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Various techniques were employed for preparation of high-titer bacteriophage
lysates of Streptococcus lactis, S. cremoris, and S. diacetilactis strains. Infection
of a 4-h host culture in litmus milk at 30 C yielded the highest titers (2 x 109 to 4
x 1011 plaque-forming units/ml) for most phages. Host infection in lactose-con-
taining broth produced similar virus numbers only when 0.1 M tris(hydroxy-
methyl)aminomethane buffer stabilized the pH. The pH at the time of infection
as well as the inoculum phage titer were critical in obtaining high titers. Optimum
conditions for infection in broth were coupled with a polyethylene glycol
concentration procedure to routinely produce milligram quantities of phage from
1 liter of lysate. Neutralization of whey lysates, as a means of storage, offered no

survival advantage over unneutralized samples. Storage of phage lysates in a 15%
glycerol whey solution at - 22 C yielded a high rate of survival in most cases, even

with repeated freezing and thawing, over a period of 24 months.

Lactic streptococci are of critical importance
to the dairy fermentation industry because
these bacteria supply the lactic acid for curd
production and their metabolic products impart
characteristic and desirable flavors. Bacterio-
phage infection of these starter cultures results
in insufficient acid production and usually a
failure of the fermentation. The economic and
public health consequences of these failures are
well known (6). Various approaches have been
utilized in an attempt to minimize bacterio-
phage infection during dairy fermentations. The
use of culture rotation (4, 6, 15), mixed strain
starter cultures (6, 15, 21), and a phage inhibi-
tory medium (12) are currently in general use.
These techniques never completely prevent fail-
ures, and constant precautions to prevent cul-
ture infections are advised.
The use of mixed strains and starter rotation

relies on the utilization of lactic streptococci
that are resistant to a diversity of bacterio-
phage. Periodic examination of virus resistance
patterns of starter cultures would be advisable.
However, convenient techniques for the isola-
tion and maintenance of bacteriophage stocks,
which would be useful to industry, presently are
not available.

Previous studies of lactic streptococcus vi-
ruses have dealt with electrolyte requirements
and the influence of culture medium on the effi-
ciency of plating (2, 3, 5, 9, 19, 20). Other
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studies dealing with bacteriophage propagation
have not dealt specifically with the develop-
ment of high titers and have not been concerned
with extended survival times of the viruses (10,
11, 13, 18, 22).

In the present study, two procedures are de-
scribed for routinely obtaining bacteriophage
titers in excess of 1010 plaque-forming units
(PFU)/ml. A simple storage procedure also is
described which has proven suitable for main-
taining these high titers during a 2-year study
period.

MATERIALS AND METHODS
Bacteriophages and hosts. Seventeen bacterial

cultures and their homologous bacteriophage were ob-
tained from Barbara Keogh, C.S.I.R.O., Melbourne,
Australia. The host organisms used were Streptococ-
cus diacetilactis DRC1, DRC2, and DRC3; S. lactis
C2, C10, and H1, and S. cremoris EB4, EB7, EB9,
ML1, HP, E8, C1, C3, C11, C13, and R6.

Media. The phages were propagated at 30 C in
either lactic broth (7) or sterile Matrix Mother Cul-
ture Medium (Galloway West, Fond du Lac, Wis.)
having 11% milk solids and 1.5% litmus. Stock cul-
tures of host organisms were maintained by weekly
transfer of a 1% inoculum in 10 ml of the sterile litmus
milk with incubation at 30 C for 14 to 18 h. Culture
lysates were assayed for plaque-forming units by the
double layer plate method of Adams (1) by using
lactic broth supplemented with Bactoagar (1.5% bot-
tom layer; 0.8% top layer), and seeded with about 107
host cells.

Propagation of phages in milk. Host cultures
selected for these experiments were EB4, EB7, EB9,
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ML1, E8, C2, DRC1, DRC3, C1, C3, Cli, and C13.
For each host, eight tubes of litmus milk (10 ml each)
were inoculated with 0.1 ml taken from a 24-h litmus
milk culture and then incubated at 30 C. Duplicate
tubes were infected with 105 to 106 phage particles, at
each of four incubation times: 0.5 h, 2 h, 4 h, and 6 h.
The infected cultures were incubated overnight at
30 C, and the appearance of each tube was recorded.
Sterile lactic acid was added to a final concentration
of 1.0% (vol/vol) to aid in whey separation. The
contents were centrifuged (15 min at 10,000 x g),
filtered through a membrane nitrocellulose filter (Mil-
lipore Corp.), 0.45 Mm, to remove any bacterial cells or
other debris, and titered for plaque-forming units per
milliliter.

Influence of buffer on phage growth in lactic
broth. Experiments were initiated to study the influ-
ence of tris(hydroxymethyl)aminomethane (Tris)-

buffered lactic broth on phage propagation. Control
experiments indicated that 0.1 M Tris (pH 7.1) did
not affect the growth of the host and was effective in
maintaining the pH above 6.5 through 3.5 h of growth.
A comparative study was made of five phage-host
systems propagated in Tris-neutralized or unneutral-
ized lactic broth. Duplicate flasks of each host were
infected on the shaker at 34 C with homologous
phage; one flask contained Tris buffer at a concentra-
tion of 0.1 M, pH 7.1, whereas the second flask of each
host remained unbuffered. A 10-ml portion of an
overnight culture containing 109 colony-forming
units/ml was inoculated into 50 ml of the broth.
Flasks were inoculated with homologous phage at zero
time. All flasks were titered after 6 h.

Effect of polyethylene glycol (PEG) on concen-
tration of phage lysates. Phage lysates were pre-
pared on the shaker in lactic broth made 0.1 M with

TABLE 1. Final titers and appearance of litmus milk cultures after staggered phage infections

Time Appearance of 18-h Time Appearance of 18-h

Phage phage infected host

Phage titer phage Phage titer
pheagded __ infectedPhhostadde Tinecte/hos

(h) Acid Reduc- Coagula- x 10') (h) Acid Reduc- T Coagula- x 1(')
tion tion tion tion

eb4

eb7

eb9

mll

e8

c2

clO (1)

0.5a
2
4
6

0.5
2
4
6

0.5
2
4
6

0.5
2
4
6

0.5
2
4
6

0.5
2
4
6

0.5
2
4
6

+
+
+
+

+
+

+

+

+
+
+
+

+
+
+
+

+

++
+++

+++

++

++
+++

++
++
++

++

3.6
5.3
2.5

23.0
150.0
320.0
<0.0001

13.0
18.0
30.0
0.11

57.0
150.0
980.0
21.0

32.0
88.0

290.0
90.0

33.0
340.0

0.35
0.0029

79.0
330.0

> 1000.0
<0.001

c10 (2)

drcl

drc3

cl

c3

clH

c13

0.5
2
4
6

0.5
2
4
6

0.5
2
4
6

0.5
2
4
6

0.5
2
4
6

0.5
2
4
6

0.5
2
4
6

+

±

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
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++
+++
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+ +

79.0
340.0

> 600.0
<0.0 01

170.0
460.0

3800.0
1400.0

91.0
320.0

2200.0
2000.0

1.0
77.0

1100.0
5.0

6.0
30.0

100.0
1.0

13.0
29.0
94.0
15.0

16.0
53.0

230.0
410.0
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aDuplicate tubes with 10 ml of litmus milk were inoculated with 1% (wt/vol) of the host culture, then
infected with 105 to 10' PFU/ml homologous phage at the indicated times. The appearance of the milk and
phage titers were observed after 18 h at 30 C. Results with each phage are the average of two experiments.

'+" indicates intensity of reaction; "-" indicates no reaction.
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Tris-hydrochloride buffer as described in the preced-
ing section. Concentration of the lysates was achieved
in an aqueous PEG-NaCI two-phase system. With one
exception, the protocol of Yamamoto et al. (23) was
followed. The influence of NaCl concentration on
phage recovery was studied in the early stages. NaCl
was added to some of the lysates in 1 M concentration
and to the others in 0.5 M concentration. The 1 M
concentration proved more effective. PEG (Carbowax
4000) was added to the supernatant at 10% (wt/vol)
immediately after centrifuging in the presence of
NaCl. The flasks were stored at 4 C overnight, cen-
trifuged for 20 min at 10,000 x g and decanted. The
pellet was suspended in 1/33 of the original volume of
lactic broth (1.5 ml), and the phage suspension was
titered.

Storage by freezing in glycerol. Litmus milk
whey lysates containing 15% (vol/vol) added glycerol
were frozen at - 22 C. They were thawed and refrozen
as needed. The lysates were retitered periodically.

RESULTS AND DISCUSSION
Bacteriophage titers in litmus milk.

Preliminary experiments demonstrated that the

TABLE 2. Comparison of final phage titers in lactic
broth and Tris-neutralized lactic brotha

Final titers and pH'
Phage- Phage Without Tris With Tris

syste inoculumsystem
PFU/ml pH PFU/ml pH

c2 6.0 x 104 8.7 x 107 4.7 4.0 x 10" 6.0
eb7 1.0 x 105 4.9 x 108 4.5 4.2 x 1010 6.1
clo(1) 2.3 x 105 3.0 x 106 6.0 x 1010
drcl 6.0 x 106 7.7 x 10'° 6.2 3.0 x 101" 6.7
drc3 8.0 x 10' 1.2 x 10'0 5.9 5.5 x 10" 6.5

a Hosts were infected upon inoculation into the broth at
34 C.

'The final plaque-forming units per milliliter and pH were
recorded after 6 h of incubation.

' 0.1 M Tris; initial pH with Tris, 7.1; without Tris, 6.6.

lactic bacteriophage were quite unstable when
stored as low-titer lysates (less than 10' PFU/
ml). For example, when such lysates were

maintained in natural or neutralized (0.1 M
Tris, pH 7) whey, 50% of the bacteriophage
strains could not be recovered after only 7 days
at 2 C. For this reason it was necessary to
develop a convenient system to achieve and
maintain lysates with high titers.

Staggered infection in litmus milk was used
to explore conditions for obtaining maximum
titers, and it was found (Table 1) that the time
of bacteriophage addition was critical. By using
a 1% (vol/vol) host inoculum and 30 C incuba-
tion, highest titers were achieved, with only
three exceptions (eb4, c2, and c13), by infect-
ing the culture at 4 h. When infection was

delayed until 6 h, there was a dramatic drop in
the final titer attained for most bacteriophages
examined. At optimum infection times, the
final titers were generally 2 to 3 logs higher than
that previously reported for lactic bacterio-
phages propagated in milk (8, 11, 17, 18, 19).
After 18 h of incubation, many litmus milk
cultures containing the highest bacteriophage
titers were incompletely reduced, with little or

no acid and with slight or no coagulation. On
the other hand, host cultures infected at 6 h
(low final bacteriophage titers) were completely
reduced and firmly coagulated. Thus, the de-
gree of successful bacteriophage propagation
could be readily monitored by inspection of the
tube contents.

Preparation of high titers from lactic
broth cultures. Production of milligram quan-
tities of bacteriophage was necessary for the
nucleic acid characterization studies now under
way in our laboratory. To our knowledge, only
the preliminary report of Lowrie deals with the

TABLE 3. Influence of NaCI and the concentrating effect of PEG on titers of phage lysatesa

Titer of lactic broth lysate Titer of PEG concentrated
Phage-host after addition of After overnight in lysate from Titer of supernatant

1.0M NaCl 0.5 M NaCl 1.0 M NaCl 0.5 M NaCl

eb7 1.1 x 109 1.3 x 108 1.1 x 1010 2.2 x 107
mll 1.1 x 1010 6.7 x 108 8.3 x 1010 2.6 x 107
drc2 7.0 x 107 2.4 x 1010 1.1 x 107
drcl 4.3 x 109 3.3 x 101"
drc3 9.5 x 10'° 1.0 x 1012
c2 (w) 1.2 x 101' 1.0 x 1011
clO (1) 6.0 x 1010 5.4 x 10"
clO 2) 1.6 x 1010 3.0 x 1011
hl 2.1 x 1010 7.2 x 1012
p2 9.0 x 109 3.7 x 10 "
r6 6.8 x 1010 3.1 x 1012

a Host cells and phage were inoculated simultaneously as described in Materials and Methods into 50 ml or 1
liter of lactic broth containing 0.1 M Tris buffer, pH 7.1, at 34 C. PEG concentration was initiated after 6 h of
phage propagation. Measurements are in plaque-forming units per milliliter.
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TABLE 4. Comparison of phage titers after repeated freezinga and thawing of a 15% glycerol whey lysate

Phage Initial phage No. times thawed Length of storage Final phage titer' Survival %titer' x 107 and refrozen (months) x 10'

eb4 Trial 1
Trial 2

eb7 Trial 1
Trial 2

mll

e8 Trial 1
Trial 2
Trial 3

hp

c2 cw(w)

c2 (w)

c1O (1) Trial 1
Trial 2

c10 (2) Trial 1
Trial 2
Trial 3

drcl Trial 1

drc2 Trial 1
Trial 2

cl Trial 1

Trial 2

c3 Trial 1
Trial 2

Trial 3

cHi Trial 1
Trial 2

c13 Trial 1
Trial 2
Trial 3

730
250
250

190
3,200
3,200

100

380
2,900
440
440

1,100
1,100

700
700

90

1,500
10,000
10,000

1,900
8,200

0.000023

2,000
40,000
40,000

180
2,900
2,900

2,600
11,000
11,000

110
1,000
1,000
300

380
940
940

3,100
4,100
2,300
2,300

6
9
18

6
13

>20

8

3
8
3

12

12
>20

7
16

4

6
8

>20

6
10
5

8
8

>20

9
10

>20

6
12

>20

9
12

>20
12

10
13

>20

10
3
16

>20

7.5
10
29

7.5
11
29

7.5

7.5
10
9

27

10
29

7.5
24

7.5

7.5
11
29

7.5
11
12

7.5
11
29

7.5
10
29

7.5
11
29

7.5
11
29
11

7.5
11
29

7.5
11
11
29

a Lysates were frozen at -22 C and thawed in a 37 C water bath.
h PFU/ml.

740
280
270

150
2,700
2,470

92

4
700
330
320

1,100
1,020

440
430

91

570
3,000
2,900

460
1,100

0.0000081

820
1,700
1,200

203
2,400
2,400

1,000
2,500
1,800

114
930
930
300

420
810
790

1,400
2,700
900
890

101.2
112.0
108.0

78.9
84.4
77.0

92.0

1.1
24.1
75.0
72.7

100.0
92.8

62.9
61.5

101.0

38.0
30.0
29.0

24.2
13.4
35.2

4.1
4.3
3.0

112.8
82.8
82.8

38.5
22.7
16.4

103.7
93.0
93.0
100.0

110.4
86.3
84.0

45.2
66.0
39.1
38.7
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preparation of a large volume of high-titer lactic
bacteriophage (16). In that report, dealing only
with phage m13, the host was concentrated
10-fold just prior to infection in fresh, double-
strength medium containing 0.005 M calcium
borogluconate. Several modifications of this
procedure did not yield satisfactory results in
our hands with several other phage-host sys-
tems. We, therefore, have developed a reliable
system for achieving titers of 1010 to 1013
PFU/ml by using buffered lactic broth coupled
with the PEG-NaCl concentration technique.
The use of 0.1 M Tris was found to maintain

the pH near 7.0 without any adverse effects on

bacterial growth. Table 2 compares the results
of phage infection of homologous hosts in un-
buffered or Tris-buffered lactic broth. In each
instance, a lower final titer in the absence of
added buffer was observed. More significant
was the much higher final titers found with c2,
clO(1), and eb7 in Tris-buffered as compared
with unneutralized lactic broth. These fast
acid-producers apparently overwhelm the
phage particles with acid and thereby prevent
any significant increase in titers. There exists a
serious problem then, when a low-titer phage
preparation is used for inoculum. In contrast,
infection of even fast acid-producers with a few
milliliters from a low phage titer lysate in 0.1 M
Tris-buffered lactic broth allows maintenance
of the pH above 6.0 through several cycles of
infection. Thus, final titers greater than 1010 to
1011 PFU/ml are obtained.
The effect of pH on production of phage

particles has been documented (8, 14, 19). The
current study is in agreement with earlier obser-
vations but offers a simple, routine procedure
for overcoming the pH problem for preparation
of large volumes of lactic bacteriophages in high
titer.
Concentration of phage lysates. Yamamoto

et al. (23) recently reported that PEG-NaCl
solutions would allow rapid bacteriophage sedi-
mentation by low-speed centrifugation and that
large scale virus purification could be obtained
with its application. As shown in Table 3, the
average lysate was concentrated 10-fold by
using 0.5 M NaCl. With 1 M NaCl, the average
concentration was 10-fold, but occasionally
reached as high as 100-fold. When using 1 M
NaCl, more than 99.9% of the phage were

removed from the lysate. Final titers of 1 to 30 x
1010 PFU/ml were routinely achieved. One point
of interest was that the lysates suffered up to a

100-fold decrease in titer after standing over-

night in 1 M NaCl, before centrifugation or

addition of PEG. This indicated that the proce-
dure should not be interrupted before the PEG
is added to the salt solution. The use of PEG

otherwise proved to be a fast, economical, and
efficient technique to obtain large amounts of
high-titer lactic phage lysate. In fact, 1 liter of
lysate, prepared and concentrated as described
above, yielded 2 to 4 mg ofDNA. Without PEG,
the volume of lysate required to obtain this
same yield would be 10 to 50 liters. Preparation
of broth lysates in the absence of Tris buffer,
particularly from fast-acid producers, would be
impractical, requiring from 100 to 10,000 liters
of lysate to obtain milligram yields of phage.

Storage of lysates in 15% glycerol. Freezing
in 15% glycerol was investigated as a means of
storage for bacteriophage stocks in whey ly-
sates. This method had been examined by
Henning (11) who suggested that phages stored
at -20 C in sterile 10% nonfat milk with 15%
added glycerol could be recovered after freezing
and thawing. Unfortunately, no data were pro-
vided to substantiate the usefulness of this
menstrum. We have found that, although the
percentage of survival varied with each phage,
storage of viruses in a 15% glycerol-whey mix-
ture was successful in maintaining stock phage
preparations for 2 years or more, even with
repeated freezing and thawing (Table 4). Low-
as well as high-titer phage suspensions were
stored in this manner, and the results indicate
that phage lysates may be stored indefinitely in
this manner.
The procedures described in this study also

have been applied to an additional 18 bacterio-
phages isolated from commercial cheddar
cheese whey samples. The results obtained with
these phages substantiated the results obtained
with the laboratory phage strains reported in
this paper.
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