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The mechanism of the initial steps of bacteriophage infection in Lactococcus lactis subsp. lactis C2 was
investigated by using phages c2, mi3, kh, 1, h, 5, and 13. All seven phages adsorbed to the same sites on the host
cell wall that are composed, in part, of rhamnose. This was suggested by rhamnose inhibition of phage
adsorption to cells, competition between phage c2 and the other phages for adsorption to cells, and rhamnose
inhibition of lysis of phage-inoculated cultures. The adsorption to the cell wall was found to be reversible upon
dilution of the cell wall-adsorbed phage. In a reaction step that apparently follows adsorption to the cell wall,
all seven phages adsorbed to a host membrane protein named PIP. This was indicated by the inability of all
seven phages to infect a strain selected for resistance to phage c2 and known to have a defective PIP protein.
All seven phages were inactivated in vitro by membranes from wild-type cells but not by membranes from the
PIP-defective, phage c2-resistant strain. The mechanism of membrane inactivation was an irreversible
adsorption of the phage to PIP, as indicated by adsorption of [>**S]methionine-labeled phage c2 to purified
membranes from phage-sensitive cells but not to membranes from the resistant strain, elimination of
adsorption by pretreatment of the membranes with proteinase K, and lack of dissociation of **S from the
membranes upon dilution. Following membrane adsorption, ejection of phage DNA occurred rapidly at 30°C
but not at 4°C. These results suggest that many lactococcal phages adsorb initially to the cell wall and
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subsequently to host cell membrane protein PIP, which leads to ejection of the phage genome.

Lactococcus lactis is required for fermentation of milk
during the manufacturing of many types of cheese. Because
bacteriophage contamination of milk causes failures of the
fermentation process, a considerable effort has been made to
improve starter cultures of L. lactis by isolating bacteriophage-
résistant strains. The defensive strategies employed by L. lactis
against bacteriophage attack have generated much interest and
include restriction and modification (2, 4, 8, 30), abortive
infection (9, 13, 16, 20), blocking of phage adsorption (18,
31-33), loss of the cell surface phage receptor (7, 35), and
alterations of plasma membrane components required for
phage infection (36). ,

Research in our laboratory has focused on the interactions
between phages and the lactococcal cell surface and mecha-
nisms of phage resistance that affect them. Like other gram-
positive bacteria, L. lactis adsorbs phage to the carbohydrates
of its cell wall (11, 24, 33, 35, 37). A subsequent interaction
between the phage or the phage DNA and the plasma mem-
brane of the host cell is inferred, because the phage DNA must
translocate across the plasmd membrane for an infection to
occur. In fact, interactions between the lactococcal plasma
membrane and phages have been demonstrated by inactivating
phage with plasma membranes in vitro (23, 36). However, the
specific nature of the interactions has not been defined and
they may involve irreversible adsorption, release of phage
DNA from the phage particle, or both. In a related lactic acid
bacterium, Lactobacillus casei, phage DNA penetration of the
plasma membrane is dependent on cellular energy (40) and
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extracellular calcium (39) but little more is known about this
reaction required for phage infection.

Recently, a gene (pip) from L. lactis that is required for
phage infection and apparently codes for a membrane protein
has been cloned and sequenced (6). Membranes from pip
mutants do not inactivate phage in vitro, whereas membranes
from wild-type cells do. The role of the pip gene product in
phage infection is unknown.

Here we report that seven lactococcal phages adsorbed
initially to the same cell wall carbohydrate receptors and
subsequently to the same membrane protein encoded by the
pip gene. Adsorption of phage to the pip gene product was
required for temperature-dependent ejection of phage DNA
from the phage particle.

MATERIALS AND METHODS

Bacterial strains, phages, medium, and plaque assay. L.
lactis subsp. lactis C2 and its phage-resistant derivative
RMC2/4 (36) were grown and maintained on M17 medium
(34), supplemented with 0.5% glucose (M17G), at 30°C. SLSD
and SLI1C media were used for growing cultures in the
preparation of [?H]thymidine-labeled phage c2 (26). Lactococ-
cal bacteriophages were prepared from single plaques and
plaque assayed as previously described (34). Phages were
stored in M17 medium containing 20% glycerol at —70°C.

Monosaccharide inhibition of phage infection. Either a-L-
(+)-rhamnose, a-p-(+)-glucose, p-(+)-galactose, or N-acetyl-
glucosamine was added to an exponential-phase culture (opti-
cal density at 600 nm [ODg], 0.1) to a final concentration of
0.5 M. CaCl, (15 mM) and phage (10° PFU/ml) were imme-
diately added to the cultures. Control cultures for each sugar
received only the saccharide, while another control received
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only phage and CaCl,. Growth was determined by measuring
ODgy,- Readings were taken every 30 min until the control
tube had completely lysed.

Monosaccharide inhibition of adsorption. The monosaccha-
rides (0.5 M) listed in the previous paragraph were separately
mixed with each of the phages used (10° PFU/ml) (see Table 1
for a list of the phages used) in 100 mM bis(2-hydroxyethyl)
imino-tris(hydroxymethyl)methane-HCl (BisTris; pH 6.8)-20
mM CaCl,. The mixtures were incubated at 0°C for 1 h. A
stationary-phase culture of L. lactis subsp. lactis C2 was mixed
with 9 volumes of the phage-saccharide mixture and agitated at
4°C for 1 h. The cells were a stationary-phase culture that was
diluted in 100 mM BisTris (pH 6.8) to 10° CFU/ml (determined
by plate count) and stored at —70°C. The mixtures were centri-
fuged at 14,000 X g for 5 min at 4°C, and the supernatant was
assayed for plaques. Percent phage adsorption was calculated by
dividing the titer of the supernatant after centrifugation by the
phage titer in the control tube containing no cells. This number
was then multiplied by 100 to get the percent adsorption. Percent
inhibition by monosaccharides was determined by subtracting the
percent adsorption in the presence of a monosaccharide from the
percent adsorption with no added monosaccharide. Additional
controls consisting of phage in the absence of cells, with and
without monosaccharides, were included to monitor phage via-
bility throughout the reaction. Less than 2% of the control PFU
were lost during a typical 1-h incubation.

Unlabeled phage inhibition of >*S-labeled phage c2 adsorp-
tion. Nonradiolabeled phages (1.5 X 10® PFU) were mixed on
ice with 3 X 107 PFU of **S-labeled phage c2 in 90 ul of 100
mM BisTris (pH 6.8)-10 mM CaCl,. Washed cells (10° CFU in
10 wl of 100 mM BisTris [pH 6.8]) were added, and the mixture
was incubated for 16 h at 4°C with gentle shaking. This amount
of cells was determined from previous experiments to adsorb
about 20% of the radiolabeled phage in the absence of
competing, nonradiolabeled phage. The mixtures were centri-
fuged at 14,000 X g for 5 min at 4°C. The supernatant and
pellet were separated and counted in a liquid scintillation
counter. In a control reaction without cells, the background
adsorption measured was 7.5% of the total counts added, and
this was subtracted from the other samples.

Preparation of cell walls and phage adsorption assay. Cell
walls were prepared as previously described (35), and total
carbohydrate content was quantified (3). Phage (10° PFU/ml)
was mixed with cell walls (0.96 mg/ml) in 100 mM BisTris (pH
6.8) and diluted 1:1 with M17G plus 20 mM CaCl,. The
mixture was agitated at 4°C for 1 h, and half of the mixture was
centrifuged at 14,000 X g for 5 min. Both the supernatant and
the mixture that had not been centrifuged were diluted 1073,
and the phage titer was determined. A control in which phage
without cell walls was incubated under the same conditions was
used to monitor for any loss of PFU unrelated to adsorption.
Percent adsorption was calculated as stated above for
monosaccharide inhibition.

Preparation of [>**S]methionine-labeled phage c2. Labeled
phage was prepared by a modification of the procedure of Kim
and Batt (12). L. lactis subsp. lactis C2 was grown in M17G
medium at 30°C to an ODg, of 0.3. A 1-ml culture volume was
transferred to a microcentrifuge tube containing 0.5 mCi of
[**S]methionine. CaCl, (10 mM) and phage c2 (multiplicity of
infection, 5) were immediately added to the culture, which was
allowed to lyse at 30°C for 2 h. The lysate was centrifuged at
14,000 X g for 5 min at 4°C to remove cell debris. Phage in the
supernatant was purified by polyethylene glycol precipitation
and CsCl gradient centrifugation (29) with a 1.4-g/ml contin-
uous gradient. The gradient was fractionated into 250-pl
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aliquots. Each fraction was titrated for phage and counted in a
liquid scintillation counter. The fraction with the highest titer
and radioactivity was dialyzed in buffer containing 10 mM
BisTris (pH 6.8), 10 mM MgSO,, and 20% glycerol. Phage was
analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (22) and fluorography (17). Major bands were seen
at both 169 and 85 kDa. Several other, minor bands were also
present. The positions of all of the bands were similar to those
previously reported (25).

Preparation of cell membranes and adsorption of phage.
Cytoplasmic membranes were prepared as previously de-
scribed (36). Briefly, cells were lysed with lysozyme and the
membranes were isolated by differential centrifugation. The
membranes were purified further on a two-step sucrose gradi-
ent (0.5 and 1.5 M sucrose in 100 mM BisTris [pH 6.8]) by
centrifugation in an SW 41 rotor (Beckman Instruments) at
160,000 X g for 3 h. Membrane total phosphate contents were
quantified (1).

[>*S]methionine-labeled phage c2 (107 PFU/ml and 10*
cpm/ml) was mixed at 4°C with either wild-type strain C2
membranes (1.12 mg of phospholipid per ml) or an equal
amount of membranes from phage-resistant mutant RMC2/4
in 100 mM BisTris (pH 6.8). The mixture was diluted 1:1 with
M17G plus 20 mM CaCl,, agitated at 4°C for 1 h, and
centrifuged at 14,000 X g for 5 min at 4°C. The membrane
pellet and supernatant were counted separately in a liquid
scintillation counter. Membrane-bound radioactivity was di-
vided by the sum of the radioactivity in the supernatant and
pellet and multiplied by 100 to calculate the percent phage
adsorption. Percent inactivation (see Table 4) was calculated
by dividing the titer of the supernatant after the 1-h incubation
by the titer of the mixture before addition of the membranes
and multiplying by 100.

The specific activity of the membranes was determined by
mixing 2 X 10% to 1.5 X 10® PFU of phage with 0.12 pg of
membranes in 100 pl of 100 mM BisTris (pH 6.8). The
mixtures were incubated for 16 h at 4°C with shaking and
centrifuged at 14,000 X g for 5 min at 4°C. Further incubation
did not increase the amount of phage inactivation. The phage
titer of the supernatant was determined by plaque assay, and
the amount of bound phage was calculated by subtracting the
titer after incubation from that of a control reaction without
membranes.

Determination of reversibility of adsorption. Phage and
membranes were mixed as described in the previous section,
and aliquots of the mixture were taken at 0, 1, 5, 15, 30, and 60
min. The aliquots were immediately diluted into M17G at 0°C,
and the phage titer was determined. In addition, half of each
aliquot was centrifuged at 12,000 X g for 5 min at 4°C and the
phage titer of the supernatant was determined. In separate
experiments, the length of time between dilution and plating
was varied from 5 min to 1 h, but this was found to have no
effect. Because the time it took to precipitate 99% of our
membranes under our assay conditions was 5 min, it was
important to determine if a significant amount of inactivation
occurred during centrifugation. In separate experiments, the
time of centrifugation was shortened to 0.5 min and the force
was increased to 150,000 X g at 4°C in an air-driven ultracen-
trifuge (Airfuge; Beckman Instruments). The difference in
centrifugation time had no effect on the results.

Membrane treatment with mutanolysin and proteinase K.
Membranes were treated as previously described (36), except
that the concentration of mutanolysin (Sigma) was 40 U/ml
and that of proteinase K (Boehringer Mannheim) was 0.5
mg/ml. The treated membranes (0.12 ng) were mixed with
[3*S]methionine-labeled phage c2 (10° PFU and 10° cpm) in 50
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pl of 100 mM BisTris (pH 6.8) and then immediately diluted
with 50 pl of M17G plus 20 mM CaCl,. The mixture was
agitated at 4°C for 1 h and then centrifuged at 14,000 X g for
5 min. The pellet and supernatant were separated and analyzed
by liquid scintillation counting. The change in adsorption as a
result of the treatments was calculated by subtracting the
percent adsorbed radioactivity on the treated membranes from
that of the untreated membranes.

Preparation of [°H]thymidine-labeled phage c2. Labeled
phage c2 was 3prepared as previously described (26), except
that 8 mCi of ["H]thymidine per ml was used. After addition of
phage (10 PFU/ml; multiplicity of infection, 2), the medium
was supplemented with 3.5 mCi of [*H]thymidine per ml. The
phage was further purified as described above for the *°S-
labeled phage.

[*H]thymidine-labeled phage c2 adsorption to membranes
and DNA ejection. [*H]thymidine-labeled phage c2 (10®
PFU/ml and 1.5 X 10* cpm/ml) was mixed with wild-type
membranes (1.12 mg/ml) in 100 mM BisTris (pH 6.8) and
diluted 1:1 with M17G plus 20 mM CaCl,. The mixture was
agitated for 30 min at 4°C, and aliquots were taken at 1, 5, 15,
and 30 min. The reaction tube was transferred to a 30°C shaker
for 60 min, and aliquots were taken at 1, 5, 15, 30, and 60 min
after the temperature shift. The aliquots were centrifuged at
14,000 X g for 5 min at 4°C, and the pellet and supernatant
were quantified separately in a scintillation counter. The
supernatants were also titrated for phage at each time point to
monitor the percent phage inactivation. In a separate but
similar reaction, [**S]methionine-labeled phage c2 was used
instead to measure the location of the phage proteins under
the same reaction conditions.

Nuclease degradation of ejected DNA. The >H released from
the membrane-adsorbed phage at 30°C was analyzed by nucle-
ase digestion as previously described (19). Reactions identical
to those described in the previous section were incubated at
30°C for 1 h without prior incubation at 4°C, and the pellets
and supernatants were separated by centrifugation. The super-
natant was treated with 0, 10, or 50 pg of snake venom
phosphodiesterase I (Sigma Chemical Co.) per ml plus 0, 20, or
100 ug of bovine pancreatic DNase I (Sigma Chemical Co.)
per ml and 20 mM MgCl, for 3 h at 15°C. At 0, 1, and 3 h, the
treated aliquots were precipitated with 10% trichloroacetic
acid (TCA) for 1 h at 0°C. The TCA precipitations were then
centrifuged at 14,000 X g for 10 min at 4°C. The pellet and
supernatant were quantified in a liquid scintillation counter. A
control reaction without membranes was analyzed in an iden-
tical procedure.

RESULTS

Initial absorption of phage is to the cell wall carbohydrate.
To show that phage c2 and six other phages (ml3, kh, 1, h, 13,
and 5) that infect L. lactis subsp. lactis C2 adsorb to the
carbohydrates of the cell wall in a manner similar to other
previously characterized phages and hosts, a competitive inhi-
bition assay was employed. Monosaccharides that compose the
cell wall of this strain (35) were mixed with cells and phage,
and the amount of adsorption was determined (Table 1).
Rhamnose inhibited adsorption of all seven phages from 64 to
85%. Glucose, galactose, and N-acetylglucosamine inhibited
the adsorption of all of the phages to lesser extents than
rhamnose. These results are consistent with the suggestion that
the cell wall, and specifically the rhamnose moieties, acts as an
adsorption site for the seven phages tested. This is similar to
the adsorption of other lactococcal phages (11, 35, 37).

To ascertain further the role of the cell wall carbohydrates in
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TABLE 1. Competitive inhibition of phage adsorption
by monosaccharides®

Mean % inhibition + SD of phage adsorption by:

Phage
Rhamnose Glucose Galactose N-Acetylglucosamine

c2 70 £ 1.4 48 + 18 34 +£19 22+28

mi3 68 £ 16 27 £ 26 16 £ 19 11£35

kh 69+ 1.4 40 * 39 22+19 14 x28

1 71x76 65 +£9.0 64 + 26 14+0

13 64 £9.5 48 £ 10 37+ 14 8+14

5 86 + 3.6 62+ 19 25+13 70

h 6529 51*x11 57+85 2+14

2 Each monosaccharide was tested at a concentration of 500 mM.

phage adsorption, different monosaccharides were added to
exponential-phase cultures immediately before their infection
with phage. Growth was determined by measuring ODy,. For
phages c2 and kh, rhamnose significantly delayed or prevented
lysis for at least 2 h (Fig. 1). Glucose, galactose, or N-
acetylglucosamine did not delay lysis, and addition of sugars
had no effect on the growth of uninfected cultures (data not
shown). Nearly identical results were obtained with phages
ml3, 1, h, 13, and 5 (data not shown). These results suggest that
rhamnose is a major component of the receptor on the cell
wall, while glucose and galactose may play lesser roles.
Phages inhibit adsorption of phage c2. Because the adsorp-
tion sites for each of the phages tested appear to have the same
characteristics, it was important to determine if the sites are
identical. Each phage was tested for the ability to inhibit
adsorption of **S-labeled phage c2. A fivefold excess of each of
the seven unlabeled phages was mixed separately with a
constant amount of radiolabeled phage c2. The phage mixtures
were incubated with a limiting amount of cells. Following
incubation, the cell-adsorbed material was isolated by centrif-
ugation and the amount of radiolabel in the pellet and

OD 600 nm

0.0

v 1] v T v L]
o 100 200 300
Time (min)

FIG. 1. Effects of L-(+)-rhamnose on the growth of phage-infected
liquid cultures. Mid-exponential-phase cultures of L. lactis subsp. lactis
C2 supplemented with CaCl, were mixed with 0.5 M rhamnose (A),
phage c2 and rhamnose (@), phage c2 (O), phage kh and rhamnose
(M), and phage kh (O0). Growth was determined by measuring ODgy,
for 5 h. Each point represents the average of two or three experiments.
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TABLE 2. Inhibition of adsorption of 33S-labeled phage c2 to cells
by unlabeled phages

Mean % inhibition * SD of

LACTOCOCCAL PHAGE INFECTION 3207

TABLE 3. Inactivation of phages by wild-type (C2) and phage-
resistant (RMC2/4) membranes

Unl:abe‘lled 35-labeled phage c2 Phage Mean % * SD of total PFU inactivated by:
phage adsorption C2 membranes” RMC2/4 membranes”
None 0 2 90 + 4.2 10=+85
c2 100+ 0 ml3 86 * 6.4 4*35
mi3 104 = 19 kh 79 + 7.6 8+ 2.1
kh 102+ 4 1 70 + 1.4 14 21
1 104 = 19 13 81 +0.0 14 £28
h 66 * 1 5 82+21 14 = 14
13 534 h 72+ 16 10 = 15
5 98 + 11

“ A fivefold excess of unlabeled phage was added.
b Each percent inhibition value was calculated as a percent reduction in
adsorption from the sample without added unlabeled phage.

supernatant was determined. The results (Table 2) show that
each of the unlabeled phages, except phages h and 13, which
were not as inhibitory, nearly eliminated phage c2 adsorption.
This suggests that all of the phages tested, except perhaps
phages h and 13, adsorb to the same sites.

Initial adsorption to the cell wall is a reversible process.
Each of the seven phages was mixed separately with purified
cell walls to determine whether adsorption was irreversible and
caused inactivation of the phages. Initially, 85 to 98% of each
phage was adsorbed to the cell walls at 4°C. The adsorbed
phage-cell wall suspensions were then diluted and titrated for
phage. For phages c2, ml3, kh, 1, h, 13, and 5, the percentages
of reversible adsorption were 97, 99, 88, 100, 98, 81, and 99%,
respectively.

To test if the incubation temperature had an effect on the
reversibility of adsorption, a suspension of phage c2-adsorbed
cell wall was warmed from 4 to 30°C before being diluted and
titrated for phage. The result was that 103% of the phage was
reversibly adsorbed. These results show that adsorption to the
cell wall is a reversible process that does not inactivate these
phages and, at least for phage c2, is not affected by tempera-
ture in the range from 4 to 30°C.

Phages share a mechanistic requirement for a host cell
membrane component. It was previously found that a host cell
plasma membrane protein is required for phage c2 infection
(36). This can be measured in vitro by mixing phage and
purified plasma membrane, which inactivates the phage. The
membrane requirement for phage infection was inferred from
results that showed no in vitro inactivation of phage by
membranes from phage-resistant mutant RMC2/4. To test if
phages kh, mli3, 1, h, 13, and 5 have the same requirement as
phage c2 for infection, first the efficiency of plating of each
phage on RMC2/4 was determined. For each phage, high titers
(>10'° PFU/ml) were grown on wild-type strain C2 but no
plaques were formed on RMC2/4, indicating an efficiency of
plating of <10~° for each. Second, purified membranes from
the wild-type and strain RMC2/4 were mixed and incubated
with the seven different phages. Wild-type membranes inacti-
vated each phage, whereas RMC2/4 membranes did not (Table
3). These results suggest that for infection, all of the seven
phages tested have a requirement for the same host cell
membrane component, which is apparently defective in
RMC2/4 and which we named PIP (an acronym for phage
infection protein).

Interaction of phage with the plasma membrane involves
adsorption to a membrane protein. To determine whether the
inactivation involved adsorption of the phage to the mem-
brane, [>*S]methionine-labeled phage c2 was mixed and incu-

2 The membrane concentration used was 1.12 mg of phospholipid per ml.

bated with purified host plasma membranes and the mem-
branes were precipitated by centrifugation. Nearly all (87%) of
the radiolabeled phage was found in the membrane pellet
(Table 4). A corresponding amount of PFU (98%) was also
adsorbed. The small difference between adsorbed radiolabeled
phage and adsorbed PFU is probably the amount of noninfec-
tious (damaged) phage particles in the phage preparation (28)
which could not adsorb to the membrane protein. This shows
that membranes adsorb phage.

The composition of the membrane adsorption site was
investigated by treating the membranes with proteinase K.
After inactivation of the proteinase K with phenylmethylsulfo-
nyl fluoride, the level of phage adsorption was measured and
found to be 18% of that of the control without membranes
(Table 4). Membranes treated with mutanolysin (an N-acetyl-
muramidase; 14), which hydrolyzes the lactococcal cell wall
and destroys the cell wall adsorption site for phage c2 (36),
adsorbed 84% of the phage. A control reaction using the same
concentration of mutanolysin and purified cell walls lowered
phage adsorption to cell walls from 81 to 28%. Additionally,
when rhamnose was included in the adsorption mixture, there
was no decrease in adsorption of the phage to the membranes.
These results suggest that phage c2 adsorbs to a membrane
protein or proteins, and this cannot be due to contaminating
cell walls in the membrane preparation.

Although membranes from RMC2/4 do not inactivate phage
c2 as do wild-type membranes (36), it was not known if they
adsorb phage c2. Therefore, radiolabeled phage c2 was mixed
with an equal amount (compared to the wild-type membranes
used in the experiment described above) of membranes from
RMC2/4. The results (Table 4) show that RMC2/4 membranes
did not adsorb or inactivate phage. These results demonstrate
that PIP is responsible for the adsorption of phage c2 to
wild-type membranes.

TABLE 4. Adsorption of **S-labeled phage c2 to plasma
membranes in vitro

Mean % * SD of:

Membrane source Treatment
Phage adsorbed® PFU inactivated
C2 None 87 £ 3.6 98 + 2.0
Proteinase K 18 42 12+13
Mutanolysin 84 +0 98 = 0.7
RMC2/4 None 11 +42 8*50
Proteinase K ND? ND
Mutanolysin ND ND

2 Determined by liquid scintillation counting.
5 ND, not determined.
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FIG. 2. Irreversible adsorption of phage to membranes. Phage c2
was mixed with wild-type membranes and CaCl,. The mixture was
incubated at 4°C for 1 h. Aliquots were removed at the times indicated
and analyzed for reversibly and irreversibly adsorbed PFU. Total
(reversibly plus irreversibly) adsorbed PFU (O), irreversibly adsorbed
PFU (H), and phage without membranes (O) were measured. Each
point represents the average of two experiments. Each experiment was
done in duplicate.

Membrane adsorption is irreversible, The correlation be-
tween inactivation and adsorption suggested that an irrevers-
ible reaction between phage and membranes had occurred.
The reversibility of membrane adsorption was tested by mixing
phage c2 with membranes and analyzing samples after differ-
ent times of incubation. Half of each sample at each time point
was centrifuged to remove the membranes and any adsorbed
phage. The other half was not centrifuged but immediately
diluted 1,000-fold. The supernatant from the centrifuged half
sample was diluted, and the phage titers of both diluted half
samples were determined. Care was taken to maintain the
samples and dilutions at 4°C until they were plated and avoid
any temperature-dependent reactions (see below). The ad-
sorption kinetics showed a typical exponential rate (Fig. 2).
Within the first minute of incubation, more than half of the
phage was adsorbed and about half of the adsorbed phage was
irreversibly bound. By 5 min, more of the phage was adsorbed
but the difference between the total and irreversibly adsorbed
phage was smaller than at 1 min. After 15 min, nearly all of the
phage was irreversibly adsorbed. This pattern of adsorption, in
which the difference between the total and irreversibly bound
phage was greatest at 1 min and essentially zero by 15 min, was
reproducible, despite the fact that the absolute values at the
1-min time point differed by as much as 40% between exper-
iments. Neither increasing the time of incubation after dilution
from 15 min to 1 h nor reducing the centrifugation time (from
4 min to 30 s) while increasing the force of the centrifugation
(from 12,000 to 150,000 X g) had any effect on the results. This
shows that phage adsorption to the membranes is initially
reversible but becomes irreversible within 15 min.

Specific activity of membrane inactivation of phage. A
constant amount of membrane was incubated with various
amounts of phage c2, and the amount of phage that was
inactivated was determined by plaque assay. The results (Fig.
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FIG. 3. Saturation of membrane adsorption sites. Various concen-
trations of phage c2 were mixed with wild-type membranes. The
mixtures were incubated at 4°C for 1 h and centrifuged to remove the
membrane-adsorbed phage. The titer of the supernatants were deter-
mined before and after incubation, and the amounts of adsorbed
phage (O) were calculated by subtraction. Each point is the average of
two experiments. Each experiment was done in duplicate.

3) show that the maximum amount of inactivation was 1.2 X
10® phage per pg of phospholipid.

Ejection of phage DNA is a temperature-dependent process.
The irreversibility of phage adsorption to the plasma mem-
brane suggested that either the association constant was high
or a subsequent, irreversible step in the infection process had
occurred, making desorption of an infectious phage impossi-
ble. To investigate these possibilities, [*H]thymidine-labeled
phage c2 was prepared and mixed with wild-type membranes.
During 1 h of incubation at 4°C, the amount of >H associated
with the membranes increased rapidly, to about 50% within the
first 5 min, and asymptotically approached about 80% adsorp-
tion by 1 h (data not shown). However, when the incubation
temperature was 30°C, the results were entirely different (Fig.
4). The amount of membrane-associated >H steadily decreased
by about half between 5 min and 1 h. In a similar reaction
mixture that contained [**S]methionine-labeled phage, the 35S
associated with the membranes increased with time. During
the 30°C incubation, the amount of PFU not associated with
the membranes decreased to nearly 0% by 1 h. The data
suggest that phage DNA was ejected from the adsorbed phage
particles while the phage proteins remained associated with
the membrane.

The kinetics of the apparent temperature-dependent release
of the phage DNA from adsorbed pha%e particles was inves-
tigated further. [*H]thymidine- and [*S]methionine-labeled
phage preparations were incubated separately at 4°C with
purified membranes. After 30 min, the reactions were rapidly
warmed to 30°C. At different time points, aliquots were
centrifuged and analyzed for membrane-associated *H and *°S
and for PFU not associated with membranes. The results (Fig.
5) show that at 4°C both *H- and 3°S-labeled phage c2 rapidly
associated with the membranes in nearly identical manners.
Adsorption of both *H- and 3°S-labeled phage c2 increased
with time at 4°C, asymptotically approaching maximal adsorp-
tion (80%) by about 30 min. Upon a shift to 30°C, about
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FIG. 4. Adsorption of phage to membranes at 30°C. [*H]thymi-
dine- and [**S]methionine-labeled phage c2 were mixed separately
with wild-type membranes and CaCl, and incubated at 30°C. The
membrane-adsorbed radioactivity, >’H (@) and >°S (M), was deter-
mined at the times indicated. Percent PFU inactivation was also
determined at each time point for the reactions containing [*H]thymi-
dine (O)- and [**S]methionine (OJ)-labeled phage. Each point repre-
sents the average of two experiments. Each experiment was done in
duplicate.

one-fourth of the phage DNA dissociated from the membranes
within 1 min whereas the phage proteins remained adsorbed.
Following the initial, rapid release of DNA, one-fourth of the
phage DNA dissociated during the ensuing 60 min while all of
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FIG. 5. Effects of a temperature shift from 4 to 30°C on membrane-
adsorbed phage. [’H]thymidine- and [**S]methionine-labeled phage c2
were mixed separately with wild-type membranes and CaCl,. The
mixture was incubated at 4°C for 30 min, the temperature was shifted
to 30°C, and the mixture was incubated for 1 h. Aliquots were removed
at the times indicated, and the percentages of membrane-adsorbed
radioactivity, >H (@) and >°S (M), were determined. Percent PFU
inactivation was also determined at each time point for the reaction
mixtures containing [*H]thymidine (O)- and [**S]methionine (O)-
labeled phage. Each point represents the average of two experiments.
Each experiment was done in duplicate.
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FIG. 6. Nuclease degradation of DNA released from the mem-
brane-adsorbed phage. [*H]thymidine-labeled phage c2 was mixed
with (B, A) and without (O, 0, A) wild-type membranes and CaCl,.
The mixtures were incubated at 30°C for 1 h and centrifuged. The
supernatants were removed and treated at 15°C with 10 pg of
phosphodiesterase I per ml and 20 pg of DNase I per ml (M, O) or 50
ng of phosphodiesterase I per ml and 100 pg of DNase I per ml (A, A)
for 0, 1, and 3 h. The amount of TCA-soluble *H in each digest was
determined. Each point represents the average of two experiments.

the phage proteins remained adsorbed. In both reactions, the
PFU were similarly inactivated and were not released from the
membranes upon the shift to 30°C. These results suggest that
at 30°C, but not at 4°C, membrane-adsorbed phage eject their
DNA from the phage particle.

The tritiated material that dissociated from the membranes
was high-molecular-weight DNA that was exposed to the
aqueous solution. This was evident when DNase and phos-
phodiesterase I were added to the membrane-dissociated
material (Fig. 6). The DNase and phosphodiesterase I con-
verted about half of the membrane-dissociated, >H-labeled
material from TCA precipitable to TCA soluble. The *H-
labeled material in intact phage remained nearly all TCA
precipitable after an identical treatment with the enzymes.
Increasing the concentration of the two enzymes resulted in
nearly total degradation of the *H-labeled, membrane dissoci-
ated material but had little effect on intact phage. These results
suggest that the *H-labeled material is high-molecular-weight
phage DNA and that the phage DNA is released from the
phage particle into the aqueous medium upon interaction with
the plasma membrane at 30°C.

DISCUSSION

The results indicate that phages requiring pip are not
unusual in their adsorption mechanism but adsorb initially to
the cell wall carbohydrates and not to the cell membrane.
Competitive-inhibition experiments between phages and dif-
ferent monosaccharides suggest that phages c2, mi3, kh, 1, h, 5,
and 13 adsorb to rhamnose moieties on the cell wall of L. lactis
subsp. lactis C2 (Table 1). The lower amount of inhibition by
glucose and galactose suggests that the adsorption sites also
include, or are influenced by, glucose and galactose moieties,
but to a lesser extent than rhamnose. Therefore, the initial
adsorption of these phages is similar to that of phage skl to the
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same strain (37) and that of phage kh to L. lactis subsp.
cremoris KH (35). Similar results have been reported for the
adsorption of phages to another lactic acid bacterium, L. casei
(38, 42). The adsorption to the lactococcal cell wall was found
to be fully reversible and temperature independent for each of
the phages tested.

Unlabeled phages inhibited adsorption of radiolabeled
phage c2 (Table 2), suggesting that all seven of the phages
tested adsorb to the same cell wall receptor. However, phages
h and 13 were not as inhibitory as the other phages and may
not adsorb to the same sites as the other five. Because two of
the phages did not inhibit phage c2 adsorption to the same
extent as the other phages, this suggests that the inhibition by
phages c2, ml3, kh, 1, and 5 was competitive and not merely the
result of steric interference.

Productive phage infections of L. lactis require that the
phage adsorb to both the cell wall carbohydrates and the
plasma membrane of the host. However, the initial site of
phage attachment is the cell wall carbohydrates. This is evident
because (i) rhamnose and, to a lesser extent, other monosac-
charides that compose the cell wall of L. lactis inhibit adsorp-
tion of phages to host cells (37; this work; Table 1), (ii)
lactococcal phages adsorb specifically to purified cell walls of
their hosts (11, 35, 37), and (iii) addition of rhamnose to a
growing culture inhibits phage infection (35, 37; this work; Fig.
1). We infer from this that adsorption to the membranes occurs
after adsorption to the cell wall.

All of the phages examined have similar mechanisms of
infection that require PIP, because none of the examined
phages infected RMC2/4 (a strain that has a defective PIP
protein). In vitro experiments (Table 3) with purified mem-
branes confirmed the requirement of each phage for PIP. The
specific activity of the membrane inactivation of phage c2 was
measured (Fig. 3) and found to be 1.2 X 10® phage per g of
phospholipid, which is about 2 orders of magnitude higher
than that reported for membranes from another strain of L.
lactis (24). We previously reported (36) that phage kh was not
inactivated by wild-type C2 membranes in vitro, but additional
experiments (Table 3) with more highly purified membranes
(contaminating cell walls were removed) indicate that this is so.

Fig. 2 and 5 show that irreversible phage adsorption occurs
at 4°C not as a result of phage DNA ejection from the phage
particle but as a result of an interaction between the phage and
the membrane that occurs before DNA ejection. A high
thermodynamic association constant between phage and PIP is
consistent with our results. However, other explanations are
possible, such as a conformational change in the phage struc-
ture upon interaction with the membrane or ejection of a part
of the genome without full release from the capsid. Examples
of the latter mechanisms are known to occur with coliphage
$X174 (10, 21).

While PIP is clearly involved in phage adsorption to the
membrane, it is not known if PIP plays a direct role in
triggering the ejection of phage DNA. Perhaps other mem-
brane and phage components are required for ejection, such as
(i) the 32-kDa membrane protein important for inactivation of
phage c2 by membranes of L. lactis (36) or (ii) the phospho-
lipids. We speculate that the temperature effect is related to
the fluidity of the membrane, which in turn may influence the
interaction between the phage and the host cell components
required for phage DNA ejection and entry into the cell.

The phage DNA released at 30°C from the membrane-
adsorbed phage was not associated with the membranes, and
the release did not require ATP or the proton motive force. If
the mechanism of phage DNA translocation across the plasma
membrane is to be accurately reproduced in vitro, the ejected
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phage DNA should traverse the membrane. However, the
DNA translocation step is known to require the proton motive
force in intact cells (15, 40), and without it, the DNA is only
partially released from the phage capsule. Moreover, in vitro
interactions between coliphages and their receptors in the
absence of the proton motive force result in ejection of phage
DNA free into the medium (5, 27, 28, 41). Experiments are
under way to test the effects of energy on phage DNA
translocation across the lactococcal plasma membrane.

By identifying and understanding the different ways that L.
lactis naturally avoids phage infection, molecular biological
strategies may be employed to introduce these mechanisms
into a variety of commercially important strains. Of all of the
genes identified from L. lactis that are capable of conferring
phage resistance, pip is the only chromosomal gene (the rest
are from plasmids). The advantage to this is that pip mutants
are stably maintained without constant selection pressure.
Thus, in vitro-mutated copies of pip could be introduced into
the chromosome of wild-type hosts by homologous recombi-
nation and used to replace wild-type pip without the need to
maintain recombinant plasmids or selectable markers in a food
grade organism. Such pip-replaced strains are currently being
constructed.

ACKNOWLEDGMENTS

We thank Richard Ivey, Janine Trempy, and Peter Bottomley for
helpful discussion and advice.

This work was supported by a grant (to B.L.G.) from the National
Dairy Promotion and Research Board. We also thank the N. L. Tartar
Fellowship for additional funding.

REFERENCES

1. Ames, B. N. 1966. Assay of inorganic phosphate, total phosphate
and phosphatases. Methods Enzymol. 8:115-118.

2. Chopin, A., M. C. Chopin, A. Moillo-Batt, and P. Langella. 1984.
Two plasmid-determined restriction and modification systems in
Streptococcus lactis. Plasmid 11:260-263.

3. Dubois, M., K. A. Gilles, J. K. Hamilton, P. A. Rebers, and F.
Smith. 1956. Colorimetric method for determination of sugars and
related substances. Anal. Chem. 28:350-356.

4. Froseth, B. R., S. K. Harlander, and L. L. McKay. 1988. Plasmid-
mediated reduced phage sensitivity in Streptococcus lactis KRS. J.
Dairy Sci. 71:275-284.

5. Furukawa, H., and S. Mizushima. 1982. Roles of cell surface
components of Escherichia coli K-12 in bacteriophage T4 infec-
tion: interaction of tail core with phospholipids. J. Bacteriol.
150:916-924.

6. Geller, B., R. G. Ivey, J. E. " zempy, and B. Hettinger-Smith. 1993.
Cloning of a chromosomal gene required for phage infection of
Lactococcus lactis subsp. lactis C2. J. Bacteriol. 175:5510-5519.

7. Gopal, P. K., and V. L. Crow. 1993. Characterization of loosely
associated material from the cell surface of Lactococcus lactis
subsp. cremoris E8 and its phage-resistant variant strain 398. Appl.
Environ. Microbiol. 5§9:3177-3182.

8. Higgins, D. L., R. B. Sanozky-Dawes, and T. R. Klaenhammer.
1988. Restriction and modification activities from Streptococcus
lactis ME2 are encoded by a self-transmissible plasmid, pTN20,
that forms cointegrates during mobilization of lactose-fermenting
ability. J. Bacteriol. 170:3435-3442.

9. Hill, C., D. A. Romero, D. S. McKenney, K. R. Finer, and T. R.
Klaenhammer. 1989. Localization, cloning, and expression of genetic
determinants for bacteriophage resistance (Hsp) from the conju-
gative plasmid pTR2030. Appl. Environ. Microbiol. 55:1684-1689.

10. Incardona, N. L., and L. Selvidge. 1973. Mechanism of adsorption
and eclipse of bacteriophage $X174. II. Attachment and eclipse
with isolated Escherichia coli cell wall lipopolysaccharide. J. Virol.
11:775-782.

11. Keogh, B. P., and G. Pettingill. 1983. Adsorption of bacteriophage
eb7 on Streptococcus cremoris EB7. Appl. Environ. Microbiol.
45:1946-1948.



VoL. 60, 1994

12.
13.

14.

15.

16.

17.

18.

19.
20.

21.

22.
23.

24.

26.

27.

Kim, J. H., and C. A. Batt. 1991. Molecular characterization of a
Lactococcus lactis bacteriophage F4-1. Food Microbiol. 8:15-26.
Klaenhammer, T. R., and R. B. Sanozky. 1985. Conjugal transfer
from Streptococcus lactis ME2 of plasmids encoding phage resis-
tance, nisin resistance, and lactose fermenting ability: evidence for
a high-frequency conjugal plasmid responsible for abortive infec-
tion of virulent bacteriophage. J. Gen. Microbiol. 131:1531-1541.
Kokogawa, K., S. Kawata, T. Takemura, and Y. Yoshimura. 1975.
Purification and properties of lytic enzymes from Streptomyces
globisporus 1829. Agric. Biol. Chem. 39:1533-1543.

Labedan, B., and E. B. Goldberg. 1979. Requirement for mem-
brane potential in injection of phage T4 DNA. Proc. Natl. Acad.
Sci. USA 76:4669-4673.

Laible, N. J., P. L. Rule, S. K. Harlander, and L. L. McKay. 1987.
Identification and cloning of plasmid deoxyribonucleic acid coding
for abortive phage infection from Streptococcus lactis ssp. diacety-
lactis KR2. J. Dairy Sci. 70:2211-2219.

Laskey, R. A., and A. D. Mills. 1975. Quantitative film detection of
3H and 'C in polyacrylamide gels by fluorography. Eur. J.
Biochem. 56:335-341.

Lucey, M., C. Daly, and G. F. Fitzgerald. 1992. Cell surface
characteristic of Lactococcus lactis harbouring pCI528, a 46 kb
plasmid encoding inhibition of bacteriophage adsorption. J. Gen.
Microbiol. 138:2137-2143.

Mackay, D. J., and V. C. Bode. 1976. Binding to isolated phage
receptors and A DNA release in vitro. Virology 72:167-181.
McKay, L. L., and K. A. Baldwin. 1984. Conjugative 40-megadal-
ton plasmid in Streptococcus lactis subsp. diacetylactis DRC3 is
associated with resistance to nisin and bacteriophage. Appl.
Environ. Microbiol. 47:68-74.

Newbold, J. E., and R. L. Sinsheimer. 1970. Process of infection
with bacteriophage $X174. XXXIV. Kinetics of the attachment
and eclipse steps of the infection. J. Virol. 5:427-431.

O’Farrell, P. H. 1975. High resolution two-dimensional electro-
phoresis of proteins. J. Biol. Chem. 250:4007-4021.

Oram, J. D. 1971. Isolation and properties of a phage receptor
substance from the plasma membrane of Streptococcus lactis ML3.
J. Virol. 13:59-71.

Oram, J. D., and B. Reiter. 1968. The adsorption of phage to group
N streptococci. The specificity of adsorption and the location of
phage receptor substances in cell wall and plasma membrane
fractions. J. Gen. Virol. 3:103-119.

. Powell, I. B., P. M. Arnold, A. J. Hillier, and B. E. Davidson. 1989.

Molecular comparison of prolate- and isometric-headed bacterio-
phages of lactococci. Can. J. Microbiol. 35:860-866.

Powell, L. B., D. L. Tulloch, A. J. Hillier, and B. E. Davidson. 1992.
Phage DNA synthesis and host DNA degradation in the life cycle
of Lactococcus lactis bacteriophage c6A. J. Gen. Microbiol. 138:
945-950.

Randall-Hazelbauer, L., and M. Schwartz. 1973. Isolation of the
bacteriophage lambda receptor from Escherichia coli. J. Bacteriol.
116:1436-1446.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

LACTOCOCCAL PHAGE INFECTION 3211

. Roa, M., and D. Scandella. 1976. Multiple steps during the

interaction between coliphage lambda and its receptor protein in
vitro. Virology 72:182-194.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed., p. 2.79. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y.

Sanders, M. E., and T. R. Klaenhammer. 1981. Evidence for
plasmid linkage of restriction and modification in Streptococcus
cremoris KH. Appl. Environ. Microbiol. 42:944-950.

Sanders, M. E., and T. R. Klaenhammer. 1983. Characterization
of phage-sensitive mutants from a phage-insensitive strain of
Streptococcus lactis: evidence for a plasmid determinant that
prevents phage adsorption. Appl. Environ. Microbiol. 46:1125-
1133.

Sijtsma, L., N. Jansen, W. C. Hazeleger, J. T. M. Wouters, and
K. J. Hellingwerf. 1990. Cell surface characteristics of bacterio-
phage-resistant Lactococcus lactis subsp. cremoris SK110 and its
bacteriophage-sensitive variant SK112. Appl. Environ. Microbiol.
56:3230-3233.

Sijtsma, L., A. Sterkenburg, and J. T. M. Wouters. 1988. Proper-
ties of the cell walls of Lactococcus lactis subsp. cremoris SK110
and SK112 and their relation to bacteriophage resistance. Appl.
Environ. Microbiol. 54:2808-2811.

Terzaghi, B. E., and W. E. Sandine. 1975. Improved media for
lactic streptococci and their bacteriophages. Appl. Microbiol.
29:807-813.

Valyasevi, R., W. E. Sandine, and B. L. Geller. 1990. The bacte-
riophage kh receptor of Lactococcus lactis subsp. cremoris KH is
the rhamnose of the extracellular wall polysaccharide. Appl.
Environ. Microbiol. 56:1882-1889.

Valyasevi, R., W. E. Sandine, and B. L. Geller. 1991. A membrane
protein is required for bacteriophage c2 infection of Lactococcus
lactis subsp. lactis C2. J. Bacteriol. 173:6095-6100.

Valyasevi, R., W. E. Sandine, and B. L. Geller. 1994. Lactococcus
lactis subsp. lactis C2 bacteriophage skl involves rhamnose and
glucose moieties in the cell wall. J. Dairy Sci. 77:1-6.

Watanabe, K., Y. Nakashima, and S. Kamiya. 1992. Effects of
some L-rhamnosyl derivatives on the adsorption of phage PL-1 to
the host Lactobacillus casei. Biosci. Biotech. Biochem. 56:346.
Watanabe, K., and S. Takesue. 1972. The requirement for calcium
in infection with Lactobacillus phage. J. Gen. Virol. 17:19-30.
Watanabe, K., S. Takesue, and K. Ishibashi. 1979. Adenosine
triphosphate content in Lactobacillus casei and the blender-
resistant phage-cell complex-forming ability of cells on infection
with PL-1 phage. J. Gen. Virol. 42:27-36.

Wilson, J. H,, R. B. Luftig, and W. B. Wood. 1970. Interaction of
bacteriophage T4 tail fiber components with a lipopolysaccharide
fraction from Escherichia coli. J. Mol. Biol. 51:423-434.
Yokokura, T. 1971. Phage receptor material in Lactobacillus casei
cell wall. 1. Effect of L-rhamnose on phage adsorption to the cell
wall. Jpn. J. Microbiol. 15:457-463.



