage group P335 and the temperate phage 
group TP-936-1. Cross-hybridizations between virulent and temperate phage DNAs were also 
found by Relano et al. (1987) and Lautier & Novel (1987), but not by Jarvis (1984b). DNA 
homology, based on hybridization studies, was compatible with the protein compositions of the 
phages examined. Different phage groups (see Fig. 1) revealed different protein profiles (Fig. 6), 
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whereas within the groups all members showed a similar or even identical protein composition 
(Fig. 7). One major protein of about 30 kDa was found in the virulent P335 group as well as in 
the temperate phage group TP-936-1, but only in phage TP-C10 of the temperate TP-40-3 group. 

Restriction enzyme analysis of phage DNA and host range patterns are not suitable for 
establishing a taxonomic system of bacteriophages of L. lactis. For example, phages of the POOl 
group, which exclusively infect L. lactis subsp. lactis or L. lactis subsp. cremoris strains and 
showed different restriction profiles, revealed strong DNA homology. Presumably, host- 
induced modifications of the phage DNA change the restriction endonuclease patterns, as found 
by Daly & Fitzgerald (1982). Prolate-headed phages propagated on the same host exhibited very 
similar or even identical restriction endonuclease patterns. This confirmed the strong DNA 
homology of these phages. 

As previously reported, DNAs of some lactococcal bacteriophages are highly resistant to 
cleavage by many restriction endonucleases (Coveney et al., 1987; Jarvis & Meyer, 1986; Powell 
& Davidson, 1986). This effect was also found in our experiments. However, no modified bases 
could be detected in a DNA base analysis of the prolate-headed type phage POOl by high 
performance liquid chromatography. Thus a paucity of cleavage sites of some lactococcal 
bacteriophage DNAs is the reason for the bias of these DNAs against cleavage by a number of 
restriction endonucleases. In accordance with Powell & Davidson (1986) we suggest that this 
effect is an evolutionary response of these phages to restriction-modification systems of their 
bacterial hosts. 

Some of the bacteriophage types defined in this publication [Pool, P008, P270 (a phage of the 

P335 type), P369, P1091 have already been deposited in the reference collection of Dr H.-W. 
Ackermann (Facultk de medicine, Departement de microbiologie, CitC Universitaire, QuCbec, 
Canada) and are therefore freely accessible for the scientific community. 
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