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Phage-host interactions in lactic streptococci were

studied to determine the consequences and applications of

such interactions in conauercial Cheddar cheese manufacture.

Experiments concerned the incidence and consequences of

lysogeny in cheese starter strains, the development of

selective methods for isolating and characterizing fast

acid-producing phage-insensitive mutants, and the effect of

various buffers and chelating agents on phage inhibition and

culture growth in the development of a phage-inhibitory

medium for cheese starter cultures.

Sixty-three strains of lactic streptococci were examined

for lysogeny by treatment with ultraviolet light or mitomycin

C. Following treatment with the inducing agent strains were

examined for evidence of phage release by electron microscopy.

Thirty-eight strains yielded intact phages or phage particles

of varying morphology. All the temperate phages had iso-



metric heads and non-contractile tails; some had collars and

structurally distinctive baseplates. Indicator host strains

were found for phages induced from seven different strains.

Three strains that released phages spontaneously yielded

titers of 103
to 10

4
plaque-forming units (pfu) per ml.

When strains that spontaneously released phages were grown

in mixed culture with indicator strains, increased phage

titers of 10 6
to 10

7
pfu per ml were observed. These

findings indicated that lysogenic lactic streptococcal

strains may serve as a reservoir for phages that attack

sensitive strains in mixed or multiple strain lactic starter

cultures.

To facilitate the selective isolation of fast acid-

producing colonies after selection for phage-insensitive

mutants, a glycerophosphate-buffered milk agar medium was

devised. Aerobic incubation of strains on this medium led

to auto-inhibition in many strains due to accumulation of

hydrogen peroxide. This effect was minimized by anaerobic

incubation or addition of catalase or pyruvate. Anaerobic

incubation allowed differentiation of fast and slow acid-

producing isolates in strains containing both cell types.

Genetically characterized slow isolates could be placed into

one of two distinct groups based on colony appearance and

lactose fermentation.



This new selective medium allowed for the isolation of

fast acid-producing phage-insensitive mutants for all of 12

strains of lactic streptococci. Five out of seven mutants

tested did not adsorb phage; one of the remaining two

adsorbed phage without apparent DNA penetration and the

other adsorbed phage without subsequent plaque formation.

Lysogenization by the phage used in their selection was not

detectable in any of the mutants. Cross-resistance to

other phages was more prevalent than newly acquired phage

sensitivities in all but one mutant. Our results indicate

that carefully selected and characterized phage-insensitive

mutants may help to alleviate the problems in commercial

Cheddar cheesemaking that are due to the presently limited

number of suitable starter strains.

To determine if DNA penetration was occuring during

phage adsorption to phage-insensitive mutants the ad-

sorption and lysis of Streptococcus cremoris by

bacteriophages was studied by electron microscopy. Early

stationary phase cells were infected with phage at a multi-

plicity (phage:host) of 100 for adsorption and 1 for lysis.

At appropriate intervals samples were negatively stained and

examined by electron microscopy. Fhage adsorption, with

and without DNA penetration, and host lysis were clearly

evident by this method.

In studies on the effect of various buffers and calcium

ion-binding agents on phage inhibition and host growth a new



phage-inhibitory medium for lactic streptococcal cheese

starters was formulated that was better than various types

of coiumercially available phage-inhibitory media in prevent-

ing phage proliferation and comparable or better than

commercially available phage-inhibitory media in supporting

culture growth and acid production.
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BACTERIOPHAGE-HOST INTERACTIONS IN LACTIC STREPTOCOCCI:
LYSOGENY, PHAGE INHIBITION AND PHAGE

INSENSITIVE MUTANTS

CHAPTER I

INTRODUCTION

The lactic streptococci, primarily Streptococcus

cremoris and Streptococcus lactis, are used as starter

cultures for acid and flavor production in commercial

cheese manufacture. Since it is estimated that bacterio-

phage infection may account for 80% of all incidents of

starter inhibition (1), there is a need for a better

understanding of phage-host interactions in this group.

The general features of phage-bacterium interactions for

Escherichia coli, Bacillus subtilis and some species of

Salmonella have been widely studied and recently reviewed

(7). However, such interactions in the lactic streptococci

remain comparatively uncharacterized, although the subject

of some recent investigations.

Some of the better known phage-host interactions,

characterized for the coliphage-E. coli group (7), include

productive or lytic phage infection, phage-carrier states

or pseudolysogeny, lysogeny, phage and host mutations,

host-induced modification and restriction, conversion of

bacterial properties by phage (phage conversion), trans-

duction, defective phages and satellite phages.



Some aspects of productive phage infection in lactic

streptococci such as phage adsorption, maturation and

burst sizes have been quantitated in one-step growth

experiments (2) by Keogh (4). Still the precise function

of calcium ion remains unknown, although it is required

very early in phage infection and not for adsorption (8,9).

Calcium ion may function in phage DNA penetration as

described for phage T5 (5) and lactobacilli (10). The

calcium ion requirement for phage lytic infection of lactic

streptococci has been commercially applied by the development

of calcium-deficient phage inhibitory media (PIM) for

preparing bulk cheese starter cultures. However, commercially

available PIM are not always effective in preventing phage

proliferation (3). Other types of phage-host interactions

that have been reported in the lactic streptococci such as

lysogeny, transduction, host-induced restriction and modifi-

cation, phage-carrier or pseudolysogenic states, and phage-

insensitive mutants have been recently renewed (6).

The aspects of phage-host interactions in lactic

streptococci presented herein were chosen to clarify and

expand the knowledge in these areas and to find possible

consequences and applications of these interactions for

commercial cheese manufacture. To this end, the following

types of experiments were conducted:
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l) to determine the incidence and properties of

temperate bacteriophages and the consequences of spontaneous

phage induction in lactic streptococci used as cheese

starters,

2) to develop techniques for selecting and charac-

terizing fast acid-producing phage-insensitive mutants of

S. cremoris and S. lactis, and

3) to determine the effects of various buffers and

chelating agents on phage inhibition and culture growth in

the development of a phage inhibitory medium for cheese

starter cultures.

A literature review of each problem is included in

the respective chapters.
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Sixty-three strains of lactic streptococci isolated from commercial lactic strep-
tococcal starter cultures were examined for lysogeny by treatment with ultravi-
olet light or mitomycin C. After treatment with the inducing agent, all strains,
whether or not they lysed, were examined for evidence of phage release by
electron microscopy. Thirty-eight strains yielded intact phages or phage parti-
cles of varying morphology. All the temperate phages had isometric heads and
noncontractile tails; some had collars and structurally distinctive baseplates.
Indicator host strains were found for phages induced from seven different
strains. Three strains that released phages spontaneously yielded titers of 103 to
104 plaque-forming units per ml. When strains that spontaneously released
phages were grown in mixed culture with indicator strains, increased phage
titers of 106 to 107 plaque-forming units per ml were observed. These findings
indicate that lysogenic lactic streptococcal strains may serve as a reservoir for
phages that attack sensitive strains in mixed- or multiple-strain lactic starter
cultures.

The control of bacteriophage infection of lac-
tic streptococci that are widely used in indus-
trial fermentations is an important economic
problem. The ultimate source of these phages
in fermentation facilities is unknown although
lysogenic starter culture strains have been sus-
pected as a possible reservoir (6, 22). Since its
discovery, the lysogenic condition has been
shown to be widespread (1, 2). As early as 1949,
Reiter (22) demonstrated that some strains of
lactic streptococci were lysogenic. Subsequent
reports (6, 12, 14, 16) have confirmed the exist-
ence of lysogenic lactic streptococci. Park and
McKay (19) recently reported that nine of
twelve commercial dairy starter cultures used
in the United States contained phage-harbor-
ing strains. Recently, B. E. Terzaghi and W. E.
Sandine (manuscript submitted for publication)
have shown that all of 31 strains used as start-
ers in New Zealand were lsyogenic. The latter
workers have demonstrated the importance of
confirming evidence of phage induction, in the
absence of suitable indicator strains, by elec-
tron microscopy.

The present study was undertaken to deter-
mine the incidence of lysogeny in 63 strains of
lactic streptococci isolated from commercial lac-
tic starter cultures used in the United States
and to characterize the induced phages morpho-

, Technical Paper no. 4351, Oregon Agricultural Experi-
ment Station.
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logically. Preliminary evidence on the impor-
tance of lysogenic strains in starter cultures is
presented.

MATERIALS AND METHODS

Media and culture maintenance. Sterile 11% re-
constituted nonfat milk NFM; matrix mother cul-
ture medium, Galloway West, Fond du Lac, Wis.)
was used to test for culture activity (milk coagula-
tion) and spontaneous induction. Two commercial
brands of phage-resistant medium (PRM), desig-
nated A and B, were used to test their effect on
spontaneous induction and subsequent phage propa-
gation. M17 broth and agar (26) were used in all
other experiments with the bottom and top agar
modified to contain 1.2% and 0.5% agar (Difco Labo-
ratories, Detroit, Mich.), respectively. Cultures
were maintained by biweekly transfer of 1% inocu-
lum into M17 broth with incubation at 30°C for 16 h.
Between transfers, cultures were stored at 5'C.

Bacterial strains. Originally isolated from com-
mercial lactic streptococcal starter cultures used in
the United States and abroad, the 63 strains of lactic
streptococci included: S. cremoris 00, 1-S, 107/6, 163,
178, 187, 188, 189, 190, 195, 196, 203, 211, 217, 220,
223, 459, 719, 819, 852, 865, 990, BK5, C C3, Cu, C13,
EB2, E134, EBT, EB,, G, /12, HO, I, K, L, M, N, 0, P,
R, S, T, and U; S. lactis, 01, 01-F, 197, 205, C5, C10, F,
F2D2, H, J, and Q; and S. lactis subsp. diacetylactis
DRC DRC,, DRC3, 3D-1, 18-16, 26-2, and 222. The
1-S strain was a slow (did not coagulate NFM in 16 h
at 22°C) derivative of strain 1 isolated by Betty
Terzaghi of the New Zealand Dairy Research Insti-
tute. Species identification of strains was confirmed

6
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using techniques previously described (18, 21, 23).
To guard against the possibility of a phage-carrying
strain, each culture was streaked onto an M17 agar
plate and an isolated colony was transferred into
M17 broth; this process was repeated four times.

Activity of strains. Each strain was inoculated
into sterile 11% NFM as 1% inoculum from 16-h M17
broth cultures and incubated for 16 h at 22°C.

Bacteriophage assays and stocks. Direct plating
of induced culture filtrates on potential indicator
strains and propagation of phages on indicators
were carried out as described by Terzaghi and San-
dine (26). Induced phages were also propagated on
indicators using the plate method (17).

Optical density. Turbidity of cultures was mea-
sured at 600 nm using a Bausch and Lomb spectronic
20 colorimeter.

Induction. Both ultraviolet light (UV) and mito-
mycin C (MC) were used. Active 16-h cultures were
transferred as 1% inoculum into 10 ml of M17 broth
and incubated at 30°C for 4 h (turbidity of 0.1 to 0.4),
centrifuged at 5,000 rpm for 10 min, resuspended in
5 ml of sterile 0.1 M MgSO4, transferred to a sterile
Pyrex petri dish (10 by 90 mm), and irradiated for 15
s with constant swirling. The UV source, a 15-W
germicidal lamp (General Electric), emitted 160
ergs/mm2 at a 40-cm distance as measured with a
Blak-Ray UV intensity meter (Ultraviolet Products,
Inc. San Gabriel, Calif.). Irradiated cells in 5 ml of
0.1 M MgS0, were transferred to either a side-arm
flask or a spectronic 20 cuvette containing 5 ml of
double-strength M17 broth and incubated at 30°C for
5 h. Turbidity readings were taken hourly.

Strains that were not inducible with UV and se-
lected UV-inducible strains were treated with MC.
The drug was added to a final concentration of 1.0 to
5.0 p. g/m1 in 10 ml of a 4-h M17 broth culture at 30°C.
Incubation was continued and turbidity was moni-
tored as above.

After treatment with the inducing agent and sub-
sequent incubation, cultures were centrifuged at
5,000 rpm for 10 min and the supernatants were
filter-sterilized through a syringe-mounted 0.45-
µm nitrocellulose membrane (HA, Millipore Corp.).
Whether or not lysis was observed, all strains were
examined for evidence of phage induction by elec-
tron microscopy.

Concentration of induced phages. The filtrates of
induced cultures Ica. 10 were centrifuged at
30,000 rpm (ca. 100,000 x g) for 2.5 h in a type 30
rotor using a Beckman model L2-65 ultracentrifuge.
After ultracentrifugation, pellets were allowed to
resuspend in 0.6 ml of sterile 0.1 M ammonium
acetate for at least 4 h, followed by dialysis in 0.1 M
ammonium acetate for at least 16 h. During concen-
tration, the culture filtrates were kept at 5°C.

Electron microscopy. A solution of 2% ammo-
nium molybdate and 2% phosphotungstic acid at a
combined pH 5.0 was used for negative staining
(Terzaghi and Sandine, submitted for publication).
One drop each of concentrated culture filtrate and
stain were mixed on a parafilm surface and a 300 -
mesh Formvar-coated grid immersed into the mix-
ture for 20 min. Grids were removed from the drop
and blotted underneath with filter paper. Stained

specimens were examined within 2 h using a Philips
EM 300 electron microscope. Micrographs were
taken at a magnification of x 100,000.

Screen for indicators. Filtrates of induced strains
that released phages were spotted, using a sterile
Pasteur pipette, undiluted and at a dilution of 10-2,
on lawns of the parent strain and all other 62
strains. Lawns exhibiting any lysis or growth inhi-
bition after 24 h of incubation at 30°C were further
tested for plaque formation by plating 0.1 ml of the
lysate with the same host (26). Phages propagated
on indicator strains were examined by electron mi-
croscopy as above.

Spontaneous induction. All induced phages for
which indicators were found were tested for sponta-
neous phage release by growing the noninduced,
lysogenic strain in M17 broth supplemented with
0.01 M CaC12 (M17-Ca2 ') at 22°C and 30°C for 16 h.
After incubation, cultures were centrifuged at 5,000
rpm for 10 min and filter sterilized as above, and 0.1-
ml portions of filtrate were assayed for plaque-form-
ing ability on the appropriate indicator strain.
Those strains that released phages spontaneously
were further tested by incubation, singly and with
the appropriate indicator strain, in M17-Ca2*, ster-
ile 11% NFM, and PRM-A and -B at 22°C for 16 h.
Filtrates of cultures were assayed for phages as
above.

RESULTS
Activity of strains. All of the parent stock

cultures, except S. cremoris 00, 1-S, and C11, S.
lactis F2D2, and all strains of S. lactis subsp.
diacetylactis coagulated NFM within 16 h at
22°C. After single-colony isolation from parent
stocks, the following cultures did not coagulate
NFM within 16 h at 22°C: S. cremoris 00, 1-S,
107/6, 163, 189, 190, 203, 217, 220, 223, 990, C,
EB2, and HO; S. lactis 01; and all S. lactis
subsp. diacetylactis.

Induction. From the 63 strains treated with
UV, 38 showed evidence of induced phages.
When the remaining 25 strains were treated
with MC, no new lysogens were found. Selected
UV-inducible strains, except C2, yielded
phages with the same morphology when
treated with MC. Strain C2 did not yield detect-
able phage after treatment with MC. The tur-
bidity changes in selected inducible strains
after treatment with UV and MC is illustrated
in Fig. 1. There were a variety of responses to
the inducing agents although the most typical
response, rapid growth followed by obvious
lysis after 2 to 3 h, is shown by strains 187, 211,
and L. After UV treatment, strain C2 showed
obvious lysis at 2 h, although little or no lysis
is seen after MC treatment. Strain P was rep-
resentative of many strains that demonstrated
rapid growth for 2 to 3 h followed by cessation of
growth. Strains 852 and BK5 (not shown)

7
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showed marked inhibition of growth after UV
irradiation.

In general, strains that showed obvious lysis
yielded many phage particles, whereas those
demonstrating little or no lysis yielded fewer
particles, as judged from the relative concentra-
tion of phages seen on electron microscope
grids.

Electron microscopy. The structural fea-
tures and dimensions of induced phages are
shown in Table 1. In some strains only phage
heads and tails were seen and often there were
considerable numbers of incomplete phage par-
ticles among intact phages. Phage head diame-
ters and tail lengths ranged from 56 to 75 nm
and 125 to 305 nm. respectively, with a wide
distribution between these extremes. Tail
widths were relatively uniform at 9 to 10 nm
with extremes of 8 and 14 nm. Collars and
baseplates were found among several of the
phages, although the baseplates seemed to be
readily lost as they were often seen free near a
group of phages lacking baseplates.
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Fro. 1. Turbidity changes in lactic streptococci
after treatment with UV ( A) and MC (0); untreated
controls ( L) .
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Electron micrographs of induced phages
which illustrate the diversity in morphology
found in this study are shown in Fig. 2. All of
the phages had isometric polyhedral heads and
flexible, noncontractile tails. The phage from
S. lactis C2 (A) has a long flexible tail with
cross striations. An empty-headed phage from
strain 189 (B) shows a centrally stained channel
down the length of the tail; this tail is attached
to the tail of another ghost at the bottom right
corner of the plate. Two relatively large-headed
phages from strain EB7 (C) have baseplates
with conspicuous tail pins. The phages from S.
lactis 01 (D) are similar to those induced from
S. cremoris EB, in head diameter and tail
structure although the tails of the strain 01
phages are shorter. The phages induced from
strain BK,, (E) are similar to those from strain
C, (A) in head diameter although the tails of
the BK, phages are longer. The phage from
strain L (F) has a baseplate with a central spike
which was also seen in EB9 phages (not shown),
but the latter phages had longer tails. Plate G
shows the phage from strain 197, one of the
largest encountered in this study, and plate H
shows the phage from strain DRC, which has a
long, flexible tail with obvious cross striations.

Figure 3 shows phages induced from S. cre-
moris 188 illustrating fine head detail, a collar,
and a complex baseplate with at least six tail
pins. The collar is most obvious in the two
phages in plate A. The empty head at the upper
right (A) shows a triangular figure superim-
posed on a hexagon. The baseplate of the phage
at the left (A) appears to be turned towards the
viewer. The baseplate structure of this phage is
best illustrated in the phage at left in plate B.
The tail pins each have a spherical structure
attached distally which seem to have a hole at
the bottom. Both phages in plate B show a
collar, but the phage at the right appears to
lack a baseplate.

Indicator strains. Strains upon which clear
plaques resulted were found for only seven of
the induced phages (Table 1). When these
phages were propagated on their indicator,
phage titers of 108 to 10" plaque-forming units
per ml were achieved, except for the phage from
strain 819 which propagated on S. cremoris
BK, to a titer of only 105 plaque-forming units
per ml. Phages from strains 187, 188, 189,
and DRC3, formed clear, circular plaques rang-
ing from 0.5 to 2.5 mm in diameter. Phages
from strain 819 and BK5 formed consistently
smaller clear, circular plaques 0.25 to 0.50 mm
in diameter; the induced BK, phage produced
small turbid plaques on strain 1-S. The phages
propagated on indicator strains were morpho-

8
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TABLE 1. Structural features and dimensions of phages induced front lactic streptococci

Bacterial strain

Dimensions tnm)'

Collar IndicatorBaseplate strains
Tail

Head Length' Width
S. cremoris

00 63 3 152 ± 4 8 = 1
107/6 59 = 1 147 = 10 9=0
187 57 2 130 = 6 10 = 1 + 205
188 56 -_t 2 132 = 3 9 -± 1 205
189 56 ±2 129 .= 4 9 = 1 205
195
211
223 585 163 10
459 645 163 10
819 71 t 3 176 t4 10 BK,
852 69 = 7 167 = 5 14= 1
990 71' 172 13
BK, 58 t1 258 t 3 10 = 1 H, 1-S
C, 59 t1 156 t 4 12 It 1
C3 65 = 1 151 t 6 10 = 1C 73 t1 180±2 9 = 1 -t-

63 = 1 146 t1 8 = 1
E13, 74 = 1 152 = 3 13 = 1
EB, 74 -2.: 1 158 ± 2 11 = 1
EB, 67 =3 150 = 12 10 = 1
H,
HO 595 188 8

K
L 68 t2 128 = 4 11 = 1
N
P 61' 305 9

S. lactis
01 74 t2 142 = 7 12 = 1
197 75 =. 1 297 t. 2 11^_-11
C2 58 1 225 -± 5 10 = 1 1-S
C I 0 63 = 1 125 5 9 = 1
F
F2D., 70 t1 144 t.3 10 -= 1
H 65 = 2 125 t5 10 = 1
J 654 269 9

61' 135 9

S. lactis subsp. di-
acetylactts
DRC2 63 1 287 t6 11 = 1
DRC, 18-16

" Mean = standard deviation; three to seven phages measured in each case.
Phage heads and/or tails; not photographed.
Intact phage seen but not photographed.
Only one phage measured.
Not including baseplate.

logically indistinguishable from the originally
induced phages.

Spontaneous induction. Strains 187, 189,
and BK., grown in M17-Ca 2+ released phages
spontaneously at 22° and 30°C; phage titers
were 10 to 100 times less at 30°C. In NFM and
PRM-A and -B, similar phage yields of 103 to 104

were achieved at 22°C (Table 2). These titers at
22°C in NFM were increased by factors of 105
and 103, respectively, when strains 187 and 189
were grown with indicator strain 205; in PRM,
phage titers either remained unchanged or in-
creased slightly. Strain BK5, incubated with
strain H2, did not lead to increased phage titers.

9
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FIG. 2. Electron photomicrographs of temperate phages induced from various lactic streptococci: (A) S.
lactis C2; (B) S. cremoris 189; (C) S. cremoris E137; (D) S. lactic 01; (E) S. cremoris BK; (F) S. cremoris L;
(G) S. lactis 197; (H) S. lactis subsp. diacetylactis DRC2. All plates are at same magnification; bar graph (H)
represents 100 nm.
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FIG. 3. Electron photomicrographs of phages Induced from S. cremoris 188. (A) Illustrates the collar and
head structure; (B) shows structural details of the baseplate. Both plates are at same magnification; bar graph
fA) represents 100 nm.

DISCUSSION

The emergence of several cultures that would
not coagulate milk in 16 h at 22°C after single
colony isolation from parent cultures has been
reported (5) although the frequency of conver-
sion was much higher in our study. Terzaghi
and Sandine (submitted for publication) noted
that indicator strains for several of their tem-
perate phages were slow to coagulate milk, and
they suggested that such mutants arising in
different lactic streptococcal strains may consti-
tute a mixed-cell population that might support
phage replication. In our investigation, only
one indicator ( 1-S) was slow to coagulate milk.

The phages encountered in this study may be
classified within Bradley's group B (4) and Tik-
honenko's group IV (27). The head structure of

the phage ghost from 188 (Fig. 3A), which
shows a triangle superimposed on a hexagon, is
similar to coliphage T, for which Bradley (4)
proposed an octahedral head symmetry. This is
supported from recent work by Tsaneva (28)
who reported octahedral head symmetry for
some virulent S. lactis phages. The morphology
of the temperate phages encountered in this
study and by Terzaghi and Sandine (submitted
for publication) show similarities to coliphage
lambda in overall dimensions and in tail fea-
tures such as stacked disks and an unstained
lumen down the length of the tail in phage
ghosts (8).

The dimensions of the temperate phages
found here and by other workers (9. 12, 14, 16,
19; Terzaghi and Sandine, submitted for publi-
cation) are similar to reported values for viru-
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TABLE 2. Approximate phage titers achieved when
lysogenic strains were incubated° with and without

indicators at 22°C for 16 h

Plaque-forming units per ml
Strain(s)

NFM PRM-A PRM-B

187 3 x 102 2 x 104 4 x 103
187 and 205 3 x 107 3 x 104 2 x 104
189 3 x 103 2 x 104 1 x 103
189 and 205 1 x 106 1 x 106 6 x 103
BK, 4 x 103 4 x 103 5 x 103
BK, and H2 4 X 10° 4 x 102 4 x 102

Both as 1% inoculum.

lent phages (3, 4, 7, 10, 20, 24, 27-30; J.
Nyiendo, Ph.D. thesis, Oregon State Univer-
sity, Corvallis, 1975). These similarities suggest
a close relationship between temperate and vir-
ulent phages of lactic streptococci. In a recent
review, Lawrence et al, (13) indicated that the
terms virulent and temperate may actually
only be working definitions that depend on the
host strain under consideration. This is sup-
ported by the evidence presented here where
growth of spontaneously inducing strains with
indicator hosts resulted in elevated phage ti-
ters. These data confirm that lysogenic strains
are sources of phages that attack sensitive
strains in multiple- or mixed-strain starter cul-
tures. Other sources for phages in lactic fer-
mentation, such as the milk supply and dust-
borne infections coupled with host range muta-
tions of the phage, have been discussed by Czu-
lak and Naylor ( 6); they also noted that Luria
(15) pointed out that phages are more likely to
survive and persist in any environment in the
lysogenic rather than in the free state.

The spontaneous induction in both PRM And
NFM and consequent phage propagation when
lysogens are incubated with indicator strains in
NFM is of considerable practical significance.
Spontaneous induction in PRM suggests that
this process is Ca=' independent. Although
PRM seemed to inhibit the propagation of spon-
taneously released phage 187 and 189 on indica-
tor strain 205, the growth of phages on sensitive
hosts in PRM has been reported by Sozzi (25)
and Gulstrom (Masters thesis, Oregon State
University, Corvallis 1976). In the former case,
three of eleven phages studied did not require
high calcium levels and grew on PRM. The
function of calcium in lactic streptococcal
phage-host interactions is unknown, although
Watanabe and Takesue (31) have shown that in
Lactobacillus phage-host systems calcium was
required for deoxyribonucleic acid penetration
and not for adsorption or multiplication steps.
In the absence of facts concerning the mecha-

nism of calcium dependency in lactic streptococ-
cal phage infections it is surprising that consid-
erable reliance is placed on PRM to prepare
bulk starter for industrial fermentations.

The incidence of lysogeny as recently re-
ported (19; Terzaghi and Sandine, submitted for
publication) and confirmed in this study, is
widespread in commercial dairy starter cul-
tures. Although there has been much confusion
about the possible significance and conse-
quences of lysogenic lactic streptococcal strains
(13), the need to screen for lysogenic strains and
indicator hosts that might be used in starter
rotations is obvious. To facilitate detection of
lysogenic strains and the consequent adoption
of appropriate starter rotation systems, system-
atic techniques for phage identification may
become essential. We are currently investigat-
ing the use of restriction endonucleases as po-
tential tools for the definitive identification of
lactic streptococcal phages.
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ABSTRACT

Differentiation of fast and slow milk-coagulating

lactic streptococci was achieved on a modified glycerophos-

phate milk agar. The new medium contained 0.1% litmus which

improved colony visualization and provided a qualitative

measure of acid production. Aerobic incubation of strains

on this milk-based medium led to auto-inhibition in many

strains due to accumulation of hydrogen peroxide. This

effect was minimized by addition of catalase or pyruvate.

Incubated anaerobically at 30 C, this medium allowed

recognition of fast milk-coagulating isolates in 28 single

strains and 7 commercial frozen cheese starter concentrates

and differentiation of both fast and slow isolates in strains

containing both cell types. Genetically characterized slow

isolates could be placed into one of two distinct groups

based on colony appearance. The first group fermented

lactose but was proteinase negative and the second group

included lactose-negative colonies that were either protein-

ase positive or negative.
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INTRODUCTION

Since lactic streptococci are unstable in their acid-

producing or milk-coagulating activity, there is a need

for a medium that provides for the differentiation of fast

and slow milk-coagulating isolates. Strains are considered

fast if they coagulate autoclaved reconstituted nonfat

milk (NFM) within 16 h at 21 C from a 1% freshly coagulated

inoculum (17,20). Upon repeated subculturing in milk-based

or complex broth media, some strains accumulate slow

variants that, upon isolation, require longer than 16 h to

coagulate NFM at 21 C (13). Slow variants may be defective

in lactose (Lac) metabolism (14), proteinase (Prt) activity

(2), or both, as these characteristics are carried on

plasmids in some strains (1,3,7,9,16,15).

A differential medium for fast and slow isolates would

obviate the need for the individual testing of large numbers

of colonies in selecting those with activity suitable for

cheesemaking. Such a medium would also be useful in the

selection of fast phage-insensitive mutants as some workers

report difficulty in selecting mutants that retain the

activity of the parent strains (11).

A glycerophosphate-buffered milk agar (GMA) medium

has been described for differentiating fast and slow iso-

lates, but it is not effective for all strains (12).
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Glycerophosphate is an excellent buffer in media for lactic

streptococci (19) and in GMA it minimizes the effects of

autoinhibitory amounts of lactic acid produced by fast

colonies, compared to unbuffered milk agar, allowing these

to grow to a larger size (1 to 2.5 mm) than slow colonies

(0.5 mm) after 2 to 3 days of incubation in air at 21 C

(12).

In initial work with GMA, we found no apparent recogni-

tion of fast isolates nor differentiation of fast and slow

isolates in 12 out of 28 strains (43%) as the colonies

from these 12 strains grew to only 0.2 to 0.5 mm in diameter

after 2 to 3 days of incubation in air at 21 C. Also it

was difficult to discern the typical white or translucent

colonies on the white background of GMA.

Requiring a selective medium in our work with phage-

insensitive mutants, we devised an improved GMA that, when

incubated anaerobically, provided for the recognition of

fast isolates from all 28 single strains and 7 commercial

frozen starter concentrates and the differentiation of fast

and slow isolates in strains containing both types. We have

named this medium fast-slow differential agar (FSDA). FSDA

contains litmus as a pH indicator which facilitated colony

visualization, provided a qualitative measure of acid

production by colonies, and consequently allowed

differentiation of fast (Lac
+

Prt
+

) and slow colonies as

well as differentiation of Lac
+

Prt versus Lac Prt
+

slow
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variants. Incubation at 30 C, coupled with anaerobiosis,

shortened the required incubation time to 24-48 h, depend-

ing on the strain, while still providing reliable

differentiation of fast and slow colonies.
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MATERIALS AND METHODS

Medium. FSDA was prepared as two separate components,

A and B. Component A was made by dissolving 10 g of Davis

agar (Davis Gelatine Ltd., New Zealand) by steaming for 30

min in a 2-1 flask containing 550 ml of distilled water,

followed by addition and mixing of 19 g of sodium glycero-

phosphate (Ruger Chemical Co., Irvington, N.J.) and 1.0 g

of Bacto litmus (Difco). Component B was made by dissolv-

ing 100 g of pretested Matrix nonfat milk powder (Galloway

West Co., Fond du lac, WI) in 450 ml of distilled water in

a 1-1 flask. Components A and B were sterilized separately

by autoclaving for 17 min (15 psi, 121 C). The sterilized

components were quickly cooled to 55 C in a water bath,

mixed together by gentle swirling in the larger flask,

poured (20 ml) into Petri plates and briefly flamed with a

Bunsen burner to eliminate bubbles. Plates were allowed

to dry in an inverted position for at least 24 h at 30 C

or for 48 h at room temperature (20 to 25 C). Pre-dried

plates were inoculated by streaking or spreading and were

incubated at 30 C for 24-48 h at 30 C in air or

anaerobically (BBL Gas Pak).

Bromcresol purple, bromthymol blue, and methyl red

(Sigma) were added to FSDA as 0.004% (w/v) in evaluating
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these indicators as substitutes for litmus. A sodium sul-

fonate buffer, 3-(N-morpholino)-propane sulfonate (MOPS,

pka 7.2), reported to be a good buffer in media for lactic

acid bacteria (21), was evaluated in FSDA at 2.0% (w/v) as

a substitute for sodium glycerophosphate.

Bacterial strains. Twenty-eight single strains were

from the culture collection at Oregon State University,

including: S. cremoris A2, H2, HP, SK11-G, 205, 104, 108,

134, 146H, 114, C13, 226, 281, 284, 286, 287, 288, 289A,

289C, 290, 290A, 291, 292, and 865; and S. lactis C2, ML8,

C10, and E. These cultures were maintained by weekly in-

cubation in NFM for 16 h at 21 C, from a 1% inoculum,

followed by t::ansfer of 1% inoculum to NFM and refrigera-

tion (5 C) of the unincubated culture until the next in-

cubation period.

Seven different commercial frozen cheese starter

culture concentrates were provided by E. R. Vedamuthu

(Microlife Technics, Sarasota, F1). Plasmid-characterized

fast strain C2 and slow derivative strains LM0210,

LM0220, and LM0231 were provided by L. L. McKay (Dept. of

Food Science and Nutrition, Univ. of Minnesota, St. Paul,

MN).

Activity tests. Matrix NFM was prepared as 11%

solids according to the manufacturers directions, dispensed
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10 ml per tube, and autoclaved for 12 min. Tubes were 1%

inoculated from a freshly coagulated NFM culture. Acid

production in NFM was measured by final pH or time of

coagulation after 16 h at 21 C or 6 h at 30 C.

Fast and slow colony isolates on FSDA were picked with

sterile wooden applicators and transferred into 10 ml of

NFM with 0.004% (w/v) bromcresol purple (BCP-NFM) and allowed

to coagulate (some slow variants would not coagulate NFM) at

21 or 30°C before transferring and testing for activity.

The effect of aerobic shaking on culture activity in

250-ml culture flasks with 50 ml of NFM shaken at 300 rpm

during 6 h of incubation at 30 C was compared with unshaken

controls.

Effect of catalase or pyruvate. As it is known that

some strains of lactic streptococci produce auto-inhibitory

levels of hydrogen peroxide in aerated NFM (5,6) the effect

of added catalase or pyruvate on colony growth on FSDA was

tested as described by Flowers et al. (4). Various amounts

of catalase (Sigma, Bovine liver catalase, 2000 units/ml)

from 780 to 5000 units were applied to FSDA plates by

spreading 0.1 ml of a membrane filtered (0.45 pm, Millipore

HA) catalase solution. Plates were allowed to dry at least

1 h before inoculation. Pyruvate was added to component

A as 0.25 to 2.0% (w /v), based on the volume of combined
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FSDA components, before autoclaving. Catalase and pyruvate

amended plates were incubated aerobically and colony size

compared to anaerobic controls.

Porubcan and Sellars (17) have reported that yeast

extract has significant pseudocatalase type activity for

use as a catalase substitute in milk-based media. We also

evaluated the substitution of yeast extract for catalase

and pyruvate in FSDA. Yeast extract was added to FSDA

as 0.2% (w/v) prior to autoclaving.

Characterization of slow variants. Slow isolates

selected from four strains on FSDA were tested for lactose

fermentation on lactose indicator agar (14), efficiency of

plating for homologous phages compared to corresponding

fast isolates, and activity in BCP-NFM. Slow mutants of

known plasmid composition were compared for colony phenotype

on FSDA and activity in NFM or BCP-NFM.
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RESULTS

Appearance of colonies. Typical fast and slow colony

types incubated anaerobically on FSDA are illustrated in

Fig. 1. Although color differences are not apparent in

black and white, fast colonies were 1 to 3 mm in diameter,

shiny, white, convex, and surrounded by a red zone, against

the blue background of the medium, indicating lactose

fermentation. Fast colonies developed a deeper red fringe

within the red zone, particularly upon extended incubation.

Slow isolates for some strains were Lac
+
as they produced a

faint red zone, but they were 2 to 5 times smaller than

corresponding fast isolates of the same strain. Both fast

and slow colonies had surrounding white zones, due to litmus

reduction under anaerobic conditions, which disappeared

within 15 min after plates were removed from anaerobic jars.

Thus, it was important to allow the litmus to re-oxidize

before reading colony types for acid production as white

zones around Lac
+

colonies became red, while white zones

around Lac colonies disappeared.

Anaerobic incubation eliminated the growth inhibition

and the subsequent lack of fast and slow colony differentia-

tion that occurred on FSDA for 43% of 28 single strains

incubated aerobically. After 48 h at 30 C under anaero-
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biosis, fast colonies from all 28 single strains were

approximately 2 to 5 times larger than corresponding slow

colonies on FSDA incubated aerobically. Slow colonies were

also slightly larger under anaerobiosis. Anaerobic in-

cubation also enhanced colony size on M17 agar (19) and Lac-

indicator agar (14).

Slow isolates were not apparent in the 7 commercial

culture concentrates nor in many single strains. However

in strains C2, C10, 205, and 104 slow isolates comprised

from 1 to 50% of the culture.

Bromcresol purple was an acceptable substitute for

litmus in FSDA, although we chose litmus as the preferred

dye in our work. With bromcresol purple, acid-producing

colonies had a yellow zone on a green background. Bromthy-

mol blue and methyl red were not acceptable as litmus

substitutes. When MOPS was used as the buffer in FSDA,

results were similar to those with sodium glycerophosphate.

However, glycerophosphate was chosen as the preferred

buffer as it is less expensive.

Activity of isolates. All fast isolates coagulated

BCP-NFM or reached a pH of 4.8 ± 0.2 within 16 h at 21 C

or a pH of 5.0 ± 0.2 in 6 h at 30 C. Slow isolates were

Lac
+

(Table 2) and required at least twice as long as fast

isolates to coagulate BCP-NFM at both temperatures.

The activity of cultures in aerated flasks was

severely inhibited compared to non-aerated controls (Table
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1), as the average pH difference (aerated flask minus non-

aerated control) was 0.92. Strain 134-F was the only strain

that was not significantly inhibited by aeration.

Effect of catalase or pyruvate. Both catalase and

pyruvate at optimum levels of 1000 units/plate and 0.5%

(w/v), respectively, enhanced colony size and differentia-

tion on FSDA incubated aerobically. Autoclaved catalase

had no effect. However, fast colonies were still approxi-

mately 50 to 75% smaller than anaerobically incubated

controls, suggesting that peroxide accumulation was not the

only source of inhibition under aerobic conditions.

Yeast extract also minimized growth inhibition of

colonies growing aerobically on FSDA, but it also lessened

the degree of fast and slow colony differentiation, as Lac

slow isolates were not clearly distinguishable from fast

isolates.

Characterization of slow variants. Some characteristics

of slow isolates selected on FSDA are shown in Table 2. All

of these isolates demonstrated slight acid production on

FSDA and were clearly Lac
+

. They were not significantly

different from fast isolates in sensitivity to homologous

phages.

As shown in Table 3, plaamid-characterized slow mutants

could be differentiated into two phenotypes on FSDA, based



26

on colony size and acid production, that were distinct from

the fast C2 parent strain (Lac+ Prt+). The two slow colony

phenotypes were : (1) Lac
+
Prt ; versus (2) Lac Prt

+
, or

Lac Prt . Like the Lac
+
slow variants that had been iso-

lated from some single strains on FSDA, strain LM0210 pro-

duced colonies on FSDA that were approximately four times

smaller than colonies from the fast C2 strain. Strain

LM0210 and the slow isolates described previously (Table

2) were identical in size and degree of acid production, on

Lac-indicator agar, compared to fast isolates from their

respective parent strains.
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DISCUSSION

Inhibition of culture activity in aerated NFM and the

effect of added catalase or pyruvate on minimizing aerobic

growth inhibition on FSDA, were findings similar to those

of Gilliland and Speck (5) and can be partly attributed to

auto-inhibition from accumulated hydrogen peroxide.

Still, as was suggested by the previous authors (5), in-

hibition under aerobic conditions may not be completely

explained by hydrogen peroxide accumulation. Alternatively,

added catalase or pyruvate may not be completely efficient

in eliminating the effects of metabolically produced hydro-

gen peroxide. This is supported from our findings that

anaerobic incubation provided for larger colonies on FSDA

compared to catalase-or pyruvate-supplemented plates that

were incubated aerobically. Similarly, we found that

anaerobic incubation provided for enhanced colony size

(approximately twice that of aerobic controls) after 24

hours on complex media such as M17 and Lac-indicator agar,

even though these media have 0.5% (w/v) yeast extract which

presumably provides significant pseudocatalase-type

activity (17). As these complex media are generally in-

cubated in air for 24 to 48 h at 30 C, anaerobic incubation

may be advantageous in reducing the incubation time

required for enumerating colonies.
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The substitution of yeast extract for catalase,

pyruvate, or anaerobiosis in FSDA is clearly not desirable

as yeast extract reduced the degree of differentiation

between fast and slow isolates on FSDA. This is not

surprising as fast and slow isolates grow to similar colony

sizes on complex agar media, and any complex nutrient like

yeast extract added to NFM would tend to compensate for

metabolic deficiencies of slow mutants, especially those

that are Lac
+
Prt (2,13).

Although the sulfonate buffer, MOPS, provided no

advantages over sodium glycerophosphate in FSDA for lactic

streptococci, MOPS and similar sulfonate buffers may be

useful in FSDA for use with thermophilic streptococci and

lactobacilli (21) where glycerophosphate is inhibitory to

some strains (18).

As all of the slow FSDA isolates for strains C2, 205,

104, and C10 were Lac
+

, their slowness in NFM was probably

due to a proteinase deficiency (2). These findings agree

with those of Limsowtin et al. (13) as they reported that

the Lac
+

Prt phenotype was the most prevalent among slow

variants isolated from both NFM and M17 broth.

There are numerous applications for FSDA. It will be

useful in the routine selection of fast isolates for

cheese starter culture maintenance and in determining the
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conditions influencing the emergence of slow variants in

cultures. In our work concerning the selection of phage-

insensitive mutants, FSDA has proven to be a useful tool,

especially for some strains that yield a minority of fast

isolates after mutant selection.

In genetic studies concerning plasmid characterization

of fast and slow strains, and in selection of fast re-

combinants after genetic manipulation (8,16) FSDA should

prove useful in preliminary characterization of phenotypes

since the commonly used Lac-detection agar does not allow

differentiation of Lac
+

Pr
e

from Lac
+

Prt colonies.
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Figure 1. Fast (f) and slow (s) colonies of S. lactis C2

after anaerobic incubation for 48 h at 30 C on FSDA.
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Table 1. Activity of 10 fast strains in shaken and

unshaken flasks

strain
a

after 6 h at 30 C.

pH

pHb
Ashaken unshaken

HP-F 5.9 5.0 0.9

205-F 6.1 5.0 1.1

104-F 5.5 4.8 0.7

134-F 5.2 4.9 0.3

114-F 5.3 4.9 0.4

290-F 6.0 4.8 2.2

291-F 6.1 4.8 1.3

C13-F 5.7 5.0 0.7

286-F 6.0 5.0 1.0

C2-F 5.5 4.9 0.6

Average 5.73 4.91 0.92

SD 0.34 0.09 0.54

a"F" denotes fast isolate selected on FSDA.

b
pH shaken minus pH of unshaken control.
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Table 2. Characteristics of slow variants isolated

from four different single strains on FSDA.

BCP-NFM clotting
time (h)

Variaq Lactose
. b cstrain fermentation 21 C 30 C

C2-S + 0.8 48 24

205-S + 1.1 40 16

104-S + 1.0 48 24

C10-S + 1..1 44 20

a"S" denotes slow isolate selected on FSDA.

b
Determined on Lac-indicator agar (14).

cEfficiency of plating compared to fast isolates of

parent strains.



Table 3. Characterization of fast and slow strains of known

plasmid composition.

BCP-NFM
Phenotype Clotting time (h)a Colonies on FSDA

strain Lac Prt 21 C 30 C Lac Size (mm)

C2 + + 15 6 ++ 2

LM0220 - - 72 72 - 0.3

LM0210 + - 48 20 + 0.5

LM0231 72 72 0.3

aLac - Prt
+

and Lac Prt strains showed only slight color change
within 48 h. (A pH < 0.5) and no subsequent color change upon
further incubation.

b++ and + designate strong and weak lactose fermentation on FSDA,
incubated anaerobically for 48 h at 30°C.
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ABSTRACT

Fast acid-producing phage-insensitive mutants were

isolated for all of 12 strains of lactic streptococci. The

isolation of fast colonies was facilitated by the use of a

new agar medium that allows differentiation of fast and slow

isolates of lactic streptococci. Phage-insensitive mutants

were selected by either plating the host with a 10 to 1000-

fold excess of phage, or by subculturing lower levels of

phage with host in nonfat milk, followed by plating on the

new differential agar medium. Phage-insensitive mutants for

all 12 strains were obtained that were the same as their

parent strains in rate of acid production. Five out of 7

mutants tested did not adsorb phage; one of the remaining

two adsorbed phage without apparent DNA penetration and the

other adsorbed phage without subsequent plaque formation.

Lysogenization by the phage used in their selection was not

detectable in any of the mutants. Cross-resistance to other

phages was more prevalent than newly acquired phage sensi-

tivities in all but one mutant. Some of these phage-insensi-

tive mutants are currently in use as commercial Cheddar

cheese starter strains. Our results indicate that carefully

selected and characterized phage-insensitive mutants may

help to alleviate the problems in commercial Cheddar cheese-

making that are due to the presently limited number of

suitable starter strains.
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INTRODUCTION

The use of phage-insensitive mutants of lactic strepto-

cocci for minimizing the problem of phage inhibition in

commercial Cheddar cheesemaking has not been entirely suc-

cessful. The criteria used by early workers to define

phage resistance were not clear and the mutants that were

isolated were either slow in acid production (activity) or

reverted to sensitivity to the original phage or were lysed

by a new phage (5,13,24).

Phage resistance is a term used in reference to a

bacterial host mutant with altered phage receptor sites that

preclude phage adsorption (7). Such mutants may be cross

resistant to other phages. As other mechanisms may prevent

phage multiplication in a host, such'as restriction-modifi-

cation of phage DNA .(2), lysogenic immunity (3), and adsorp-

tion without DNA penetration (20), the term phage-insensi-

tivity is more appropriate for description of uncharacter-

ized mutants.

One of the major problems has been the isolation of

phage-insensitive mutants that retain the acid-producing

activity of the parent strains. Consequently, Lawrence (14)

has suggested a negative correlation between phage re-

sistance and acid production. Strains of lactic strepto-

cocci are considered fast if they coagulate reconstituted
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nonfat milk (NFM) within 16 h at 21 C from a 1% freshly

coagulated inoculum. Slow variants require at least twice

as long for coagulation (16).

There are recent reports on the successful isolation of

fast phage insensitive mutants, for some strains, that were

generally characterized as phage resistant (11,12,18,20).

However, Limsowtin and Terzaghi were unable to obtain fast

phage-insensitive mutants for 7 out of 10 strains, even

though a differential medium for fast and slow isolates was

used (18).

In our initial studies with this differential medium,

a glycerophosphate-buffered milk agar (17), it did not allow

recognition of fast isolates nor differentiation of fast and

slow isolates in 43% of 28 strains tested. Consequently,

we devised a new medium called fast-slow differential agar

(FSDA) that allowed fast and slow colony differentiation

for all 28 strains (A. R. Huggins, Ph.D. Thesis, Oregon

State University, 1979).

Using direct selection (20) and whey adaptation (11) we

were able to select fast phage insensitive mutants on FSDA

for all of 12 strains. This paper presents the details on

how these mutants were selected and describes their

characteristics in comparison to the parent strains.. The

use of phage-insensitive mutants in commercial Cheddar

cheesemaking is discussed.
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MATERIALS AND METHODS

Bacterial strains. Twelve fast strains were obtained

from the culture collection at Oregon State University and

included: S. cremoris A2, H2, 205, 104, 134, 146H, 289A,

SK11G; and S. lactis C2, C10, ML8, and E. Strains 104, 134,

146H, 289A, SK11G, ML8, and E had been used as experimental

starter strains in commercial Cheddar cheesemaking until

phages for them were detectable in factory whey samples

(S. Daniell, M.S. Thesis, Oregon State University, Corvallis,

1979). Cultures were maintained in 10-m1 of 11% solids

matrix (Galloway-West Co., Fond du Lac, WI) nonfat milk

(NFM) that had been autoclaved (15 psi, 121 C) for 12 min.

Strains were transferred (1%), following 16 h of incuba-

tion at 21 C, to fresh NFM and this tnincubated culture was

refrigerated (5 C) until the next incubation and transfer.

Cultures were purified by single colony isolation on FSDA

and selection and culturing of a fast isolate for use in

mutant selection.

Bacteriophages. The following phage-host combinations

were obtained from the culture collection at Oregon

State University including: a2-A2, h2-H2, T189-205, c2-C2

and c10-C10. Single plaque isolation, propagation, and

plaque assays for phages were done on M17 medium as

described by Terzaghi and Sandine (22). All spot assays
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for phage were done by spotting 0.05 ml of a phage

preparation or whey sample on a freshly overlayed M17

soft agar host lawn. Phages for the strains that were

used as collunercial Cheddar cheese starters were isolated

by spotting dilutions of cell-free cheese factory whey

samples, centrifuged at 5000 x g for 10 min and filtered

through a 0.45 iJm Millipore HA membrane, on host lawns.

Mutant selection. Depending on the phage-host

combination, one or more of three selection methods were

used including direct selection, whey adaptation, and

modified whey adaptation. Selection of phage insensitive

isolates was completed by spreading dilutions or by streak-

ing phage-infected samples on FSDA. In direct selection,

1-ml of a high titer phage stock (>10 9 pfu/ml), containing

10 mM CaC12, was mixed with 0.2 ml of NFM host culture (ca.

10
8

cfu /ml), allowed to adsorb 15 min at 21 C and plated on

FSDA. For whey adaptation, 1 ml of cell free cheese

factory whey (< 106 pfu/ml) was mixed with 0.2 ml of NFM

host culture in 10 ml of NFM with 0.004% (w /v) bromcresol

purple (BCP-NFM), incubated at 30 C and examined at 6 h

intervals for color change or coagulation. If coagulation

occurred within 8 h (no apparent inhibition), the culture

was transferred as 2% to 10 ml BCP-NFM, incubated at 30 C,

and the process repeated as necessary until a significant



45

delay in coagulation (> 16 h) was observed, followed by

plating on FSDA. In modified whey adaptation, 1 ml of high

titer phage stock (> 10 9
pfu/ml) was mixed with 0.2 ml of

host culture in 10 ml BCP-NFM and treated as in whey

adaptation.

FSDA plates were incubated anaerobically (BBL Gaspak)

for 48 h at 30 C. One or more fast isolates were picked

with a sterile wooden applicator, resuspended in 1.0 ml

sterile saline (0.85% NaCl), and 0.4 ml of the colony

suspension was transferred, in duplicate, to 10 ml of

BCP-NFM, with and without addition of appropriate phage

preparation at 10
7

pfu/ml. Both tubes were incubated at

21 C and the rate of color change and clotting times were

compared. Upon this preliminary determination of phage-

insensitivity and suitable activity (coagulation within

24 h), the uninfected culture was purified by one or more

successive single colony isolations on FSDA to minimize the

possibility of establishing a phage-carrying culture (3,19).

Supernatant whey samples from FSDA-purified BCP-NFM

coagulated cultures were spot assayed against the original

parent strain to test for carried phages. Sensitivity of

mutant cultures to the original phage was tested by

spotting phage preparations containing 103 and 109 pfu/ml

on lawns of the mutant strain.
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Activity tests. Tubes were 1% inoculated with a freshly

coagulated (16 h at 21 C) NFM culture. The coagulation time

at 21 C was determined and other activity tests were done

including the measurement of the final pH after 6 h of

incubation at 30 C or after 5 h of incubation through a

Pearce Cheddar cheesemaking temperature profile (8,21).

To confirm acid-production in the presence of phage, these

activity tests were done in duplicate, with and without

added phage at 10
7

pfu/ml.

After mutant strains had been subcultured at least

20 times, a modified Pearce activity test was performed.

BCP-NFM was used, obviating the need for pH measurement,

tubes were incubated an additional 2 h at 30 C following

the Cheddar cheesemaking temperature, profile and tube

colors were compared to estimate the final pH.

Phage adsorption. The adsorption of phage to mutant

and parent strains, at a multiplicity of infection (MOI)

of approximately 0.001, was measured by assaying for

unadsorbed phage (23). M17 phage stocks were diluted to

10
5 pfu/ml in M17 broth containing 10 mM CaC12, and 0.05

ml was added to an equal volume of 16 h, 21 C M17 host

culture in a centrifuge tube at 20 C. After 10 min for

adsorption, 10 ml of ice cold M17 was added and the tube

was centrifuged at 5000 x g (2 C) for 10 min. Supernatant
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aliquots of 0.1 and 0.4 ml were immediately assayed in

duplicate using M17 soft agar overlays seeded with the

original parent strain. The percent adsorption was calcu-

lated by difference on the basis of the assay of the

control (no bacteria) tube.

Lysogeny. Mutants were examined for lysogenization by

the phage used in their selection, by testing their in-

ducibility, compared to parent strains, with UV and MC as

previously described (10). The reported procedure for

induction was modified such that cultures were grown to an

optical density at 600 nm of 0.1 to 0.2 (2 to 3.5 h at 30

C) prior to treatment with MC or UV. MC was added as 1.0

and 2.0 lig/ml. MC-and UV-treated culture supernatants were

spotted on lawns of the mutant and the original parent

strain.

Phage sensitivity. To determine if mutants were cross-

resistant to other phages or if they had acquired new phage

sensitivities (6) compared to the parent strains, 21 dif-

ferent phage preparations, diluted to 10
5

to 10 6 pfu/ml,

were spotted on the mutant and parent strains.
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RESULTS

Mutant selection. Fast phage-insensitive mutants were

isolated for all 12 strains. Although a small proportion of

slow isolates were apparent on FSDA following direct

selection, the majority were fast colonies. These fast

isolates were readily purified of residual phage by one or

two successive single colony isolations on FSDA. However

direct selection was not suitable for selecting phage-

insensitive mutants for turbid plaque-forming phages or

phages that plated at a relatively low efficiency (< 105

pfu/ml). Whey adaptation and modified whey adaptation

worked as alternatives in such cases.

Whey adaptation and modified whey adaptation allowed

isolation of fast phage-insensitive mutants for many

strains, although only slow colonies were apparent after

whey adaptation of strains E and 104. Fast phage-insensitive

isolates for these strains were obtained by direct selection.

Whey - adapted mutants for strain 205 and SK11G developed a

persistent phage carrier state even after 3 successive

single colony isolations on FSDA. Phage titers in these

cultures were 10
3

to 10
5
pfu/ml following single colony

isolation and increased to 10
8
to 10

9 pfu/ml after 2 to 3

successive transfers in BCP-NFM. These phage-carrying

cultures still had activity at 21 C that was similar to the

parent strains.
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Most strains required 24 to 48 h for coagulation

in BCP-NFM during the first transfer in whey adaptation,

compared to coagulation within 8 h by uninfected control

cultures. Some strains were uninhibited during the first

transfer in whey adaptation and required 2 to 3 successive

transfers before inhibition was apparent. This was

probably due to an initially low strain-specific phage

level in the whey.

Activity tests. With and without added phage, all

phage-insensitive mutants that were tested had activity that

was similar to the parent strains (without added phage).

These cultures coagulated NFM or BCP-NFM within 18 h at 21

C, reached a final pH of 5.0 ± 0.2 after 6 h at 30 C and had

a final Pearce test pH of 5.0 to 5.8, depending on the

strain.

After at least 20 successive transfers in BCP-NFM, no

detectable change in culture activity or phage-insensitivity

was apparent in all phage-insensitive mutants as evidenced

in the modified Pearce activity test.

Phage adsorption. Phage adsorption to representative

mutants for eight strains is shown in Table 1. Mutants for

the first 5 strains appear to be phage resistant as they did

not adsorb phage. Mutants for strains C2 and H2 adsorbed

phage at levels similar to their parent strains. Mutant



50

strain H2-1RD1 was examined following phage adsorption by

electron microscopy of negatively stained preparations (Alan

R. Huggins, Ph.D. Thesis, Oregon State University, Corvallis,

OR, 1979) and as adsorbed phages were not ghosts, it

suggested that DNA penetration was not occurring. Phage

adsorption followed by DNA penetration on the parent strain

was evidenced by numerous adsorbed ghosts around the cells.

Lysogeny. Both mutant and parent cultures of strains

C2, C10, ML8, 146H, SK11G, and 289A responded by a large

drop in absorbance (> 0.1) within 2 to 3 h after treatment

with UV or MC. Parents and mutants for ML8 and 146H were

inducible with MC, but not UV. However, none of the mutant

or parent cultures served as indicators for phages in the

induced lysates suggesting that the mutants were not

lysogenized by the phage used in their selection.

Phage sensitivity. Mutants for eight different strains

demonstrated cross resistance to from 1 to 5 other phages

(Table 2). Three mutants, H2, 104, and E, acquired 1 new

phage sensitivity and the mutant for strain C10 was

exceptional in that it acquired sensitivity to 4 other

phages.



51

DISCUSSION

Although whey adaptation was an alternative to direct

selection in the isolation of phage-insensitive mutants for

turbid plaque-forming phages and phages that plated at low

efficiencies (< 105
pfu/ml), this method has some inherent

theoretical drawbacks. As the MOI was generally low (<

0.1) in whey adaptation, surviving isolates on FSDA may

have become phage carriers (pseudolysogenic) or lysogenic

(3). Limsowtin and Terzaghi (19) found that many strains of

lactic streptococci became phage carriers upon initial

infection with low levels of phage (< 10 pfu/ml). Phage-

host genetic interactions may also readily occur under the

conditions of whey adaptation. Such interactions might be

involved in the problem many workers'have had in isolating

fast phage-insensitive mutants. Other systems where a

phage-host interaction has caused a physiological change

or mutation in the host, such as phage conversion and

mutator phage Mu-1, are well characterized (3). As cheese

whey may contain more than one type of phage, the resulting

mixed phage infections could yield recombinant phages with

a new host range that may further complicate mutant iso-

lation. Although these possibilities were not specifically
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examined, it is noteworthy that only slow colonies were

recoverable from whey adapted strains E and 104 and that

whey adapted strains SK11G and 205 developed a persistent

phage carrier state.

Direct selection at a relatively high MOI (10 to 1000)

is more specific for phage-resistant mutants (7).

Phage infection at an MOI of greater than 100 may also

cause lysis from without (1) of all phage-adsorbing cells

thus obviating any phage-host genetic interactions as only

phage-resistant mutants would be expected to survive. There-

fore, modified whey adaptation (MOI 1 to 100), as an

alternative for direct selection, may be preferable tc whey

adaptation.

Phage-insensitive lactic streptococcal mutants that

adsorb phage without apparent DNA penetration have also been

described by Marshall and Berridge (20). Similarly, mutants

that adsorb phage without subsequent plaque formation have

been described (16). Our findings that none of the mutants

had been lysogenized by the phage used in their selection

compares similarly with a previous report (20). However, it

is not surprising that some strains were inducible for other

pha.ges as lysogeny is widespread in the lactic streptococci

(10).

Although host-range mutants for phage T2 have been

isolated that are virulent for T2-resistant E. coli B (7),
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Marshall and Berridge (20) were unable to detect similar

phage-host range mutants for phage-resistant lactic strepto-

cocci. Limsowtin and Terzaghi (18), described phage-

resistant lactic streptococcal mutants that were stable as

starters for a period of 9 months in commercial Cheddar

cheesemaking. The previous reports indicate that carefully

selected phage-resistant mutants have considerable promise

for Cheddar cheesemaking.

Limsowtin et al. (15) have devised a successful

multiple starter (6 strain) approach in which only those

strains for which no phage are found in a Heap-Lawrence test

(8) are used for cheesemaking. Other important strain

characteristics included acid production, temperature

sensitivity and strain compatibility.(antibiosis). These

characteristics were considered in formulating a multiple

starter with appropriate proportions of each component

strain.

Daniell has had success with a modification of this

approach (S. Daniell, M.S. Thesis, Oregon State University,

Corvallis, 1979), although as phages eventually appeared

for the starter strains the number of suitable substitute

strains was limited. The selection of phage-insensitive

mutants for the original component strains should alleviate

this problem. Carefully selected and characterized phage-
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insensitive mutants that retain characteristics of the

original strains would be desirable in maintaining the

characteristics of the original multiple starter. Some of

the mutants described in this report are currently being

used as cheese starters in this type of approach.

Phage-insensitive mutant selection would be improved

and facilitated by the availability of an extensive and well

characterized collection of phages and bacterial strains.

Computer-assisted approaches for defining phage and host

groups of lactic streptococci have been described (4,9).

Broadly phage-insensitive mutants could be selected by using

the phage with the broadest host range in a particular

phage-host grouping. If new phages eventually appeared for

a mutant starter strain, these phages could be categorized

again and the process repeated to obtain another broadly

resistant mutant. This type of approach may be the most

commercially acceptable in the United States, where large

quantities of frozen starter concentrates are manufactured,

as broadly phage-resistant mutants would be expected to

require less frequent strain substitution.

The selection procedures we have described for obtaining

fast phage-insensitive mutants and the possible approaches

that have been discussed for commercial utilization may



55

provide the potential for an unlimited supply of new starter

strains for commercial Cheddar cheesemaking.
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Table 1. Phage adsorption to parent strains and their phage-
insensitive mutants.

Strain
a

Phage
Sensitivity Phage % Adsorption

104 104-1 95

104-1RD1 104-1 <0.1

146H 146h-1 95

146H-1RD1 146h-1 <10

C10 c10 85

C10-1RD2 c10 <10

111.8 m18-1 95

ML8-1RD1 m18-1 <0.1

e-1 81

E-1RD1 e-1 <0.1

C2 c2 94

C2-1RMW1 c2 90

H2 h2 90

H2-1RD1 h2 88

au-1R..." denotes phage insensitive mutants.

b
Sensitive parents are +, mutants are -.
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Table 2. Phage sensitivity of parent strains and their phage insensitive mutants.

Strain
a

b
Sensitivity to Phages Cross-

resistance
New

ensitivity
d

sensitivity1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

A2 + 0 0

A2-1RD1 R 2 0

H2 + + + +
H2-1RD1 R + 0 3 1

104 +
104-1RD1 R 1

134 +
134-1RMW1 R 0 0

146H + + +
146H-1RD1 + R 1 0

SK11G + + +
SK11G-1RD1 R 4 0

C2 +
C2-1RD1 R 0

C10 + + + +
C10-1RD1 R + + 0 + + + 1

M1,8 + + + + + +
ML8-1RD2 R 0

ML8-1,2RMW1 R R + 0

E 0 +
E-1RD1 0 R 1 1

a"- 1R..." denotes phage insensitive mutants.
b+ = clear zone of lysis, 0 = turbid zone of lysis or decreased lawn growth; R = phage used in
selection of mutant.

c
Total No. of other phages the mutants were insensitive to.

d
Total No. of phages to which the mutants had acquired new sensitivities.
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ABSTRACT

The adsorption and lysis of Streptococcus cremoris by

bacteriophages was studied by electron microscopy. For

adsorption an exponential or early stationary phase culture

was infected at a ratio of approximately 100 plaque-forming

units per cell. Following a 10 min adsorption period and

preparation of the adsorbed cells for electron microscopy

by negative staining, phage-adsorbed cells were readily

observed. For lysis, a 3.5-hour culture of strain 1-S

was infected at a ratio of 1 plaque-forming unit per coccus.

Following an additional 2.5 hours of incubation at 30 C,

the infected culture began rapid lysis which was nearly

complete within 30 min. Samples taken just after the onset

of lysis and negatively-stained for electron microscopy

revealed many ruptured cells that were releasing phage

particles. A heretofore unreported baseplate for an induci-

ble phage from S. lactis C2 was seen on phages only during

adsorption. These findings demonstrate the utility of this

technique in studying adsorption and host lysis by lactic

streptococcal bacteriophages. This method has been used

in determining if phage adsorption to phage-insensitive

mutants was followed by DNA penetration.
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INTRODUCTION

There have been many reports, as reviewed by Bradley

(2,3), concerning the adsorption, intracellular multipli-

cation, and host cell lysis by various bacteriophages for

Escherichia coli. However, little has been published on

these events for phages which attack lactic streptococci.

Studies on the adsorption process and specific receptor

sites for some lactic streptococcal phage-host systems

have been reviewed by Reiter (10). Parmelee et al. (9)

published a series of photoelectronmicrographs which

suggested a sequence of events occurring when S. lactis is

lysed by phages; they used the shadow-casting method in

preparing samples for electron microscopy. Stouthamer et

al. (11) indicated that negative and positive staining

methods were more suitable since these techniques

provided more information on the changes in contractile

mechanism of the invading phage, the extent of nucleic

acid penetration, and allowed a rapid and more convenient

sample fixation.

The present work was undertaken to observe adsorption

and consequent lysis of the host by lactic streptococcus

bacteriophages, using the negative staining method. The

method described here was also used to determine

if phage adsorption to phage-insensitive mutants was
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followed by DNA penetration (Alan R. Huggins, Ph. D. Thesis,

Oregon State University, Corvallis, 1979).
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MATERIALS AND METHODS

The ultraviolet light-induced temperate bacteriophage

of S. lactis C2, Tc2, and its indicator host, S. cremoris

1-S, were described in a previous study (4). S. cremoris

H2 and its homologous phage, h2, were also used in this

study. Phage stocks were prepared and assayed, using the

agar overlay method (1), and M17 medium as described by

Terzaghi and Sandine (12). To facilitate a more precise

calculation of the ratio of plaque-forming units (pfu) per

coccus, plate counts were done using a method modified from

Martley (8). Aliquots (1-ml) from cultures were blended in

99 ml of chilled (4 C) 10% M17 broth in a Waring blender for

30 sec to reduce cell chains to diplococci, serially di-

luted, and plated.

For adsorption, 0.25 ml of a 16 h-21 C cultures of

strain 1-S in M17 broth supplemented with 10 mM CaC12

(M17-Ca
2+
) were infected with 0.25 ml of phage preparation

at a ratio of approximately 100 pfu/cell (200 pfu/colony-

forming unit), mixed 10 sec on a vortex mixer, allowed to

adsorb 5 min at 21 C, placed on ice 5 min to stop cell

growth and phage multiplication, and centrifuged for 10 min

at 5000x g. The pellet was gently washed (without re-

suspension) with 10-ml of cold (5 C) 0.1 M ammonium

acetate, decanted, and resuspended in 0.5 ml of the

same solution. One drop each of both sample and nega-
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tive stain, a combined solution at pH 5.0 of 2% phos-
_

photungstate and 2% ammonium molybdate, were mixed on a

parafilm surface and a 300 mesh formvar-coated grid im-

mersed into the mixture for 15 min, removed, and blotted

underneath with filter paper (4). Stained specimens were

examined within one hour using a Philips EM 300 electron

microscope.

To observe host lysis, a 3.5-h 1% inoculated culture

in M17-Ca
2+

broth incubated at 30 C was infected at a ratio

of approximately 1 pfu/cell (2 pfu/cfu), re- incubated for 2

h and hourly turbidity readings were taken using a Bausch

and Lomb Spectronic 20 colorimeter; absorbance was there-

after read every 10 min until it peaked and began to drop.

Immediately upon and at intervals following the onset of

lysis, cultures were centrifuged and processed for

electron microscopy as described above.
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RESULTS AND DISCUSSION

The turbidity change following infection of strain 1-S

is shown in Fig. 1. Under these conditions, lysis data

shown were typical of those obtained in several trials. The

infected cultures grew exponentially until, at approximately

2.5 h after infection, rapid lysis ensued. Cultures centri-

fuged within 10 to 15 min after onset of lysis yielded many

cells that had been lysed by phages, as observed under the

electron microscope. In addition, at this time phages

adsorbing to streptococcal cells as well as numerous free

phage particles were observable.

Phage adsorption is illustrated in Figures 2A and 2B.

Figure 2A illustrates a group of Tc2 phages during adsorp-

tion to strain 1-S showing several eMpty-headed phages

(ghosts) on the cell surface. Figure 2B shows phage

ghosts with their tails extended to the cell surface. This

clearly shows these phage ghosts adsorbing tail first as the

baseplates of two phages are evident and their tail pins

appear to be penetrating the cell surface. The empty heads

and unstained lumen running down the center of each tail

indicate that phage DNA injection had occurred. The

majority of adsorbed phages for h2-H2 were ghosts (not

shown), again indicating DNA penetration. Similar ad-

sorption experiments with a phage-insensitive mutant
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for this phage indicated adsorbed phages with full heads,

showing that DNA penetration had not occurred (A. R.

Huggins, Ph.D. Thesis, Oregon State University, Corvallis,

1979). Figure 2C shows a disrupted coccus of strain 1-S

releasing phages at several sites. The cell has lysed

at several points with fragments of the cell surface

structure remaining. Intact phages and a few phage ghosts

are clearly visible around the cell.

This is the first report of a baseplate for the induci-

ble C2 phage; the structure has approximate dimensions of 22

x 14 nm. It was only seen in adsorbed phages. The absence

of this structure in previous studies (4,5,7) may be due to

its being lost during differential centrifugation and subse-

quent phage concentration, since phage baseplates are

known to be easily detached during such preparation (13).

In agreement with the report of Stauthamer et al. on

phages for E. coli (11), the technique described here has

proven to be a useful method for the demonstration of

adsorption, DNA penetration and host lysis by lactic

streptococcus bacteriophages.
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Fig. 1. Turbidity changes in a culture of S. cremoris 1-S

infected with phage Tc2 after 3.5 h of incubation at 30 C in

calcium supplemented M17 broth.
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Figure 2. Adsorption and host lysis by phage Tc2 on S.

cremoris 1-S. Plates A and B illustrate phage adsorption

and arrows in B indicate phage base plates. Plate C

illustrates host lysis. Bar graphs represents 500 nm.
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ABSTRACT

A new phage-inhibitory medium for lactic streptococcal

cheese starters was formulated that was better than various

types of commercially available phage-inhibitory media in

preventing phage proliferation and comparable or better than

commercially available phage-inhibitory media in supporting

culture growth and acid production. The new medium was a

low-lactose whey-based formulation with ammonium phosphates

and sodium citrate added as pH buffers and for sequestering

calcium ion. Twenty five single strains, 7 frozen com-

mercial cheese starter culture concentrates, and 9 different

phage-host combinations were tested in this medium and

various commercial phage-inhibitory media. One or more

phages proliferated in all commercial phage inhibitory media

whereas all phages were completely inhibited in the new

medium. The new medium was comparatively simple and eco-

nomic in formulation compared to commercially available

phage inhibitory media.
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INTRODUCTION

In a recent evaluation of commercial phage inhibitory

media (PIM) for lactic streptococci, Gulstrom et al. (3)

reported that only 2 out of 7 commercial PIM were effective

in preventing phage proliferation for phages with apparently

low calcium ion (Ca
++

) requirements. These findings indi-

cate a need for improvement in the formulation of PIM. The

present study was specifically concerned with the develop-

ment and evaluation of a new PIM. Since the general aspects

concerning phage inhibition and PIM formulations have been

recently described (3) these topics will not be reiterated

here.

In the prior report (3), a superior commercial PIM,

Brand F, was described that prevented lytic infection of all

phages tested, provided for good culture growth and activi-

ty, and was well buffered with a combined phosphate-citrate

blend. In attempts to quantitate the minimum Ca
++

reauired

for lytic infection by some phages, an apparently low Ca
++

requiring phage-host combination, T189-205, was found to

proliferate in the brand F commercial PIM as well as all

other commercial PIM tested. However lytic infection by

T189-205 and other phage-host combinations was inhibited in

M17 broth (9) with added phosphate, citrate, and ethylene

glycol tetraacetate (EGTA; Sigma). EGTA chelates divalent
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cations, but it is most specific for Ca
++

(8). In attempts

to formulate a commercially practical medium that would

inhibit phage T189-205 without inhibition of culture growth

and activity, a new phosphate-citrate whey-based medium

(PCWM) was devised. PCWM was formulated as a low-lactose

medium with whey powder and yeast extract as the nutrient

base (1,7) and phosphate and citrate salts as buffers and

for chelation of Ca
++

. This medium was comparable or better

than Brand F and other commercially available PIM yet it was

the only medium tested that would inhibit phage T189-205.
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MATERIALS AND METHODS

Medium. Various buffer formulations were evaluated in

a basal medium containing 3.5% (w/v) whey powder (Tillamook

Cheese Co., Tillamook, Oregon) and 0.3% (w/v) yeast extract

(Ardamine-YES, Yeast Products, Inc., Clifton, N.J.). With

pH control (7) and possibly under highly buffered conditions,

culture growth and activity may be inhibited by lactate

concentrations above 2.5 to 3.0% (2). Therefore, the

lactose concentration of 'PCWM was adjusted to approximately

2.5% (w/v) by using only 3.5% (w/v), whey solids since

fluid whey (7% solids) contains approximately 5% lactose

(10) .

Trisodium citrate (Baker, reagent grade) was evaluated

at concentrations of 1.0 to 2.0% (w/v) in combination with

2.0% (w/v) disodium glycerophosphate (Ruger Chemical Co.,

Irvington, N. J.) or various proportions of monobasic and

dibasic ammonium phosphates (Baker, reagent grade) at com-

bined concentrations of 0.5 to 1.0% (w/v). Each formulation

was prepared in 400-ml of tap water and sterilized like

commercial PIM at 85 to 90 C (185-190 F) for 45 min with

continuous mixing (3). The optimum formulation for PCWM was

compared with some of the commercial PIM previously de-

scribed (3) including brands A, B, F and newly formulated

brands H and I. Brand I was an experimental commercial low-

lactose PIM.
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Bacteria and phages. Twenty-five single strains in-

cluding 21 S. cremoris and 4 S. lactis cultures, 7 frozen

commercial Cheddar cheese starter culture concentrates

(provided by E. R. Vedamuthu, Microlife Technics, Sarasota,

FL), and 9 phage-host combinations were used in this study.

Single strain cultures were maintained in 10-m1 of 11%

solids Matrix (Galloway-West Co, Fond du lac, WI) nonfat

milk (NFM) that had been autoclaved (15 psi, 121 C) for 12

min. Strains were transferred (1%) following 16 h of in-

cubation at 21 C to fresh NFM and this unincubated culture

was refrigerated (5 C) until the next incubation and trans-

fer. Phages were maintained, propagated, and assayed on M17

medium as previously described (9).

Culture activity and phage inhibition. 10-ml amounts

of each PIM were inoculated (1%) with 16 h, 21 C NFM single

strain cultures and incubated for 16 h at 21 C, followed by

transfer (1%) to 10-ml of NFM, and incubation for 6 h at 30

C. Culture growth in each PIM and culture activity after

transfer to NFM were determined by pH measurement compared

to NFM control cultures. Frozen commercial culture concen-

trates were briefly thawed in chlorinated (100 ppm) tap

water at 30 C, 0.01% directly transferred to PIM and treated

as above. Phage inhibition was tested by inoculating PIM

with single strain cultures as above with simultaneous
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addition of phage to 10
5

pfu/ml. For phage assays, 1 ml of

phage-infected PIM culture was transferred to 9 ml of ice-

cold sterile saline (0.85% NaC1), centrifuged at 5000 x g

for 10 min, and the supernatant was diluted and titered by

plaque assay.

Buffering capacity. PIM were titrated with successive

0.5-ml portions of 10% (v/v) lactic acid and the pH deter-

mined to measure relative buffering capacities.

RESULTS AND DISCUSSION

Medium. Although a buffer combination of 2.0% (w/v)

disodium glycerophosphate with 1.5% (w/v) trisodium citrate

prevented phage growth and allowed excellent culture growth

and subsequent activity in NFM, ammonium phosphates were

substituted for glycerophosphate without significantly

lessening either phage inhibition nor culture growth and

activity. Due to cost advantages, ammonium phosphates were

used in the optimum formulation which is shown in Table 1.

Culture activity and phage inhibition. PIM brands A

and B, which have already been evaluated (3), and Brand H

were not used throughout this study. However these 3 media

were tested for inhibition of phage T189-205 and none

were effective in this regard.



84

The growth results in PIM and activity upon transfer to

NFM for 25 single strains is summarized in Table 2. The

results for PCWM and brand F were very similar and all

strains cultured in these media had the highest activity in

transfer to NFM. The average final pH after 16 h of incu-

bation in PCWM and brand F was also significantly higher

than in NFM or brand I. This is advantageous as pH injury

in lactic streptococci, evidenced by a longer lag period

upon transfer, is noticeably greater at a pH of less than

5.0 (unpublished data). The buffering capacity of each

medium is shown in Figure 1. The higher buffering capaci-

ties of brand F and PCWM may allow higher cell yields in

these media before the onset of pH inhibition. Together,

the higher buffering capacity and the higher final pH (5.0)

after culture incubation in brand F and PCWM compared to

brand I and NFM allowed for better culture activity upon

transfer to NFM. To test the possibility that strains in

Table 1 were over-incubated in brand I by not transferring

until 16 h, the experiment was repeated in all 4 media with

transfer made to NFM at 12 h and 16 h for comparative

activity tests. In summary, the activity results were the

same as in Table 1 whether transfer was made at 12 h or 16

h, even though the 12 h pH averaged 5.0 in brand I, and 5.2

in brand F and PCWM.
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The results for the 7 frozen commercial starter concen-

trates are shown in Table 3. Cultures 1, 2 and 7 grew

poorly in PCWM and in brand F which was subsequently tested.

Culture 2 also grew poorly in brand I. Cultures 3 through 6

grew well in all media, although cultures were most active

when grown in PCWM and brand F (data not shown). Cultures

1, 2 and 7 may not be suitable for PIM in general as they

grew poorly in brand F which has been proven one of the

better commercial PIM available.

The data in Table 4 show that of the 9 phage-host

combinations tested, T189-205 and m18-ML8 proliferate in

brand I while all phages were completely inhibited in PCWM.

Data are not shown for brand F since only T189-205 was not

inhibited in this medium. Phage m18-ML8 did not signi-

ficantly inhibit acid production in brand I although a high

final phage titer (2 x 10
8
pfu/ml) resulted. This suggested

that acid production may have been nearly complete before

high phage titers were reached. Gulstrom et al. (3)

obtained similar results for some phages in various

commercial PIM. These findings might be due to delayed

phage growth in some PIM due to slowly acid-solubilized Ca++

as the pH dropped during culture growth (1).

It was noteworthy that relative phage recoveries (RPR)

-1
in various PIM shown in Table 4 were generally low (10 to
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10
-3

) when phage growth was inhibited. Although not dis-

cussed in the previous report, those data indicated

similar low RPR values (3). We have found that this only

occurs in PIM when phage and host are present together as

phages alone in PIM do not markedly decrease in titer after

16 h at 21 C. This phenomenon may be explained by findings

reported by Lanni (5) indicating that DNA penentration

occurs in two steps with coliphage T5, the latter step

requiring Ca
2+

for the completion of the process. In the

absence of Ca2 + , DNA penetration is incomplete and essential

phage genes may be left outside the host and subsequently

degraded by exogenous nucleases. Consequently in the absence

of Ca
2+

, phages may be inactivated in this abortive-type of

infection.

It was intriguing that phage T189-205 was isolated from

a spontaneously inducing lysogenic strain, S. cremoris 189

(4), and that it grew in all commercial PIM tested. In

commercial Cheddar cheesemaking, a strain like this may act

as a reservoir for phages that could become established in

cheese factories and cause inhibition of bulk starter

prepared in PIM. However, as the Ca++ requirement for lytic

infection by phage may be subject to a type of host-control-

led modification (6), phage growth on multiple strain

starters grown in PIM may not readily become widespread.



87

In conclusion our results indicated that PCWM was

better than a similar low lactose commercial PIM (brand I)

in stimulating culture activity and preventing phage growth.

PCWM was also more effective than brands F, H, A and B

in preventing growth of phage T189-205 and these media were

similar in their ability to provide for good culture growth

and activity upon transfer to NFM. In composition, PCWM was

of low solids (5.7%), compared to conventional commercial

PIM (11 to 12% solids), and may subsequently be more

economical than many commercial PIM. Since PCWM does not

contain any novel ingredients compared to commercially

available PIM, its efficacy in supporting culture growth

and activity while providing for phage inhibition may be

attributed to an optimum ratio and concentration of ammonium

phosphates and sodium citrate.
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Figure 1. Relative buffering capacities of various PIM and

NFM.
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Table 1. Composition of phosphate-citrate whey medium.a

Ingredient
Parts per 100 parts Grams solid per

solids dry weight 100 ml water

Dried whey powder 57.85 3.5

Trisodium citrate dihydrate 24.79 1.5

Dibasic ammonium phosphate 9.92 0.60

Ardamine YES yeast extract 4.96 0.30

Monobasic ammonium phosphate 2.48 0.15

a
Total solids on a weight powder/weight solution basis is 5.7%.
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Table 2. Average final pH values for 25 single strains in various
media incubated 16 h at 21 C and activity upon transfer to NFM at
30 C.

Growth in PIM
Initial 16 h - 21°C Activity in NFMa

Medium pH Final pH A-4 A-6

NFM 6.4 ±.15 4.62 ±0.07 0.72 ±0.14 1.51 ±0.18

Brand F 6.8 ±.15 5.09 ±0.30 0.94 ±0.19 1.67 ±0.19

Brand I 6.5 ±.15 4.80 ±0.06 0.77 ±0.11 1.57 ±0.15

PCWM 7.0 ±.15 5.03 +0.13 0.84 +0.14 1.63 ±0.15

a
A-4 and A-6 refer to pH change after 4 and 6 h, respectively,
± SD.



95

Table 3. Final pH values for 7 commercial frozen Cheddar cheese
concentrates in various PIM incubated 16 h at 21°C, and activity
upon transfer to NFM at 30 C.

Culture Medium

pH
NFM at 30 C

pH Activity
a

16h, 21°C 4 h 6 h A-4 A-6

1 NFM 4.88 5.86 4.97 0.66 1.55

Brand I 5.08 5.87 4.99 0.65 1.53

PCWM 6.65 6.33 5.77 0.19 0.75

2 NFM 4.84 5.79 4.88 0.73 1.64

Brand I 5.70 6.13 5.62 0.39 0.90

PCWM 6.83 6.33 6.02 0.19 0.50

3 NFM 4.67 5.70 4.85 0.82 1.67

Brand I 4.88 5.72 4.87 0.80 1.65

PCWM 5.05 5.62 4.81 0.90 1.71

4 NFM 4.73 5.82 4.98 0.70 1.54

Brand I 4.86 5.81 4.95 0.71 1.57

PCWM 5.06 5.74 4.90' 0.78 1.62

5 NFM 4.80 6.18 5.45 0.34 1.07

Brand I 4.87 5.87 5.08 0.65 1.44

PCWM 5.06 5.79 4.97 0.73 1.55

6 NFM 4.60 5.81 4.89 0.71 1.63

Brand I 4.80 5.74 4.86 0.78 1.66

PCWM 4.97 5.68 4.81 0.84 1.71

7 NFM 4.60 5.76 4.85 0.76 1.67

Brand I 4.81 5.63 4.76 0.89 1.76

PCWM 6.62 6.27 5.55 0.25 0.97

a
A-4 and A-6 refer to pH change after 4 and 6 h, respectively, ± SD.



Table 4. Final pH and phage inhibition of nine different phage host combinations in
various PIM.

Phage-Host Medium

PH after 16 h at 21°Ca Final phage

+ Phage
b

-phage A titer
b

RPR
c

a2-A2
Brand I 4.81 4.83 270 .003
PCWM 5.06 5.07 130 .001

c2C2 Brand I 4.85 4.85 - 530 .005
PCWM 5.05 5.05 150 .002

h
2
-H

2
Brand I 4.87 4.88 - <100 <.001
PCWM 5.00 5.02 - <100

4
<.001

Tbk
5
-H

2
Brand I 4.83 4.82 - 3 x 10 0.3
PCWM 5.00 5.00

4
1 x 10 0.1

hp-HP Brand I 5.00 4.98 <100 <.001
PCWM 5.26 5.42 <100 <.001

T189-205 Brand I 6.58 4.76 1.82 1 x 10
9

10,000
PCWM 5.03 5.02 <100 <.001

c10-C10 Brand I 4.82 4.82 - <100 <.001
PCWM 5.02 5.02 <100 <.001

m18-ML8 Brand I 4.86 4.84 - 3 x 10
8

3,000
PCWM 5.00 5.02 - <100 <4.001

104-104 Brand I 4.78 4.76 <100 <.001
PCWM 5.17 5.13 - <100 <.001

a
Control cultures in NFM with and without added phage had final pH values of 6.1 to 6.3, and
4.6 to 4.9, respectively, indicating complete phage inhibition.

b
Phage added at an initial concentration of 1 x 10

5
pfu/ml, at the time of culture inoculation.

c
Relative Phage Recovery =

Final phage titer
Initial phage added

d
pH + phage minus pH - phage; values <.05 not considered significant.


