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INTRODUCTIORN

The production of lactic scld by microorganisms l1s of
great importance in the dalry industry. The various types of
cheese, particularly cheddar and cottage, cultured buttermilk
and cultured crean all depend upon the production of lactie
acid by bacteria. The organlisms primarily responsible for
this acld produectlion are the lactic streptococel. Variations
in the ability of these organisms to produce acld result in an
inferior product,

Une of the principal causes of slow acid production by
lactic streptococcus cultures is bacteriophage. The control
of bacteriophage in dalry plants has largely been through
selection of cultures, rotation of cultures, strict cleaning
and sterlilizing of plant equipment and following procedures
which mininize the number of bacteriophage particles that may
gain entrance from the alr into wilk snd milk products. Despite
observing all of these precautlions, fsilures of lactic cultures
due to bacteriophage in dalry plants still oceccur.

The final solution to the bacteriophage problex can come
ority through an extensive fundamental aspprcach to the problenm.
An understanding of the fundamental relatlionships betwesn
bscteriophage and host organism then will glve a basls for
practical approach to the solution of the problem. 1t is

belisved that a study on the influence of p¥ on proliferation
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of streptococcus bacteriophage may lead to a partial elucida=-

tion of these relationships.



(A

STATENENT OF PROBLEM

The purpose of the work reported hereln was to study
the influvence of pH on the proliferation of seversal strains

of lactie streptococcus bacteriophage.



REVI SN OF LITERATURE

Twort (1915) made the first observation of a trans-
missible lytlc substance in hacterial cultures. This phe=-
nomenon was encountered independently by d'Ferelle {(1917),
who developed a theory to account for the action of the lytic
agent, which he termed "bacteriophage." Later d'Herelle (1926)
gave an elaborate presentstion on bacteriopliages and thelr be=
havior. Since that time there have been innumerable accounts
of bacteriophages actlve against many specles of bacterlia. No
attempt will be made in this work to review all the materisl
that has accumulated. Muchk of 1t, of course, would have no
bearing on the present work and the object of this review 1s
to cover only the more pertinent iltersture.

There are a numwber of review artlcles on bacteriophages
but unfortunately most of thewm contain no information on the
bacteriophages of the lactic streptococels For those interested,
the reviews of d'Herelle (19268), Hadley (1928), Burnet (1934),
Krueger (1936), Delbriick (1942) and {(1946) and Fong (19249) may
be consulted.

The first report of bacteriophages active agalinst ths
streptococcus grouvp was that of Hadley and Dabney (1926). The
first indicatlion of baeterlophages active against lactic strep-
tococcl as used in the delry industry was in New Yealand.

Working in a cheese factory, Whitehead and Wards (1933) observed
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fallure in activity of a cheese starter tranaferred from one
large cen to another. After the first fallure in the factory,
simllar results were obtained with the mother culture of the
laboratery upon transferring to largeée cans in the factofg.
Failure in activity usually occurred in the sccond generatlon.
Later Whitehead and Cox (1934) described cases of sudden fallure
in activity of cheese starters and explained thls fallure as

due to =zeration of the mllk immediately before inccuiastion with
certaln cultures. Acbtually it was not until 1935 that Whitehesad
and Cox (1935a) referred to this fallure as due to bacterliophaze.

In the United States the lowa Agricultural Experiment
gtatlion Report on Agricultural Hesearch (1933) reported that
when small amounts of a butter culture thalt coagulated highly
pasteurized or sterlle milk very slowly were added to heated
milk, the coagulation of this mllk by normal butter cultures
was greatly delayed. This restraining agent was capable of
passing through a bacteria-proof filter and could be destroyed
by boiling the filtrate contalning it.

Harriman (1934) reported that the slowness of coagulation
of certaln butter cultures under practlcal conditiong was not
due to the scurce of the milk, the organisms naturally cccurring
in the milk or contemination from plant equipment. He also
showed that bacteria~free [l1ltrates made frowm the slow cultures
were capable of restraining butter cultures when present in
emounts as small as one part of filtrate to 20 million parts

of milik,.



Nelson (1936) and Nelson et 8l, (1932) showed that the

inhivitory principle active azainst Streptococcus lactis had

the charscteristics commonly sssoclated with bacteriophages.
This inhkibitory principle multiplied on sensitive strains of

Se lactlis and segregation of Individual strains of the inhibi-
tery principle was possible., These workers also showed that
under proner conditions this principle caused lysis of sensitive
organiams.

Since 1839, the major portion of the investigations on
lactic streptococcus bacteriophage has been centsred in Kew
“ealand, England and in the United States, primarily at the
lowa fgricultural Experiment Station. The Dalry Researeh
Institute, Palmerston North, New Zealand was one of the early
leaders in this fleld and it might be well to review first the
work from that institution on the lactle streptococcus bacter-
iophage.

The early work of Whitehead and Wards (1233) and Whitchead
and Cox (1234) describing cases of sudden fallure of starter
cultures already has heen mentioned, Other incldences of
sudden culture fallure are desecribed by these authors (1935b)
and bacteriophase was indicated as belng responsible. Whitehead
and Cox {1936) recogn’zed the presence of bacteriophage in a
starter culture during an investigation of failure supposedly
due to asration. At this time these workers demonstrated plaque
forwation by the bacteriophage on a yeast whey agar. The bac-

terlophaze was purified and whey filtrates of high titer were
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prepared, From this work they found that the optimum temper-
ature for bacterliophage proliferation was about 30° C.; however,
proliferation occurred at 20 and 37° C., but more slowly, Like-
wise they noted the strict specificity of the streptococcal
bacterisph&gé and that 1t malntained this specificity for the

one particulsr strain of Streptococcus erencris on which it was

active. Hunter (1939) found s marked differsnce between indle
vidual organismg within a pure culture of S. cremorls, as well

as varlation betwesen cultures, to bacteriophage attack. Attemnpts
by Whitshead and Cox {(1938) to nroduce imnmune foras from secon-
dary growﬁh organisms Ai1d not result in a permanent immunity.
Later Whitehead and Hunter (193%a) concluded thalt streptococcal
bacterlophages were comuon in the cheese making industry and

they were able tc isolate nine distinet bacteriophage "races”
from cheese culturss,

With the increased number of culture failures due to
bacteriophage, Hunter end Whitehead (1940) tested a number of
chemical disinfectants, to determine time of inactivation of
the bacteriophage, as a means of control. Various disinfectants
were tried and chlorine was found to be the best suited, less
than 1 minute belng required for complete inactivation of bac~
teriophage in the presence of 0.05 per cent cilorine. They
also noted that the effect of hydrogen lon was negligible over
several dayé at room teuperature when the pl was between 4 and
7

It was a comnon practice in Hew Zealand st thiz time to

inoculate starters st the rate of 0.2 per cent. Whitehead and
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Hunter (1339b) found that by increasing this inoculum of single
strain cultures to 1.0 to 1.6 per cent the activity of the
culture couid be maintained from day to dav for long periods
of time.

Further attempts to elliminste failure of cultures due to
bactericohage action lad Whitehead and Funter (194la) to dls-
cover that the atomization of whey from the whey separator was
responsible for many of the spontansous outbreaks of hascterio-
phage. From these findings attempts to elimlnate alr borne
bacteriophage led to the use of e¢hlorine sprays, protection of
the cultures in the fsctory and the recommendstion of separate
rooms, if not separate buildings, for the preparation of the
mother culture,

Hunter (1943) found wide differences in optimum tempera-
tures for varlous strains of bacteriophage attacklng strains
of 5. cremoris. He found that some strains of bacteriophsge
would be completely inhibited at 379 C,, whlle others would
lyse the culture in 5 hr. at 229 ¢, In general, he concluded

hat 1t would be possible to ret seld production in the choeae
vat 1f multiple stralin cultures were used, sven though soms of
the strains were sttacked by bacteriophage.

Later Hunter (1244) found that the evidence of bacteri-
ophage in the cheese vat during the maklng process was larvely
dependent upon the amount of initlal infection. With small
Initiel infections of bacteriophage in the vat, he was still
able to make a good quality cheese. However, wlth higher

concentrations of bacteriophage, the cheese was definitely



"second grade', often having a fermented, yeasty flavor and
a weak, pasty body.

Whitehend and Hunter (1241b, 1946) reviewed the work in
New Zealand on bacterlophage infection in the cheese industry
and conecluded that 1t was the most frequent cause of slow acld
dzveloepment 1in the cheese vat. These fallures could be causged
bty a gradual build up of bsascteriophsge conceniration in the
factory or by irmproperly stesrilized factory or farm squipment
{Whitehead and Hunter, 1247) coming in contact wilth the cheese
milke. They advocated strict cleaning and sterilizing snd indi-
cated that the passibility of destroying every trace of bacter=
lophage 1n a commercial operation was quite remote,

The history'cf bacteriophage 1n the cheese making industry
cf Erizland is not as drametic as in New Zealand. This is primar-
1ly due to the types of cultures that were used in the two
countries. In New Zealand single-atrain lsctlic streptococcus
cultures wsre ﬁsed snd an attack of bacteriophage frequently
provented the use of that particular lot of nilk for chieese
making. In England it was more common to use wmultipnple-gstrain
cultures and thus the cheecse maker experienced only slowness
in acid developnment.

During the chsese making season of 1940-41 Keanwell (1341)
and Harrison and Wolf (1941) reported the slowness of multiple=-
strain cultures 1n Ingland to be due, at least in part, to
bacteriocphage. Meanwell (1941) sugcested the use of & different

culture when slowness 1ln the cheese wvat waz encountered and



stated that every precaution should be taken to avold contami-
nation of the starter milk. Nichols and Wolf (1942) likewise
demonstrated that bactariophage was regponsible for the slow-
ness in the cheese vat during the cheese making season, especlal-
1y during Hay and August.

Two cases of slowness were studled by Harrison and Dearden
(1941) to determine the possible cause. 1In each case multiple=-
gstraln cultures were in use and the changing of the starters
eliminated the trouble. Attempts to lsclate bacteriophage were
rnot succesaful but they ¢did not feel thiat bacteriophage was
completely excluded as the cause of the slowness.

Anderson and Meanwell (1942), investipgating the "May slow-
ness" in cheess making, attributed 1t to bacterlophage. The
slowness was found to occur where both single~strain and multiple-
strain cultures were used; however it was muech more serious
where single-strain cultures were used. They indicated that the
baeteriophage actlon was not always specific and some of their
whey [1ltrates wers sctive against more than one strain of the
starter ergaﬂlsmé. These workers found that a bacteriophege
active against one strain of a multiple-stralin culture may
prevent the growth of the non-susceptible strain although no
bacterliophage actlve against the non-susceptible straln could
be 1lsolsted from the culturs. Thls particular phenomencon wes
termed "nascent® bact@riophage activity. iowever, Nichols and
Wolf (1945a) found that this phenomenon was not common in the
starter stralns studled, but they indicated that it might be

used to demonstrate fundsmental relatlionships between stralins.
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In additionel studies, Nichols and Wolf (1944) found
bacteriophage to persist for a considerable length of time
in cheese known to have shown slowness in the vat and suge
geated that the infection easily could be carried over from
one cheese makling season to another. These workers slso
studied the heat reslstance (1245b) of the bacteriophages of
cheese starters in milk and found that usually the bacter=
fophages did not survive 75° C. for 7.5 min. They also
showed the practical impllications of this in the preparation
of milk for starter making.

Nichols {1945) surveyed the Incldence of "slowness" and
its connection with bacteriophage in England and Wales and
outlined methods of control of bacteriophage in the factory.
The best method of eontrol was to keep the bulk starter Ifree
from bacteriophage contamination. This could be accomplished
by destroying slr-borne bacteriophage, not aliowing milk to
stand over night in the vats, thorough cleaning of the vats
and rinsing with chlorine solution immedliately before use and
disinfecting walls, ceilings, floors and drainsg with chlorine
twice weekly during the asctual cheese making season., The use
of a speclal starter rcom slso was recommended.

Nichols and Ineson (1947) showed in cheese making experie

ments that when the dominant straln of a multiple strain starter

was lysed by bacteriophage action that slowness occurred but
the other strains would take over the acid development and the

starter would Yrecover®.
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Nichols and Hoyle (1949) recently have attempted to
clagelfy the lactic streptococci by thelr particular bacter-
iophage patterns. From thelr work they grouped the lactice
streptococel into eleven bacteriophsge sensitivity types.
The majority of the bacteriophage stralins used in the typing
were classifled by means of antlephage sera Into three groups.
It was hoped thst these relationships would lead to s basis
for selection of various organism types to be used in cheese
starters, especially where several different cultures were
carried in each plant and rotation of eultures was used as a
means of bacteriophage control.

Johns and Katznelson (1941) were the first to report
difficulty with bscteriophage active against a cheese starter
in Canada. In a particular case clted by these workers, a
multiple strain culture that was attascked experienced an
abrupt stoppsge of acid production. This cessation was as
abrupt and complete as if a single straln culture had been
ugsed., At this time they felt that wmany of the so called
"starter fallurea" were due to the action of bacteriophage,
as well as many of the reported cases of slow acld develop-
ment in the cheese making process.

Further reports by Johns (1242) Indlcated that the
bacteriophage was present in the milk just prior to pasteupr=
ization. The bacteriophsge could not be demonstrated in
small samples from individual cows, but 100 wl. ganples of

the mixed mlilks were positive. He also reported that in two



13

plants having trouble with lseck of acld production at the
cooking temperature (96-100° F.) the cause was the lysis of
the dominant strain of the multiple~strain starter,

The early work on lactic streptococcus bacteriophage by
Harriman (1934}, Nelson (1936) and Nelson et al (1932) has
already been mentioned in this review, Following this work
there was a considerable delay 1n the United 3tates before a
great deal of further research on this subject was reported
in the literature.

Babel (1946) reported the effect of bacteriophage on
the cheese making process. He showed that slow acid pro=-
duction due to the presence of bacteriophage usually was
apparent at the time of draining the whey or shortly there=
after, The presence of 2 significant amount of bacteriophage
in the cheese milk resulted in an almost complete cessation
of acid production when either a single strain or a multiple
strain culture was used. OGreene and Babel (1948) studied the
effect of ultraviolet light on bacteriophage and concluded
that irradlietion would be of little value in a commercial
operation for the destruction of bacteriophage active against
S. lactis.

Parmelee et al, (1949) studied lactic streptococcus
bacteriophage with the aid of an electron mlcroscope and
found the partlicles to be sperm-shaped and to have an overall
length of 220 myue. The dlameter of the head was 70 mu, and

the tail was 30 mu., wide and 150 mu. long. Nine different
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strains were studied and the slze and shape was 80 nearly
alike that differentiation could not be made cn thlis basis,

Collins (1949) found that soluble caleium was necessary
for proliifsration of a number of strains of bacteriophage
active against the lactic streptococecl. In his work he found
that the calcium couvld be made unaveilable in a defined medium
by asutoclaving the calecium in the medium or increasing the
KQEP04 content to above 0.1 per cent.

TUsing 42 strains of organlisms and 64 bacterlophage
strains, Wilkowske (1949) grouped the bacteriophages into
seven groups on the basls of their cross-reactions. He also
studied plaque size and temperature of inactivation and found
considerable varlation in both for the different strains of
bacteriophage.

Cherry and Watson (1949a), working with only one strain
of 8. lactis, 122«4, and i1ts homologous bacteriophage, found
that lysis tock plamce at pH 6.0, 7.0 and 8.0, but the latent
period of virus growth wes extended by about 10 minutes at
pH 8.0, These workers suggest that pH 5.0 is about the criti-
cal level below which lysis does not occur, They also indi-
cated that neutrality was near the optimum for virus ad=-
sorption and that adsorﬁtion‘fell of f somewkat on either side
of neutrality but on the alkaline side the decrease was slow,
These workers (1949b) slso found that tryptone increased
adsorption in a yeast extract glucose medium and that certsin

electrolytes stimulated celiular lysis as well aes virus ad=

sorption.



There are & number of reports from other countries of
bacterlophage active against the lactic streptococei. In
some cases no actual isolgstion and characterization of the
bacteriophages was accomplished, and in general thelr work
ig not as far advanced me that reported from England, New
7ealsnd, the United States and Canada. Maze (1937) in France,
Novék (1949) in Czechoslovakia, Yakovlev (1939} in Russia,
Mosimann {(1948) in Switzerland, FPette (19468) 1in Holland,
Overby (1949) in Denmerk and Csiszér and Gura (1949) in
Hungary all have reported on some phase of lactic strepto=
coccus bacteriophage, showing the wide dlistribution of it in
the dalry industry.

There aré a few reports in the literature regarding the
Influence of pH on bactarimphageé other than those active
against the lactic streptococcil.,” These are included, as a
matter of interest, but correlation between these and the
present work could not be expectsed because of the individual
differences in the specles of organisms Involved,

Dickinson (1948} found that the bacteriophages active

against Psesudomonas pyocyanea were stable at plH 6.5-10,0

but not below 6.5, Also she reported that at pH 2.2~4,0
with phosphate citrate buffer the bacterlophage was inacti=
vated within 3 hr. Wahl and Zmerique {(1947) reported that
the dysentery bacillus bacterlophages Cyg and S1z had a very
low critical pH of about 4.0 and that inactivation was very

rapid with an increase in the hydrogen ion concentration.
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Kruerer and Fong (1937}, in thelr work with Staphylococcus

sureus, found that by Incrsasing the hydrogen lon concenlre=

tion there oecurrsd an lneresse iIn the lsg nhase of the

orzaniams without a corresponding incrsase in the

et

of hactarlophass productlions Iy Inersasing the alkaelind

Xy 52

thers wag ne pronounced chanze n Lhe curves of orcanlem
srowtl o7 bacteriophare proliferstion. Thase workers found
trhat at ol Q.5 the 17dic thrresteld was aboul 1,000 bacler-
tophare particles instead of 107 to 140 ner cell and thoe tine
of lysls was Jdelaveds

Gold and wWatson (1950) found that pi of the culturs was

the determining facltor in the lvesing of Clostridlium maedisonil

=7

by ite homologous hacteriophsze. Lysis was Inhitited at 2H 5.1
and beslow, but not hetween Bel and 7.5, These workers also
indieated that oH Interfered wltih penstration of the virus

into the cells. Penetratlon wasg completely blocked at pi 5,1

or telow and st Qﬁ‘ﬁ.ﬁ and abova.



DAPERIV ERT AL METHODS
General Procedure for a Repressntative Trisal

In order toc simplify and clarify this tople of procedure
it may be well as a beginning to describe a complete repre-
gsentative trial and then divide the procedure into the various
parts and give wmore detall following this presentation.

In many of the sarly determinations, in order to have a
complete control, four sauples were run at the desired pi as
aksingle experiment. The first sample (organlsm control) was
used to check the normal growth of organlems and the pH changes
during the test period. The second sample was used to give a
eheck on the organism growth when the pH was maintained at a
constant level, The third sample was Inoculated with both
Qrganisms and bacteriophage and was used to follow the normal
population and pH changrs when bacteriophage was pressnt with
the organisms. The fourth sample contained botk organisms and
bacteriophage and this sample was malntalined at constant pH
to determine the influence of pl on bacteriophage proliferation.

At various intervals an aliquot was withdrawn aseptically
and used for the determination of pH, orgenlism count and bacter=
lophage titer. A relatively large portion was necsssary for
pH measurement and 1t could not be returned to the original
sample, slnce the slectrodes were not sterile. This necessi-

tated an original substratum of 100 to 130 nl.



After seversal determinations the first and third samples
were dlscontinued becgsuse they proved unnecessary for interpre-

tation of the dats obtained on the two other samples.
Preparation of Hedla

The litmus milk used for enumeration of the bacteriophage
wag prepared by adding enough aqueous solution of litmus to
pasteurized skim milk to impart a iight blue color. To this
wag added 10 per cent by volume of filtered V-8 juice.* The
ehtire lot was mixed thoroughly and then dispensed in 15x125 rmm.
test tubes in approximastely & ml. quantities. The litmus milk
used as the substratum for the organisms end bacteriophags
strains at the varicus pH levels was prepared the same as above,
except the V-8 julce wes omitted and the medium was dispensed
in 6 oz, screw cap bottles iIn 100 or 150 ml. guantities. Ster=

ilization was accomplished by heating with steam under 15 pounds

pressure for 25 minutes.

In the early work with Hl, 1l=-F4 combination, 1t was found
that a suitable medlium other than litmus milk would have to be
found that could be adjusted to pH levels lower than 5.2. Two
broth medla were tried, tomato julce-peptone-peptonized milk
broth and V-8 julice-peptone~peptonized milk broth. The tomato
juice broth gave bacterliophage=-organism populations about

eguivalent to litmus milk, The V=& broth gave slightly higher

*A combination of eight vegetable Juices made by the Campbell
Soup Co., Camden, N. J,
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bacteriophage populations and for this reason 1t was selected
for use at the lower pH levels. This also led to the fortl-
fication with 10 per cent V-8 juice of litmus milk that was
used for bacterliophage enumeration. The added V-8 julce
seemed to increase the activity of both the orgsnisms and
the bacteriophages. This increased activity eliminated a lot
of the trouble with soft "slopoy™ coagulated curd and made
the reading of the titers mors precises. With two combinatlions
used, 0.1l per cent Gaalg was added to the V-8 broth in order
to promote optlmum bacteriophage proliferation.

The V=8 broth was prepared by taking 400 ml. of flltered
V=8 Jjulce, 10 g. peptonized mllk and 10 g. protecse peptone
no. 3 and making this up to one liter with distilled water.
This gave a clear brown~colored broth with a final pH of 4.8
to 5.1 after sterilization at 15 pounds pressure for 25 minutes.

Tryptonewglucoge~extract-milk agar was used for all plate
counts. It was prepared by using 24 g. Bacto tryptone-glucose-
extract agar (TGE agar) per 1000 ml., of distilled water. This
was hested in flowing steam until the agar was melted, dis-
pensed in 100 ml, quantitles in 6 oz. screw cap bottles, and
sterilized at 15 pounds pressure for 20 minutes. Immediately
before using, 1 per cent of sterlle skim milk was added asep-

tically.
Bacteriophage=organisms Cowmbinations

The bacteriophage~organism combinations were selected

from the Dalry Bacterlology Laboratories collsction at +owa
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3tate College. Since these cultures and bacteriophage
straing had been carried for a considerable length of time

in the laboratory, they were considered sufficiently pure for
this study and no further purification was made. The sources
and designatlions of the bacteriophage~organism combinations

are listed in table 1.

Table 1

Sources and deslgnations of bacteriophage=
organism combinations

Designation Date Source of
Phage Culture obtained phage
F4 H,1l 5-2-45 Slow vat of cheddar
cheess, 1., S. C.
P24 W2 T=25-45 Slow vat of cottage
che@ae, I. 3. Co
743 i22,1 F=l =47 Slow c¢ulture in market
milk 1abo, T. 8. Co
P55 573 4~16=48 Mr. E. B. Anderscn Unlted

Dairles Ltd., Centrsl

Laboratory, Wood Lane,

London W. 12, England
P56 712 4=16-48 ir. E. B. Anderson

The filtrate designated F4 and the culture Hl,l were
selected at random; many of the first triels were made with
thls combination. The cross-reaction determinations by
Wilkowske (1948), the nutrition study of the organismg on
bactericphage proliferation of Collins (1949) and the 8.
lactis~bacteriophage relstionship studles by Turner {(1948)
served partially as the bases for the selection of other
combinations. Wilkowske (1949) made cross=-reaction determi=-

nations of 61 bscteriophages against 49 organism strainse.
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F55 was active against only one organlsam strain (575), while
most of the other bacteriophage strains available showed
additlonal activity against one or more strains. This par-
ticular combination was selscted because 1t was different in
this respect from all the others. Collins (1949) and
Wilkowske (1949) had information on W2-F24 combination end
712-F56 combinatlon and 1t was felt that additlional work on
these would be desirable, The 122,1-F43 combinstion was
selected primarily because a whole serles of 122 siraina are
carried in the Dalry Bacterlology Laboratories of lowa State

College and & number of bacterlophage strains are active

against theum.

Propagation of the Cultures

]
*

All the cultures were carried in fortified litmus milk,
Cultures that were belng used were subcultured dally and
incubated at 32 to 33° G. for 12 to 16 hr. The cultures
that were not in immedlate use were subcultured every third
day and after the incubatlon time of 12 tc 16 hrs they were
stored at 3 to 5° ¢, in a refrigerator. These cultures then

were subcultured dally for three days prior to their uses
Preparstion and Storage of DBacteriophage

The bacteriophage preparations used were in the form of

whey filtrates. These filtrates were prepared by incculating

*Contained 10 per cent V=& julce
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150 ml., of sterile skim milk in 6 oz. screw can botiles with
1 ml. of a freshiiy coagulated culture of the deslired organlism.
The Liowmolopous bacteriorhaze preparstion was added at Lhe rate
of 0.1 to 1.0 wml., depending upon the titer, and the mixture
was incubated ior © to 7 hr. at 327 C. After incubation, the
skim milik was scidifisd by adding 5.5 mi. of gterile 10 par

cent lactic secid to bring ehout complete coagulation of the

caseln, This scidifled material then was {ilitored throush

Y

coarse sterile fllter paper under aseptic conditions. Usualiy
this gave an alwost clear soiution which then was filteved

aseptlcally through a sterlle Selas microporous porcelain
filter of #03 porosity., This filtrate was free of celis and
ontalned the tacterlophage at high titer. The filtratss were
stored at 3 to 5° C. during the period of use. The titers on
most of the {iltrates would remain 10 or avove for several
wmonths. PRacteriophage F56 was an exception to this and, in
order to walntaln a hipgh titer, fresh filtrates had to be

prepared about once each month,
Measurenent of PBacterlophage Activity

The limiting dilution teclnlgue nsed by Krueger (1930},
darrizan (1534), Felson et al. (1933) and Babel (1946) was

k?

uged throughout this Iinvestigation for ei:merating the Lac=

teriophage. The bacteriophage titer was expressed as the most
probable number of particles per wls., or the logarithm of this

nunber, tased upon the limlting active dllution of the material

containing bacteriophage.



he limiting dillution method used hereln conslsted of
making 100-fold dilutions of the bacteriophage suspension
in sterile distilled water and dispensing 1 ml. and 0.1 ml.
guantities Into triplicate tubes of litmus milk fortified
with 10 per cent V-8 juice. This in effect amounted to a
10-fold serial dilutlon. These tubes then were inoculated
with 1 drop of a 1 to 10 dilution of a freshly coagulated
culture of sensitive organisms (Collins, 1943) snd (Wilkowske,
1949) and incubated at 32° ¢, for 12 to 16 hr. At the end of
the inecubation perlied, the last tube that 41d not show the
typlcal acid, reduction or cosgulation of the control (litmus
milk inoculated with one drop of the diluted sensitive
organism) was recorded, The bacteriophage titer then was
obtalned by consulting MeCrady's tables of most probable

number, as adapted by Buchanan and Fulmer (1928).
Determination of Organism Counts

In all trisls with litmus mllk and with V-8 broth an
Cinitial plate count of approximately 100,000 per ml., and a
bacteriophage titer of about 101 was desired (Turner, 1948).
The organism count varied to some extent, due to the specific
characteristics of the organisme. The count on freshly coagu-
lated cultures would be lower with some strains of organisms
than with others, presumably due in part to the tendency
toward chain formation. However 1t will be noticed that for

each particular strain of organisms the initial count was



reiativaly constant in all trials., A portion Qf the initial
bacterliophage titer variatlion was due to the gradual decrease
in titer of the filtrates upon storage.

At various intervels during the test period samples were
withdrawn for the plate count and the same dilutlions were used
for determination of the bacteriophage titer. All organism
counts were made by the standard plate count method {Amerlican
Public Health Association, 194&) on tryptone-glucose-extracte
milk agar. The poured plates were allowed to sc0lidify and
then were incubated at 32° ¢. for 48 hr. The plates were

counted with the ald of a Quebec colony counter.
Determination and Adjustment of pH

All pH value& were determlned electrometrically with
elther a Leeds end Horthrup glass electrode potentigmetar
or a Beckmsn pH meter (glass electrode). Occasionally a
pH value was checked on a Leeds and Northrup potentiometer
with a quinhydrone electrode and a saturated calomsl cell,

The pﬁ of the bactericophage=organism c¢ulture was taken
st various intervals by withdrawing 5 ml. portions with a
sterile pipsestte and placing this in a small beaker. To this
portion was added an sgual volume of distilled water and the
pH taken. The water was added in order to make the sample
of sufficient mize that the ends of the slectrodes could be
Immersed adequately. Several trials showed that the added

water did not change the pH of the milk or the V=8 broth,
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Ordinarily the litmus milk had 8 pH of 6.4 to 6.6, after
steriligation, while the V-8 broth had a pll of 4,8 to 5.1. 4
10 per cent sterile lactlic acld soiution was used to adjust
the pl to lower levels than the original substrats and a
sterile 1N NaOH solution was used to ralse the pi.

During the test periods the pH was maintained by the
additlion of 1N NaOHs In the early trials, 0.05H HalH was
added to the 5 ml. portion withdrawn for pH measursment until
the deslred pH agalin was obtalined. From this, the necessary
amount of 1N NaQH needed to return the pH of the remalnder
of the bacterliophage-organlism culture to the desired levsl
was caleulated., Thls was not too satisfactory becsuse of
the lag in neutralization of some of the constlituents of the
media, This technlgue was lumproved by neutralizing one bottle
of medium, adding one or two drops of NalH at a tlme and
recording the pH alter sach addition., Uhis information then
gserved &s & gulde to neutralizatlion of the regular trials and

was egually ass succesgsful as the other method., ILven though

in some trials the pi was determined as often as every 18
minutes, 1t still was difficult to maintaln a falriy constant
pi level.

All pH velues referred to in results and indicated on the
fligures are the pH levelg of the trial before any adjustment
was made. After this pH was dstermined, the gquantity of base
necessary to return the pH to the deslred level was added and

mixed In by agitation,
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BEAPERI WaNTAL BRSULTS

Streptococcus cremoris S573~bacteriophage F55

coxnbination

The population changes for this organism=-bacteriophagze
combination at various pH levels are shown in tables 2 throug
9 and the data are summariged in figures 1 and 2. At pH 8.5
(table 5) there is maximum bascteriophage proliferstion, along
with rapid growth of the orgenlisms., When the pﬁiis‘lowered
from 6.5 to 5.4 (table 4) a slight retardation of bacteriophage
proliferation is encountered. VWith continued lowering of the
pH, bacterispha@é proliferatlion declines and at pH 5.0 in
V=8 broth {table 2} there 1s no increase in the bacteriophage
population after 20 hr. incubation at 32° ¢,

The bacteriophage proliferation at pH 7.5 (table 8)
follows g pattern similar to that at pH 6.5. At pH 7.6
{table 7 and 8) there 1s a very definlte and pronounced decresse
in bactericphepge multiplicatlion. The lag phase of bacteriophage
prmlifaration is incraased;fram an hour or 80 at pH 6.5 to
between 6 and 7 hr. at pH 7.6. At pH 8.0 {(table 9) thers ls
g definite decrease in bacteriophage population after 18 hr.
incubation at 320 Ce

With 3. cremoris 573=-bacteriophage F55 1t 1s of interest

to note the sensitivity of the bacteriophage to the hlgher

s

pi levels. As shown in table 7, the organism population is
st1ll lincreasing at a rather rapld rate at pH 7.6 wille the

bacteriophage has barely increased safter 11 hr. At piH 8.0
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the organism populatlion increased but the bacterlophage
numbers decreased. There 1s a marked difference in bacter-
fophage proliferation rate at pH 7.5 and 7.8, while the
organism population changes are very simllar at the two
reaction levels. Table & shows the population changes at pH
7«6 over an 18 hr., period. 1In this triel the pH fluctuated
over 0.3 pH units. This fluctuation came largsly after the
15th hour due to the very rapid production of acid by the
organisms. Even though the pH got as low as 7.3 several times,
the bacteriophage mulitiplication was retarded considerably.

In trial 1 of table 4, in which two trials are presented
for pH De.4, the orgsnisms were lysed in 13 hours, whereas in
trial 2 there was only an lndication in 13 hours that the
organlsm numbers were beginning to decrease. On comparison
of these two trials 1t will be noted that from the 6th to 1llth
hour of incubatlon the bacteriophage multiplication was more
rapid in trial 1 than in trial 2 and thls probably accounts for
‘lysia in one trial and not the other. Lysis did not occur in
20 hr. at pi 5.2 (table 3), although considerable prollferation
cf bacteriophage oecurred.

The bacteriophage proliferation at various pH levels is
summarized from typlesl data In figure 1. The slopes of the
lines representing the 1ogarithms of the bacterliophege titers
at pH levels of 6,5, 7.5; and 5.4 approximately parallel esach
other. AL pH levels of 7.8 and 5.2 there is an increase in

the lag phase and the rate of bacteriophage proliferation is



not as great as at pH 8.5,

4 summary of the organism counts of typical triasls is
presented in flgure Z. At the extremes of pH the populatlion
curves flatten out and a definite decrease in the number of
organisms 1is noted at pH 5.0, The decrease in organism popu=~
lation at pX 5.0 coincides wlth the lack of bacterlophage
multiplication. Ordinsrily there is no increase in bacterlo-
phage nuubers when the conditions are not right for organism

multiplication,



Table 2

Populatwcn changes in the 8. gremorls 573~0acterlophage F55
combination during lncubstlon at 32° ¢.
in V=8 broth at pH 5.0

Log of Log of
Culture Time pPH bacteria phage
(hr.} count/ml., titer/ml.
Organism 0 5.0 4.94 -
control 12 5.0 4,99 -
’ 14 5.0 5,02 -
16 4,95 5.009 -
ig 4,9 4.35 -
20 4.9 4085 -
Organisms 0 5.0 4,91 -
meintained 12 4o 9% 5.13 -
at p}i 5.0 14 5.0 5.16 -
‘ 16 5.0 4,99 -
18 4095‘3‘# 5013 -
20 5,0 4.70 -
Organlsmns 0 5.0 5.00 1.40
plus phage 12 5.0 5.10 D.95
14 5.0 4,96 0.95
186 5.0 4,62 0.95
18 4,9 4,79 0.95
20 4.9 4.28 1,40
Organisms 0 5.0 5.08 1.40
plus phage 12 4,35 4.68 0.95
maintained 14 4,93 4,32 0.60
at pH 5.0 16 5.0 4,17 1.40
18 4,95x% 4,12 0.95
20 5.0 3.92 1,40

# 1N NaOF sdded to bring pH to desired level



Table 3

Population changes in the 8. cremorls 573-bacteriophage F55
comblnation during incubation at 329 C. in litmus
milk at pH 5.2 (Trials 1 and 2)

Log of Log of
Culturs Time PR bacteria phage
(hr.) count/ml. titer/ml.
1 2 1 2 1 2 1 2
Or,{;ani am 0 0 5.2 B.2 5,00 5.00 - -
control 1z 12 He2 5416 T e 30 7.26 - -
14 14 502 5018 7052 '7052 - -
16 16 &ul 5;1 7-68 ’7.78 - -
18 18 5.1 5.03%% 7,98 8.15 - -
20 20 4,3%% 4,9 ©.15 Cel9 - -
Organisms Q G a2 5.2 4,94 4,84 - -
maintained 12 1e 5.2 5.132 T.17 7.00 - -
at pH 5.2 14 14 5elu 5.19  7.55 7.37 - -
18 16 5.1 5.1?* 7.82 7451 - -
18 18 5.2 5.1% 5610 &+00 - -
20 20 5.15 5,04 £.19 E.11 - -
Qr@ﬂfﬂis'ms D (} 502 502 4:093 4:.’?9 1 -60 1 14(3
plus phage 12 ig 5.2 5.2 7.03 7.18 3438 3440
14 14 5.2 5.2 7.34 748 5.04 4.65
18 18 5015 5.12 7.59 760 5498 5.40
18 18 5.1 5.,03%% 7 74 £.00 6.65 4,65
20 20 Hel 4.9 7«31  £.20 8.565 4,98
Organlsmns Q 0 5.2 B2 4.88 4,83 1.40 1.865
plus. phage 12 12 E.2 5.2 7.00 7.24 3. 40 3.60
maintained 14 14 5.2 B.l9  T.34 749 4,18 5.15
at pH 5.2 is 18 5.2, 5.18" 7,72 777 4,38 4,85
18 18 5.1%  BL1* 7.97 .13  5.40 5,40
20 20 5.1 5.02 7.99 Eel9 F.65 5440

¥ 1N RaOH added Yo bring the plf to the desired level

it

coagulated



Population changes in

Table 4

combination during incubstion at 32° C. in 1itwmus

milk at pH bH.4

{Triels 1 and 2)

8. cramoriag S73-bacteriophage F55

Tinme Log of Loz of
Culturs {hrae) bactoria ohage
count /i, titasr/ml.
1 2 1 2 1 2
Qrgéﬂlism O O 50‘% 5.4 4:.‘)8 4069 - bl
contrﬂl 3 3 5.4 5‘4 5.5‘9 5.35 hat -
i 5 5.4 5.4 530 Heub - -
7 P] 504 5.4 6&51 6."‘32 - had
g g 5.4 5.4 Tell T.15 - -
11 11 5.4 50:5 7061 7055 had had
1.3 13 Be3 5.2 7 .30 73 - -
Organiams 0 0 5.4 5.4 5.06 ' 4,22 - -
maintained 3 3 5.4 5.4 H.53 5439 - -
7 7 5.4 5.4 G458 G442 - -
9 9 5.‘3 504 b 7.28‘ ﬁ.d'? - -
11 11 544 5.34 7.69 T¢53 - -
Organisgms Q 0 5.4 5.4 4,99 4,586 0,30 0.48
plus phage 3 3 Sed 5.4 5460 5.48 1.9€ 1.65
5 5 De4 Eed He37 5.8 2.18 2.40
7 7 5.4 5.4 5,45 6e47 3.40 2.98
9 2 He4 E.4 T34 Tell 5.40 4,65
1l 11 Beb Ded 7« 36 Te48 7o 40 B8.865
13 13 Bedk 528 3618 el L5655 E465
Orpanisms Q O Hed 5.4 5,086 1,83 1440 0.60
plus phage 3 3 Bed 5.4 5.66 5.46 1.85 1.65
st pH B.4 7 7 Sad 5.4 5.50 84,40 B85 3.65
9 ) 5.4 Sl Ea73 ISP I) 5,36 4,18
11 11 5.4 585 B.49 751 798 6.65
13 13 5.4 = 5425 {2.00 Vo33 Te65 7.65

% 1N NaOH added to bring pH to desired level
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Table 5

Population changes in the 3. cremoris 575«bacterlophage F55
combination during incubation at 32° ¢. in litmus
milk at pH 6.5

Time Log of Log of
Culture (hr ) pH bacteria  phage
: count/ml. titer/ml.

Organiam

0 605 ‘ 5085 had
control 1 8,5 5.15 -
2 645 557 -
3 6.5 5.91 -
4 6.4 £.43 -
5 6.4 5.28 -
6 6.4 754 -
7 603 7.61 -
& 6.1 T.68 -
Orgﬁnisms 0 6.5 409'3 -
maintained 1 S5 5.17 -
at pH 845 2 6-5'“ 5.53 -
3 604? 5000 -
4 6.4% 6.45 -
5 6455 700 -
6 6054‘,& 7n34 -
‘7 604:” 7054 -
8 Ged 7478 -
Qrganisms 0 GeB 4.99 0.60
plus phsage 1 6.5 517 0.60
2 6.5 5458 1.40
3 6.5 577 2.38
4 6.4 6434 3.58
5 G.4 6.69 5.40
8 6.4 5.38 785
i B.4 {2.00 T.65
o 6.4 {2.00 8.30
Organisms 0 G5 4.98 1.18
plus phage 1 Be5 5415 1.40
maintained 2 S5 5,59 1.65
at pH B.5 3 6.8 8,00 2.30
4 645 6.53 4.65
5 B85 Tel5 §,18
& 6.47 4,13 6440
7 8.5 <2.00 6,40
& 6.5 <2.00 &.30

%* 1N NaOH added to bring pHE to desired level



Population changes in tJ& Se cremorls 373-bacteriopheygs F55
cambinatlﬂn during incubsiion at 32° C. in 1itmus
milk at pE 7.5 (irisls 1 end 2)

ot e OGP 9 ANrr =g et et g e s~ P TP e e
e o O S o e

Log of Log of
Culture Time i hacterisa pha
(hr.) count/ml. titer/ml.

4
o
-

2 1 2 T 2

Organiam

O 0 705 7 . -

gontrol 3 3 Ted 7.5 ‘.33 5.29 - -
5 5 Ted3 T.48 « D0 6523 - -

é - 7«33 - 6 bl - - -

7 7 T.27 T4 643U 7el2 - -

& - 7.8 - 7«32 - - -

- 2 - 7T.15 - 7o &6 - -

01’%&&15313 ) Q Tab 7.52 4,52 4,54 - -
maintained & 3 7«43 7.53 535 5430 - -
at pH 7.8 5 5 74397 7,50 5418 G.25 - -
& - 7.487 - . 570 - - -

7 7 Te53  T7.45% 8,25 6.92 - -

& - Tedh - 7a10 - - -

- 3 - £ 23 - 7.40 - -

3
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plus phage
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5 0.60
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2.18
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5.3% o 3L
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’(d.dl -
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.
530&3 bl
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e e A
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5.40
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-
QrﬂokamHO
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-
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'
5.2
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9 - 7.40
Or{%a.n.i Fogirk:) O 0 T ™ S‘ . 52 4: . 7{% e u » 60 O - 35
plus phsage & 3 Te5 & S5e34 345 1,40 1,60
maintained 5 S 7648 Tadi Ba11 st 3,40 1.98
at pl 7.5 8 - Ted® - 674 - 3.68 -
7 7 7e56 « 49 5,90 3% 4.18 .65
& - 7451 - 7e18 - 5440 -
- 2 - '033 - SE - 6-34

#* 1N NaOH added to bring pH to desired level
¥ nlates contaminated



Table 7

Population changes 1n the 8. cremorig 573-bacteriophage F5B
combination during incubation at 32° C. in litmus
milk at pH 7.6 (Trials 1 and 2)

oo SR R T e T R e aa  aemwe.

Log of Log of
Time pH bacteria phage
Culture {hr.) count/ml. titer/ml.
1 2 1 2 1 2 1 2
Organism o - 7.58 - «59 - - -
control 3 - 758 - 4.95 - - -
5 - 7451 - 5.61 - - -
8 - 7+51 - 85.11 - - -
7 b ’7042 had 6.48 - - -
8 - ’7.38 b 6.95 - - -
Grganismﬁ O O 7&6 ‘7.6 5 4.6% 4.94 e -
maintained 3 3 T8 742 4,88 5.186 - -
at pH 7.6 5 5 7eB s 7.58 5445 5.59 - -
8 - 7.53° - 5.92 - - -
7 i TeB Ted5 5430 65.26 - -
8 - ‘7.‘.‘&2 - 60&1 bl - -
- 9 - 7 - 6,62 - -
- 11 - T o BE - 7.23 - -
Organisms 0 - 7.6 - 4,64 - 1.40 -
plus phage 3 - 7.58 - 4,81 - 1.40 -
5 - 7.52 - 5.61 - {2.00 -
& - Te5 - 6,06 - 2,18 -
7 - \7146 hat 5051 hat 5060 -
8 - 7.32 - 6‘89 -— 5,98 -
Organisms 0 o 746 7.6% 4.52 4.63 1.40 1.40
plus pheage 3 3 762 Ted 4.685 5.28 1.40 1.40
nmaintained 5 5 T e 5% 7.62 5.52 5,89 1.60 1.40
at pH 7.6 € - 766 - 8,02 - {1.80 -
7 7 76 TeB 6.21 0.83 2.18 1.30
8 - TeB - . 6.72 - 2.48 -
- g - 744" - 7.00 - 2.48
- 11l - 7.38 - 7eB8 - 230

* 1N NaOH added to bring pE to desired level
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Table &

Population changes In the 3. craemoris 573-bacterlophape PS8

conbination ddr*ns lonzer incubation at 38° C.
iﬁ Jnit),:;h m’ 5 T}«k {‘S,U “f:’-wh fiﬁ (&P&&l 5,}

. . . Loz of &0’ of
Culturs Time pE bacteria phage
(hr.) eount /mi. t’t@r/ml
drpanism O 7o 5.11 -
ma*ntainaé iz 7,4%% 7451 -
et pH 7.6 15 7B 765 -
le 754 £+20 -

Organlsms 0 " 4.74 1,40
plus phage i -5 T 20 Se 4l
maintained 15 7e3” 7.71 5o 40
et pl 7.8 ig 76 e 0O 540

13 Naol added to bring »il to desired level

Fhe ﬁ”'e“amh@é so rapidly after 12 hr., adjustmont svery
b 1 T E] D,
45 to 20 minutes wae rnecessary




Table 9

‘,Pcpﬁlatien changes in the 8. cremoris 573-bacteriophage ¥55
combination during incubation at 32° C. in litmus
: milk at pH .0

. Time Log of Log of
Culture {hr.) pH bacteria phage
count/ml, titer/ml,
Organlam 0 5.0 4,97 -
control 10 7 .45 5450 -
12 7.25 7.14 -
14 6.75 Te71 -
16 5.8 8.59 -
ig 8.1 Be96 -
Organiams 0 €.0 5.00 -
meintalned 10 7.75" 6418 -
at pH 840 iz 7e6” 5.49 -
14 8.0 8.67 -
16 V;EW 6¢97 -
18 i).{) 6'72 bt
Organlsms 0 8.0 5.08 1.40
plus phage 10 7.8 6427 2,30
12 T.25 7.04 4.865
14 6495 7426 5.65
16 BeBd 2.47 2,04
18 5.28 (2.00 9404
Organisms 0 8.0 4.88 1,40
plus phage 10 7.65% 6.17 0.85
maintained 12 7.8% .44 0.60
at pHE £,0 14 7.8% 6451 1.40
: 16 77F 6.85 {0.48
18 8,1 6.4 <0.48

£ 1N NaOH added to bring pH to desired level
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Streptococcus lactls W2=bacterliophare P24

combination
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1
S and 4., 8. iazctis 42 grows very rapidly and ¢ver a pl range

of 4,0 to Ue4d. The homolo

ous bacteriophage ¥4 alaso multiplied

over a large pl range. The bDaclterliophage proliferation was

rletely inkhibited for a 30 Lir. incubstion period Iin V-8 broth

at oF 4.7 {(table 13J). AL

retardied tut there was evidence of

mumbears sitsr 24 hr. of incubstlon.

the organism at pll 4.8 also 1g evide

the lay phas

is descreassed as

ad to pr 4.6 {table 1l). T1he population
of vacteriophage at pE 5.0 1z considerabliy

attained et pil 4.8, even alter 40U Lr. incuvbatlion,

to n¥ £.5, 1t

5 to

Ltivity %o

R ey Ty g dT AP e [ G N
lrne resctliong) Diowaver, Y- vilations

gradually decilned as the pl was increased. At pH 9.1 and 9.4



the lag phase of bacterlophage proliferatlon was extendsd by
approximately 12 hr. {(tables 22 and 23).

With the V2-F24 combilnation the data indicate that ths
bacteriophage multiplication occurred over the entlire nil renge
of organism growth. The organisms failed to grow at ph 4,7
(tavle 19) during 30 br. incubation and the bacteriophace falled
to multiply, actually decreasing in numbers. A differvence of
0.1 of & pH unit (from 4.7 to 4.8) made a decided difference in
bacteriophage multiplicaetion. At pH 4.8 (table 11l) there was

only & slight ilncrease in organism numbers and with the organlsm

e

ncresde the bactericphage also increased. Vhen the »nil was
reiged to B.0 the bacteriophagze began to lyse one of the two
cultures (table 12) and bailt up to a high titer in the otho
eculturae. At pil 5.2 {table 13) some lvslis cccurred in less than

2 bhr. and appreciable secondary growth had become evident by

o

;EI‘ .

flass l7sis occurre 18 vut it was retarded

@D
[
]
ot
o
P‘l
~3
»
1 [02]
P >
pers
8,
1
&

considerably as comparsd to pi 8.5 (table 14). Tre final total
bacterioohare ponulations at these two pH lavals were egsentially
the same; however, there was a 4 to 5 hr. delavy at »il 7.6 for
the bacteriophage population to reach the same level as 1t 4id
at pH 8.5,

At pH levels of 8.0 and sbove mass lysis falled to ocecur
during the incubatlon perlods used. Thers was a longsr lag
phase of both organlsm growth and hacteriophage proliferstion
as the pH was ralsed through the nigher alkaline ranves. 1In

the range of pH 6.0 through 8.8 the organlism numbers increased



gradually during the incubation perlod., At »¥I 8.8 (table 20)
there was very little increase in organism nuwibers after 12 hr.
and bacteriophagze reached its maximum level after about 12 to
15 bir. and then declined upon continued incubation. In general,
at pE levels of 9.1 and 2.4 there Ilrst was a decrease iIn organism
nunbers and then a slight lncrease; 1t was durlng this increase
that the bacteriophage muitiplication took place in some trials
(table 22 and 23). Trial 2 at pH 9.4 (table 23) is an exception
to this, since there was virtualiy no increase in the organism
populatlion at any time during the 1lncubation perilod and yet the
final bacterlophage titer was guite high., It is possible that
thils may be accounted for by the bhigh initial bacteriophsge
population In this trial. Apparently many of the susceptible
cells were infected and lysed before organism growth was initiated.
From the data presented, bacteriophage F24 proliferation
occurred wheraver there was positive growth of its homologus
orzanism and the pH influenced only the rate of bhacterlophags
proliferation. The proliferation of the bacterlophage is
summarized in figure 3. The slopes of the lines representing
the logarithms of bacteriophage titers at pH levels of 5.0, 6.5,
7.6 ané .3 are all gulte similer. Ths lagz phase 13 somewhatl
longer at pE 7.8 than at pll 6.5 and at pil 5.0 and 8.3 the lag
phage 18 extended up to ahout 8 hr. The lag phnase 1s further
prolonged at pH levels of 4.8, 2.1 end 9.4. By comparing
figures 3 and 4 it will be noticed that the increase in bacter-
iophage population cclncides with the increase of organiasm

numbers at pH levels of 2.1 and 9.4.
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It is of interest to note the additional tine required
for lysing the organlisms at il 7.6 {(figure 4) as compared
with pH 8.5. dven though the total bacterlophage population
at pil 7.8 (flgure 4) was the sane as at pil 6.5, about 4 hr,

longer were requlred to reach this level. Mass lysis also was

delayed 5 to 6 hr.



Table 10

Population changes in the 8. lactis W2-bacterliophage F24
combination during incubation at 32° C. in V-8
broth at pH 4.7

Time Log of Log of
Culture (hr.) pi bacteria  phage
count/ml. titer/ml.

Organlsm 0 4.7 5.16 1,40
plus phage 24 4,7 4,64 {0.48
maintained 30 4.66 4,18 <0.48

at pH 4.7
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Tehle 11

Population changes in the §. lactls W2~bacteriophage F24
combination during incubation at 32° ¢. in V=& broth
at pH 4.8 (Trials 1 and 2)

e e e e e e b e e e e s it st

Log of Log of
Culture Time pH bhacteria phiage
(hr.) count/ml. titer/ml.
1 2 1 2 1 2 1 2
Organlsms 0 - 4.82 - 5,01 - - -
maintained 2 - 4,773 - 5.07 - - -
at pH 4.8 4 - 4.81 - 5.23 - - -
6 ket 4082 - 5053 - e -
E“:‘ b 4.61 - 5;4‘@ - - had
10 - 4,79 - 5.7Q - - -
.1.2 - 41079 - 5.?3 - bt L od
Organisms 0 O 4.2 4.82 S.11 517 0.95 1.40
plus phage 2 - 4,79 - 5.22 - 04860 -
maintained 4 - 4,88 - 5.20 - 1.18 -
at nH 4.8 6 - 4,52 - 5.25 - 1.40 -
{} - 40&0 had 5.41 o 006\3 -
10 - 4,80 - 5.84 - 0.80 -
i2 - 4,80 - 5.82 - 0.40 -
24 24 - 4.8 - 5.62 3605 Lell
- 30 - 408 - 6.12 - 5 88
- 4€ - 4.7 - - - 5.65




Table 18

Population changes in the S. lactls WR-bacteriophage
#24 combinstion during incubstion at 32° G. in
V=8 broth at pl 5.0 {(Trials 1 and 2)

. _ Log of Log of
Time phi bacterila phage
Culture {rr.) count/ml. titer/ml.
1 2 1 2 1 2 1 2
Organisms 0 0 5.0 5.0 5418 5017 - -
maintainsed - 2 - 4,99 - 5.24 - -
Q.t pii 5.@ hed 4 - 4.98& had 5-5‘9 - -
had 5 had 500 - 5.66 - fad
- 8 - é" 99” - 6.25 bud -
- lG - - 4091?“ - 6037 - -
12 12 4.65? 4.92 7.70 7456 - -
14 - 4,7¢% - 8417 - - -
16 - 4,65% = £.42 - - -
18 b 4.‘32 had bc 51 nd - -
Organisms 0 0 5.0 5.0 5.22 5.12 1.40 1.65
plus phage - 2 - 4,38 - .20 - 1.85
malntained - 4 - 5.02 - 5.41 - 185
at pH 5.0 - 6 - 5.02 - L B,TE - 1465
fad E% - 4.99V haud 6057 - 3.‘;:0
had J.O - #* 4;91%« - 7.15 - 4:.40
12 12 4,65  4.92 7e37 T.05 7.15% 8,85
14 - 4,89™ - 8,77 - 7.15% -
16 - 4098 - 4.48 - 7.15+ -
18 - 4’094 - 4:.4:5 - 9-‘34 -

# Ll NaOH added to bring pH to desired level
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Tuhle 13

Populstlon ehanges in the S. iactls Wﬁmhagt@riwghaﬁa 72
corblinetion duplng inoubation st 38Y C. in
Litoue mllk at pIl 8.8

e o S S e e e
vime . Log of  Log of
Culture {tre) Pa bacteria phags

eount/ml.titer/ml.

Urganlsme 0 He2 Seld
zalnteined 12 5el¥ &e04
at p¥ 5.2 14 5408 £,.45

15 5008 o857
ig 54057 Ee81

111 83

Orgeni sn a Se2 5el6 0483
plua phage 12 542 379 TelB8*
mnaintalined 14 542 378 74€0
at pb 5.2 16 542 4,76 7«40

16 52 5440 740

’i@' E e g B y . - 3
1% FadH added to bring pH to desired level
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Table 14

Popuiation chenges in the S. lactls Wﬁ—bagteriaphage Fe4
combination during incubatlicon at 327 €. in
litmus milk at pH 6.5

Culture . pH bacteria phage
(nr.) count/ml. titer/ml.
Organlams 0 6452 5.21 -
maintained 2 6452 6.07 -
at _QII 6e5 3 6.5 6.80 -
4 5.5 T 7.38 -
5 8.5 7.83 -
6 Goﬁiﬁw 7.97 hind
7 6.3 £.48 -
8 6438 8.75 -
Organisms 0 6458 5.28 1.40
plus phage 2 6452 8413 2.65
malintained 3 6.52 6.84 S.40
at pH 6.5 4 6451 7.41 5.40
5 645 7.69 7.40
6 6.45% 4,67 8.34
7 645 2.30 9.157%
g 6.5 {2.00 8465

¥ 1N KaOH added to bring pH to desired level
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Tabie 15

Population changes in the 3. lactls W2-bacteriophage
F24 combinstion during incubastion at 32° C. in litmus
millt at pH 7.6

Time Log of Log of
Culture {(hr.) pH bacteria phage

count/ml. titer/ml.

Organisms 761 4,98

O -
malntalned 2 7.61 6.00 -
at PB Teb 4 37’%7'5«" T.15 -
] 7Te63 T.62 -
8 7460 Beld -
’ 10 6085 &057 had
iz 7.53 9.10 -
Orzeanlsms 0 7461 5.03 1,18
plus phage 2 TeB1 5.94 1,40
maintained 4 74507 6.69 2.18
at pl 7.8 6 T7.64 7.80 3465
& 7460 tall 5465
10 6,93 Te93 7.15"
iz Ted {3.00 9.15%

* 1N NaOH added to btring pH to desired level
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Table 16

Populmticn chanreg in the 8. lactis ?2~bacterL>uh we ¥4

ombination during incubation at 22° 0, in 1itmus milk
at pi 8.0 (Trials I oand 2)
B Log of Log Of
Culture Time ph bacteria phage

(nir.) ecount /il, titer/ml.

1l 2 1 2 1 2 1 2

Organlisms 0 0 £.0 Ea0 , 4495 4.87 - -

maintained 2 2 Ee0 .95 5,60  5.60 - -

at pT €40 4 4 . 8,0 _ 7.97F  6.84 5.52 - -

8 6 72757 T.75F 0 7.67  6.48 - -

8 8 8,05 7.9% 765 778 - -

10 10 7.38 8.1 T.79 760 - -

12 12 7.89 7.21 765 f.uq - -
Organlsms 0 0 8.0 E.01 4,94 4.4 0.60 1,18
plus phage 2 2 2] 8.0 5476 54063 0.258 D435
maintained 4 4  £5.03 8.0 _ 8,75 6.30 1,98  1.40
ab pH £.0 & 5 T e GOY 7 65° T o 54 7652 1,40 2430
8 & £.01  7.9% 7e73  T.E3 1.60  3.85
10 10 T.99 E.08 777 T3 3465 3440
12 12 T«E3  T.88 789 Te03 4,38 44,40

# 1N NeOH added to bring

pE to deslrad level



Table 17

PopulatLon changes in the S. lactis ﬁz-bac*erieﬁrag@ F24
combination durlm“ tneubation at 32° C. in 1litmus milk
at pﬂ el (Trials 1 and 2)

Time Loz of Log of
Culture (hr.) pH bacteria phage
count/ml. titer/ml.
1 2 1l 2 1 2 1 2
Organl sms 0 0 He2 E.22 5.038 4,88 - -
maintained 2 2 G.21 €.157 5.62 5.47 - -
at pH C.2 4 4 Ee23 EoB 6567 5443 - -
& B 8,07 8,087 T7.37 7 o 3G - -
g 8 Ee25 .25 T.55 7.38 - -
10 10 8,21 &.25 T.42  TJB7 - -
12 12 8,20 ©.2 7.60 7,73 - -
Organisms 0 Q Ce2  Lal - 4,93 4,92 1.40 1.85
plusg phage 2 2 8.2 ﬁ 12 Ba62 Se 56 2.395 0.95
maintained 4 4 E.2  8.20 6,70 6.52 1.40 0.35
at pH 8.2 6 8 8.0° £.08% 7.36 742 1.40 0.25
& 8 Ba3 8.25 766 7454 1.60 1.40
10 10 £.83 &.28 7.69 7,72 2.54 1,40
12 12 .20 8£.20 7.65 7.70 3,40 2.65

“ 1N NeOX added to bring pH to desired level



Table 18

Population changes in the $. lactls W2=-bacterlophage
724 comblnation during incubation at 32° C. in litwmus
mill at pH 8.3

e

Time Log of Log of
Culture (hr.) ph bacteria phage
' count/ml, titer/ml.
Organisms 0 E.38 5.02 -
maintained 3 G432 5.87 -
at pH E.3 6 Ee 3L 7.17 -
g £ .25 7.6 -
10 8.33 7.51 -
12 8051 7.62 -
14 &5'35 'yogl heatd
16 &n35 7068 -
Organisms 0 8.36 4,98 0.95
plus phage 3 B.32 6.05 0.80
maintained & 8.31,, 729 1.40
at pH 8.3 8 8.15° 7463 1.65
» 10 6.29% 7452 - 3.65
12 B3 774 4.30
14 ISP 7.69 5,98
16 Bed 777 54,18

* 1y NaOK added to bring pd to desired level
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Table 19

Population changes in the S. lactis WE&~bacterlophage
F24 combination during incubation at 32° C. in litmus
milk at pH £.4

Time Log of Log of
Culturs (hr.) pH bacteria  phage
count/ml, titer/ml,
Organisms 0 2445 5.04 -
maintalined 3 E.4 DeB7 -
8 .32 7.39 -
10 8449 7.50 -
12 8.48 7.42 -
14 8.49 7.30 -
16 8-4 7.49 had
Jrganisms 0 BedS 5.03 0.60
plus phage 3 8.423 5,81 0.60
maintained 3] 8.42 717 1.40
at pH B.4 8 GaR29% T.49 0.95
10 8.4 7.86 1.40
12 8.4 7.61 1.80
14 B.397 753 3.40
16 £e45 7.60 3.98

# 11 NaQF added to bring pH to desired level
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Tanle 20

Pomulation cnanﬁﬁs in the 3. lactls wﬂ-bactergmp?aﬁ@
¥24 combinatlon during incubation at 32° C. in litmus
mllk at pHE 6.8

Tive Log of Log of
Culture (. ) ol bacteria  phage

eount/ml. titwnﬁﬂl

Organisuns 2 Be60 4,90

malntelned & Be8% B4l -

at pl B.6 15 E.59, Tel3 -
186 LaHE" 728 -
21 'if-'»ri ’?.gﬁ had
24 Heb 7637 -

Oryanilsme 0 tie B8 5400 (0. 48

plu gzaﬁd 12 Lo 48 7442 4,04

ﬂt E)Xz Lu‘f} 1E m$.53:‘* Ted5 ekl
21 - Be87 7eB1 SeGd
24

G.51 Te 55 3 40

s X - ;
" 15 FaolU sdded to hrinf pi to desirsd lavel
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Tahle 21

Population changes in the 3. lactls We-bacterlophage
¥24 combination during incubation at 32° C. in litwmus
milk at pH &£.8

Time Log of wog of
Culture (hr.) pH bacteria  phage

couny/ml. titer/ml,

56 4,94

Orgeanisms 0 Bl -
maintained 12 G.8 8,49 -
at pH 8.8 15 Eo T3 5,95 -
18 8,71 B8.93 -
21 Ee56 6,80 -
24 B.851 6.99 -
Orgenisms 0 .55 4,98 {0.48
plus phege 12 Bels 6435 1.40
maintained 15 Be75° 6.78 2.98
et pH €.8 1€ g.768% 6,95 4,15%
21 E.8 7.00 4,15%
24 Ee 7.10 5.15"

* 1N NaOH added to bring pH to desired level



Table 22

Population changes 1n the S. lactls We2~bacteriophage
24 combination during incubation at 32° C. in litmus
mllk at pH 9.1

Time Log of Log of
Culture {hr.) pH bacteria  phage
. count/ml. titep/ml.
Organisms 0 F.12 4,96 -
maintained 12 9.1 4,10 -
at pH 9.1 15 9.,05" 4.87 -
18 3,09 5.36 -
21 3.06% 5.59 -
24 Jal 5.47 -
Organisms 0 9,09 5.13 1.40
plus phage iz o 941 4,11 1.40
maintalned 15 F.05” 4,88 3.40
at pH 9.1 15 Jel 4.85 4,15%
2l 2,086 4,50 4,15t
24 Jel 4,38 5.18

* 1Y NeOH added to bring pH to desired level



Population changes in the

Table 23

3. lactis #2=-bacteriophage
F24 combinetion during Incubation at 32° C. in

litnus milk at pE 9.4 ({Trials 1 and 2}
Time Log of Log of
Culture (hr.) pH bacteria phage
count/=l. tit er/ml,
1 2 1 2 1 2 1 2
Organisma 0 0 Je4 | Q.4 5.09 4.36 - -
maintalned 12 12 Do B8 9.28& 4.01 2e78 - -
at p}{ 9.4 - 14 |- a .28 - Deld - -
15 - 9136*{ - 4'37 - had -
- 16 - . 9.4 - 3.67 - -
186 18 2.38%  9.3% 4,87 4.45 - -
- 20 - .43 - 4,65 - -
21 - et - . 4.886 - - -
- 22 - 3, 3% - 5.09 - -
24 84 905 gc‘é: 5001 5033 bt -
Qrganisms 0 0 9,41, 9.4 , 5.09 4,94 1.40 3440
plus phage 12 i2 .38 P.31 3.64 3.00 1,60 3.40
maintained - 14 - 5 9.32% - 2,70 - 3465
abt pH Q.4 15 b P38 - 4,05 - 3.65 -
- 16 - 9.59% - 3.00 - 4,157
18 ic P39 J.317 3.98 3,08 4,15% 4.40
- 20 - Fe4l - 2,78 - 5.40
21 - QQ4 - 5387 bt 4.15+ -
- 32 - 9.38 - 2.70 - 4.48
24 24 o4 Q.38 371 3.11 4.98 5,28

#* 1N NaOH added to bring pH

to desired level
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Streptococcus lactls 712-bacteriophage FOS6

combinaticn

Tables 24 through 37 show the population changes for
T12-756€ combinstion at tihe various pH levels and a summary

of tvplical data 1ls pressnted in figures D and 6. S. lactls

712 was not as sensltive to the acild resctions as were the
other organlsms used. It grew quite well at pi 4.7 in V=8
broth (table 24). Ancther interssting characteristic of
this organism was the large colonies produced on TGEN agar.
‘hese colonies were seversl times larger than colonles from
cther strains.

in order to promote proliferation of ¥B6 in the V=8
brotk, O.1 per cent of 8&012 had to be added to the medium
(tables 286 and 29). Slmilar results are reported by Coilins
(1943) for this bscteriophage, using a defined medium. Vvith
the conditions used In this work and also under the condlitions
used for propagating bacterliophage and preparing flltrates in
the Dalry Buctericlopy laboratories, 1t was not possikle to
build up a high titer for this particular bacterlophage.
Usually a titer of 166 was obtained but occasionally the
titer would be lower,.

sacterlophage FSS»W&S sensitive to the low pH levels
and very little, 1f any, multiplicatlion occurred bLelow pH 5.0
{tables 24, 25 and 26). Al pH 5.0 in V=€ btroth with added
CaClz, bacteriophage multiplicatlon took pilace. Mass lysls
took place at piH 5.1 at about the 6th hour (table 29); however,

there was not as complete lyalng of the cells as at pll 6.5



580
(table 33). This wilgnt possibly be because the cyele was
not followed ss far. This same characteristic alsoc was
noted at pH levels of 5.4 (table 31), 5.7 (table 32) and
7«5 (table 34). |

When the pH of litmué milk was raised to 8.3 (table 35),
it csused a retarding of the bacteriophage multiplication and
this inhibliting effect became srester with an increase in pH.
At pH 8.6 (table 37) there actually was a decrease in bacter=-
lophage numbers after 24 hr. incubation.

Typlcal data of'bacteriﬂphage population changes are
surmarized In figure 5. Of particular interest are the
c¢efinite lag phases in bacteriophage proliferation at p¥ levels
of 3.0, 5.8, £.3 and 8.4. The slopes of the llines representing
the logarithms of the bacteriophiage titer give an indication
of the rate of bacterlophage proliferation. Harked diffsrences
occur at pH levels of 8.3, €.4 and 5.0 as compared to pH 6.5,
whick 1s taken to be nearer optimum for bacteriophage multiplica=
tion,.

Flgure 6 shcows the organlsm population changes and, in
zeneral, they follow similar patterns until the pH 18 raised
to £€.6, at which time the curve flattens out considerably,

At pH 5.1 the time of mass lysis 1s increased approximately
& hr, over lysis at pH 6.5 in the example on the graph, but
in the first trlal at pi 5.1, mass lysis occurrad a little

earlier (table 29).



Population changes in the S. lactle 7lZ2-bacterlophage
%56 combinstion during incubation 22° . in VeE

A a2k

' Time Log of Loz of
Culture (hr.) pH hgetoria  phage

count/ml. titepml,

drganlsms

4.’? " 5’1{) o -
maintained é-t‘é&m’ Sebd -
4e54%  G.34 -
4471 T3 -
4587 Db -

477 5a10 Q.69

Organisms 5
4.68" Sedd D48

pius phapgs

mainteined 4,69 Detil .80
at il 467 & o Sk GeB7 J.95

4,70 7.43 0480
‘lof‘ﬁlw Y add <00 4G
4,52 Le'2 <1.20

b N
OO o OGNS

- 1K Hadd added to bring pH to desired lLevel



Table 25

Population changes 1in the 3. lactis 7l2-bacteriophege
F56 combination during incubatlion at 32° C. in V-8
broth plus Ca012 at pH 4.8

‘ Time Log of Log of
Culture {hr.) pH bacteria  phage
count/ml. titer/ml.

Orgeanisms 0 4.8 5,09 -
maintained 2 4.81 5.37 -
6 4.81" 6-85 -
8 4,73* 7e45 -
10 4,7% 8.21 -
12 4,6 8,70 -
Organisms 0 4.8 5.11 0.95
plus phage 2 4.51 5447 G.60
maintained 4 4,81 65.05 {048
at pH 4.8 8 4.81 6.24 {0.48
8 4,71% 7453 <D.48
10 4,7 &.47 1.40
12 4.6 6.72 0.48

* 1§ NaOHn added to bring pH to desired level



Tahle 26

Populatlion changes in the 8. lactls 7lZ2-bacterlophage
P56 combination during lneubation at 32° C. in
V-8 broth plus CaCl_ at pH 4.9 {Trials 1 and 2)

2
Log of Log of
Time pH bacteria phage

Culture {tir.) count /ml. titer/ml.

1 2 1 2 1 2 1 .2

Organisms 0 0 4,92 4,89 5.22 5.22 - -

maintained 2 2 4.93 4,89 5.41 5445 - -

4] 4] 4.91 4.9 7.18 7.25 - -

& & 4,86 4.8% 7,73 7.95 - -

10 10 4,82% 4,71% 8.65 8.59 - -

12 - 4‘65 - 89&0 - - hat
Organliams O 0 4.9 4,3 S.1%1 Sk 1.40 2498
plus phage P 2 4,93 4.9 5.4 5403 1.68 2.65
maintalned 4 4 4,91 4.9 5427 6428 {0.46 2,65
at pH 4.9 (5] 6 4.90 4.9 720 Te67 1.40 3.40
8 8 4.85? 4,8% 7,74 7.95 {0.48 2.28
10 10 4.85% 4,75 8,70 ©8.74 0.95 3.40

12 - 4,6 - E.88 - <0.48 -

¥ 1¥ NaOH added to bring pH to desired level



Table 27

Population changes in the S. lactis 7i2-bacteriophage
756 comblnation during incubation at 32° Ce in V=6 broth
plus CaCln at pH 5.0

Tlme EGM of -0g 01
_ (hr.) S ht/ul. titem/ml.

Organisms 0 540 5.23 e
maintained 2 5.0 5.46 -
ﬁ.t p.}:«j 5.0 4 50{.} 6055 -

6 5.0 . 7124 -
5 4,£58% He11 -
10 4,7% §.81 -

Organiams 0 5.0 5.18 2.65
plus phage 2 5.0 5.51 2.85
maintained 4 5.0 6436 2.65
at pH 5.0 6 5.0 7430 3465

8 4.88; &.05 3.98
10 4,71” S5.79 5.15%

* 1N NaOH edded to bring pH to desired level
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Table 28

Population changes in the S. lactls ?l%abacteriOphage
56 combination durlng incubation at 327 C. in V=B
broth at pH 5.1

Tine Log of Log of
Culture (hr.) bacteria  phage
ecount/ml. titer/ml.

Lo
jaxi

Organisms 0 S.1 5,09 -
mﬂin‘taiﬂed 2 5.12 H5e44 L
at ,p:q 5.1 ) 4 5‘1 - 6023 hd
5] 5.02% 7.05 -
g 5.O%.  7.73 -
10 4,54 8.55 -
1e 4.4 8.65 -
Organigms 0 5.08 £.16 . 0L.80
plus phage 2 5,1 5e47 0.20
maintained 4 5.1 6429 {0.20
at pH 5.1 & 5.0‘&“ 700 0.80
8 5.01%  7.54 <0.20
10 4,6% 8.79 1,40
12 4.5 9,06 0.95

¥ 1N NaOH added to bring pH to desired level
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Tabhle 29

Population changes in the S. lactis 7lZ2~bacteriophage
786 combination during Incubatlion at 32° C. in
V-8 broth plus CaCl, at pH 5,1 (Trials 1 and 2)

Log of Loz of
Time pi bacteria phage
Culture (hr.) count/ml. titer/ml.
1 2 1 2 1 2 1 2
Organlsms 0 - 5.1 = 5,19 - - -
maintalned 2 - 5,01 = 5,52 - - -
at pH B.l 4 - 5.08 =~ 6.50 - - -
6 - 5.,01% = Te65 - - -
8 - 4,627 = 6,42 - - -
10 - 4,23 - 3.08 - - -
Organlsns O O 5.1 5.12 5.15 5.24 1.40  3.40
plus phage 2 2 5.0 5,11 5.84 5,74 0.95 2.928
maintsined 4 4 5.12 B5.13 86430 5,75 3440 3.40
st pH 5.1 6 6 5,09 6.1 7e31 7.68 398 5,157
& & 5.11%74,96% 4,72 7,30 4,40 5,15
10 10 5.10 5,25%% 4,72 5,15 4,98 17.04

# 1N NaOH added to bring pH to desired level

3 -
Culture cleared
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Tablie 30

Populiation chenges in the 3. lactis 7iZ2-bacteriophage
56 combination during incubation at 329 C. in
l1itmus milk at pH 5.2

, Timne Log of Log of
Culture (Lire ) pH bacteria phage
count/ml.titer/ml,
Organisms o 5.2 5417 -
maintalined 2 542 5e56 -
at p}f 5.2 4 5.2 v 626 -~
6 5.13" 6494 -
8 5'1"2» 7.54 -
10 5.1% €.10 -
12 5.0& B.41 -
Organliams 0 5.25 5415 1.40
plus phage 2 542 5.63 <0.48
maintained 4 5.2 6.28 1.40
at @H 5.2 6 5.1\; 637 1,40
2] 5.1% 7.66 1.40
10 5.,12% 751 5.65
12 5.21 6.02 5e28

* 1N NaOH added to bring pH to desired lsvel
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Table 31

Population changes 1n the 3, lactis 7iZ-bactericophage
F56 cowbination during inecubation at 32° C. in
litmus milk at pH 5.4

Time Log of Log of
Culture {br.) pE bacteria  phage
count/ml.titer/ml.
Organisms 0 5.4 5.19 -
maintained 2 5.4 B.71 -
) 8 5.4 T.22 -
8 5.4:_\ ‘7076 -
10 5.3% £.18 -
12 5.28 £.65 -
Jrganisms 0 5.4 5.32 1.40
plus phage 2 S5e4 5.43 0.35
maintalned 4 5.4 6.32 140
at pH 5.4 6 5438 7elQ 1.40
8 5.35% 767 5.40
10 5,327 .54 .96
12 5435 4.82 6.40

* 1N NeOH edded to bring pH to desired level
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Table 32

Population changes in the 8. lgctlis 7iZ-bacteriophage
F56 combinstion durlng incubatlon at 327 C. in litmus
milk at pH B.7

Time Log of Log of
Culture (hr.) pH bacteria  phage

count/ml. titeyml.

Organlams 0 5.7 5.14 -
maintained 2 57 5467 -
at pH 5.7 4 5.7 6091 -

6 507v 7-74 -
] 5.5w‘ GeBl -
19 5.41% 8,76 -
12 5.81 2433 -

Organisms 0 5.73 5.10 1 .40
plus phage 2 5,73 5.70 0.95
meintalned 4 H5.73 6,92 1.40
at pH 5.7 & 5,71 5.35 1.40

8 5.65% 3420 5.40
10 5.72 3.08 3.98
12 5.72 3430 6440

¥ 1N WaOE added to bring pH to desired level
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Table 33

Population changes in the 8. lactis 7iZ2-bacteriocphage
F56 combination during incubation at 32° C. in litmus
milk at pH 6.5

Time Log of Log of
Culture {(br.) pH bacteria  phage
count/ml .titer/ml.

Organisms o Ged 5.20 -
maintained 1 G.5 5e4l -
at ¥ 6,5 2 6e5 5.88 -

3 Beb 5445 -
4: 6.4&5? 7014 bt
5 6.45% 7.79 -
6 6.4" 6,03 -
7 6.39}5 {:'502’7 -
A 6439 E.77 -

Qrganisms 0 6ed 5618 1.40
plus phage 1 Geb 5,57 1.40
maintelined 2 6.5 5.89 1.65
at pi 6.5 3 6.5 8440 2440

4 64457 720 4,40
5 647" 6416 5.40
& 5.5 2490 5.88
7 8.5 230 5.98
& 645 {2.00 5.98

|
I
ot

Ja0H added to bring pH to desired level
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Table 34

Population changes 1In the 8. lactis 7125bacteriophage
#5656 combination durlng incubation at 32° C. in litmus
milk at pH 7.5

Time Log of Log of
Culture {hr.) pH bacteria  phage
count/ml. titer/ml.

Orgenisms 0 7e5 5.19 -
malntained 2 745 | S.91 -
st pH 7.5 4 7,437 5496 -

- 6 7.43% 7,20 -
8 7. 35% 8.03 -
lO 703 8-50 -

Organisms 0 T.52 5,13 2.65
plus phage 2 752 5.00 5.40
maintained 4 745" 6.93 4.,15%

8 7e52 2.95 6440
10 7.52 3.00 5.65

# 1N NaOH added to bring pH to desired level



Population changes in the S. lactis 7l2-bacteriophage

Table 35

P66 combinatlion during incubation at 32° ¢, in

litmus milk at phk €.83 (Trials 1 and 2)

Log of Log of
Tize ph bacteria phage
Culture = (hr.) count/ml. titer/ml.
1 1 2 1 2 1 2
Orgenisms 0 0 BeB Ce2  5.1l5 5,22 - -
maintained 2 2 8429 B.26% 5,44 5.44 - -
at pH 8.5 4 4 8.2%  6,26% 6,26 6,17 - -
6 6 8.29”‘*“ &032 6080 6065 had had
& 8 B30 8,29 7.08  7.15 - -
10 10 Bal7# 8.3  T.36  7.49 - -
12 12 Ee38  B8.287 8.04 7.89 - -
- 14 - 8,19% £,09 - -
- 15 - £.28 - 6.28 - -
Organlsms 0 0 6426 ©.,2¥ 5,22  5.13 2.65 2,40
plus phage 2 2 £.247 8.,25¥% 5,46 5,41 2.40 2.40
maintained 4 4 Ee25% 5430 5.53  5.07 2.40 1,65
& 8 E.26% £.25% 7.29 7.07 3.40 2,65
10 10 3.2#« 8.3\ ?074 ‘7051 ' 3.65 2‘4:0
12 12 £.31  8,2% 7,87 7.95 3.90 3.40
- 14 - 6.22% - 8.14 - 3440
- 15 - 2;0:55 bl &vl& - 3040

% 14 NaOF added to bring pE to dealred level
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Table 38

Populatlion changes in the S. lactis 7lZ-bacteriophage
¥56 combination during incubstlon at 32° C. in litwmus
milk at pH 8.4

- Time Log of Log of
Culture ~ {hr.) nH bacteria phage

count/ml. titer/ml.

Organisms Bed2 5,06

0 -
malintalined 2 a4l BE.31 -
gzt pH £.4 4 Ge 36 5.72 -
3 S.42 Dedl -
8 ‘0039 6.&3 -
13 Eﬁoél ‘7028 -
12 &oé% 7.5% -
14: 8'33‘ 7070 -
18 £.45 7.69 -
Organlsms 0 Be3” 5.10 1.65
plus phage 2 0,387 5.27 1.40
maintsined 4 Ge32% 6.04 1.85
alt pld &.4 5 Be42 Ded2 1.40
: 8 8,36% 6497 2.65
10 G.4 734 2.40
12 8.59M 759 2.65
14 £8.29% 7,85 2.40
i8 H.45 768 2.398

L
£

il NalH added to bring pH to desired level
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Table 37

Population changes In the S. lacltis Vlg-hacteriopba&e
F56 cowbination during incubation at 32° C. in litmus
milk at pH 8.6

Time Log of Log of
Culture {hr.) pH bacterlas  phage
count/ml, titeyml.

Organlsms 0 E.68 4,76 1.40
plus phage 12 5.68 6038 {0.48
maintalned i5 Ee6 7.09 0.98
at pH 8.6 18 Ee 49’ 7e55 1.40

21 E.556% 787 0.85
24 £.68 787 {0.48

A

“ 1N NaOE edded to bring pH to desired level
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Strestococeus cresmoria Hl,l-bacteriophage F4

combination

The population changes for Hi,l-F4 combination are
anown in tabtles 2¢ through 48 and a sumsary of typical data
is presented in figures 7 and 8. This particular bacterio=-
phage multiplied over the pH range from 5.2 to 2.4 Very high
titers were obtained at pH levels of 5.4, 6.3 and 6.5 (tables
42, 43 and 44},

Table 38 shows a slight but retarded incressse in bacter=-
iophacze numbers at pH 5.0 in V-8 broth. Similar results are
showvn in table 39. The V-8 broth used in securing the data
for table 38 contained 0.1 per cent of Caclg, whiie the other
trial (table 39) was run without CaCl,. Also by comparison
of table 43 with table 44 at pH levels of .3 and 6.5, respec-

tively, indlcstions are that added CaCl_ was not necessary for

2
multiplication of this particulsr strain of bacteriocphaze.

Becteriophage prollferation occurred Iin litmus milk at
pil 5.2 (table 40) but was greatly reterded as compared with
pil 6.5 {table 44). Of interest at pit 5.2 (table 40) is the
largze numbers of organisms that were maintained from 12

2y

bacterlopliage numbers incresased relatively

little dur his period, after reacliling falrly high numbters

(w\
+;

at abtout 12 hr. The organism nunbers compare iavorably to
the numbers of the control where no hacteriophage was present.
In trial 2 at nH 5.3 (table 41}, mass lvsis of the

organisms took place between € and & hre., while In trial 1
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mags lysis did not ocecur in 24 hr. This possibly may be
explained by the slight variation of the pH in the two
trialas. In trial 1 the pH was dropping before the bacter-
iophags population had reslly begun to increase. At pH 5.2
{(table 40) the sensitivity of the bacteriophaze to pH levels
in this reange is shown and it 1s possible that the slightly
lower pH in trial 1 (table 41) accounts for the extanded
incubation period without lysls cceurring.

The organisms of this combination show more sensitivity
to the alksline reactions than does the bacteriophags. At
- p¥ 8.2 {table 45) the organisms growth is greatly retarded,
while the bacteriophage built ﬁp to a rather high titer. Of
course the maximusn organism population may have been missed
due to the 12 hr. lapse from the time of the initial count to
the next count., However this 1s doubtful, since there was no
great fluctuatlion in the pH during that time. A similar
situation also 1s shown at pH 8.5 (table 46).

An interesting but at the present wnexplained phenomenon
oceurred with this combination at high pH levels. On seversl
occasions considerable bacteriophage proliferation would take
place at one pll and not at a lower pH. When the data were
tabulated it was found that the organisms did not always show
positive growtn in g 24 hr. perlod., There 1s no logical
explanation for this sincs all procedures were standsrdized
and very closely controlled. At pH levels of 9.1 and 2.4

(tables 47 and 48) there was a decrease in number of organisms
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after the original counts were made. If during the incuba-
tion period the crgaﬁisms becane adjusted and showed evidence
of growth, the bacteriophage nuubers increased very rapidly.

Flgure 7 summarizes tyolcal data on the bactsriophage
population changes for thlis combination. Uf partieuwlar interest
are the prolonged lag phases at pH levels of 8.5, 9.1 and 9.4.
In each case, when bacteriophage proliferstion begins, the
increase 1s almost as rapid as at pH 6.5 for a few hours but
it then tapers off more asbruptly and at a much lower total
population.

A4 gummary of the organism population chenges is shown
in figure &. Agaln the higher pH levels (8.6, 9.1 and 9.4)
are of interest. In each case there 1s a decresse in number
of orgenisms followed by an increase, Thls inecrease in number
of organisms 1s correlated ciosely with the bacteriophage
proliferation (figure 7). At pH 8.6 thers is an indlcatlon
that mass lysis occurred between the 1&th and 22nd hours,
This ls not the typlcal abrupt and complete lysis that occurs
at lower pH levels but & more gradual one and not nearly so

complete on a percentsge basis,



Table 38

Population changes in the S. cremoris
Hl,l~bacte riopba§e F4 combination during incubatlon at
32° ¢. in V-8 broth plus CaClzat pH 5,0

Time Log of Log of
Culture (hr.) pH bacteria phage
count/ml. titer/ml.
Organisms 0 5.0 4,76 -
malintained 2 4,99 4.69 -
B.t p}‘: 5.0 4 4.99 4:5’7 -
6 4.99 4,00 -
8 4,99 3428 -
10 4,92% 2.30 -
12 5‘02 2«48 -
24 - - -
Organisms 0 5.0 4.67 1.98
plus phage 2 5.0 4.81 1.98
maintained 4 5,0 4.85 1.30
at pH 5.0 6 5.0 4,02 1.65
8 5.0 2.70 1.85
10 4.98 2430 0.95
iz 4,96 2.30 1.30°
24 - - 3.40

* 1N NaOH added to bring pH to desired level
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Table 332

Population changes in the S. cremoris
Hl,l=bacteriophage 4 combination during incubation at
32° C. in V-8 broth at pH 5.0

Tine Log of Log of
Culture (hr.) pH bacteria  phage
ecount/ml. titeyml.

Orgaenism 0 5.0 4.54 -
control 6 5.0 4.53 -
B 5.0 4,54 -
10 4,35 4.52 -
12 4.95 4.53 -
14 4.25 4,32 -
24 4,95 - % -
Organiama 0 540 4,51 -
maintained 5] 5.0 4.58 -
at pi’; 5.0 8 5&0 4*51 -
10 4,925 4.53 -
12 4'{:95 4.30 -
14 4,95 4.25 -
24 4,35 - -
Organisms 0 5.0 4.39 1.40
plus phage 5] 5.0 4.38 1.40
& 5.0 4,69 1.80
10 4,25 4,38 1.80
ig2 4.85 4,43 lelB
14 4.25 4.37 1.65
24 4035 - 20‘65
Organisms 0 5.0 44354 1.40
plus phage 6 5.0 4,48 1.40
maintalned 8 5.0 4.28 l.88
at pH 5.0 10 5.0 4.36 1.60
iz 540 4.59 1.40
14 5.0 4.31 1.40
24 5.0 - F 1440

= -
* Plate count was not made
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Table 40

Population changes in the 3. cremorls Hl,l-bacteriocphage
F4 combination during incubation at 32°2 C. in litnu
milk at pF 5.2 {Trials 1 and 2)

Log of Log of
?kme pll bacteria phage
Culture nr.) _ count/ml. titer/ml.
1 2 1 Pt 1 2 1 2
Organl sms 0 0 5.2 5.2 4,51 4,54 - -
meintalined 6 - 5.2 - 4,99 - - -
at pkE 5.2 & t5) 5.2 5.8 4.90 7.08 - -
i0 - 5.2 ~ . 5.15 - - -
12 12 5.2 B.15% 6,09 7,41 - -
14 - 5.8 - 6.60 - - -
- 18 - 502 bt '7ch - -
- 20 - He2 - 7e51 - -
- 21 - 5.2 - 761 - -
hd 22 - 502 had 7.'&;9 - -
- 25 - 5.2 - 7.?2 - -
24 24 4,9 5.2 7 eB8 T.64 - -
Orgenisms o 0 Se2 5.8 4,49 4,61 1.48 1.65
plus phage 6 - 5.2 - Bel5 - 1.60 -
maintained & o) Hel 5.8 5430 7086 Z2.88 G698
at pH 5.2 10 - S.2 -~ 5,70 - 595 -
12 12 5,2 5.15° 8.34 .40 6440 5485
14 - 5¢2 - 6089 d 6:18 had
- 1.8 bt 502 o had 7&61 - 6Q40
- 20 - 5157 = 7.52 - 7.18
- 21 - 5.2 - T.44 - 565
- 22 - 54157 = 7450 - TolE
el 85 - 5'2 - *?cé.’? - b.65
24 24 4,2 5.2 5.5 5,95 £ .98 6«30

A

# 1YW Yadl added to bring pi to desired level



Populsation changss iIn the 8. crecorlis Hl,l-bacteriophsge

Table 41

F'4 combinstion during incubstIon at 320 C. in litmus
(Trisls 1 and 2)

I

milk at pH 5.3

Log of Log of
Time pH bacteria phage
Culture {rr.) count/ml. titer/ml.
1 2 1 2 1 2 1 2
Organism 0 0 5.3 535 4,56 « 59 - -
control 6 & 5.3 5.35 5.94 5496 - -
8 8 5.2 5:3155 6¢51 6.61 e -
lQ 10 5‘2ww 5;25 ‘ 7;11 7.09 - -
12 12 5.177 5,15 748 7Ted4d - -
14 14 5.08 5.05 745 7.51 - -
24 24 4.9 4,8 751 Y - -
Organisms Q Q 5.3 5ed 4.8% 4.37 - -
maintained 6 3] 5.3 . 5.3 5.73 5.74 - -
at pH 5.3 & & 84257 5.3  6.59 6426 - -
10 10 5,25 5.25% 7.17 6.83 - -
lg 12 5:2% 5.‘25“% 7'47 7026 bl had
14 14 5.25% B5.15% Y,67  7.53 - -
24 24.‘ 4‘..9 5.0 ‘7.8’? 7'82 - had
Organiesms O 0 5.3 Sed 4,49 4,32 2.40  0.95
plus phage 6 5 5.3 5.3 5.49 5.79 2,40 5,15%
& & 5.2 5.3 6.06 2,30 2,96  6,15%
10 10 5.2, 5.3 6.98 (2.00 4,40 7,15
12 12 5.1 5.3 7.20 <£2.00 4,65 7.15%
14 14 5.1 5.25 T.37 <2.,00 4,65 £.40
2 24 4.9 5.3 7.45 2.00 6440 £.65
Organisms’ O O 5.3 Se3 4,58 4446 2440 04,60
plus phage 6 6 5.3 5.3 5.60 5.51 2,40 5.157
maintained © 3] 8.2 B.4 6.48 2.00 4,40 6,15%
“at pH 5.3 10 10 5.25% 5.4 7.15 <2.00 4,88 7.15"
iR 12 5ol 5235 7«88 (2,00 5.55 7.15%
14 14 5.3 5.35 7«55 <K2.00 Te38 8430
24 24 4,2 5.38 T.73 <2.00 £.,40 Te€5

¥ 1§ NaOH added to bring pH to

#% goagulated

desired level



Table 42

Population chenges in the §. cremoris Il,l-
becteriophase F4 corbination during incutation
at 320 C. in litmus milk at pE 5.4

Time Log of Log of
Culture {hr.) pi bacteria  phage
count/ml.titer/ml.
Organism O 5.3 5e36 -
control 1 5.4 4,56 -
2 5.4 4,70 -
:5 5:4: 5;10 -
4 5.4 5066 -
5 5:4 5.54 bl
& 504 6-04: -
7 5.4 6.58 -
& 5e4 6,99 -
Jrganisms Q 5425 4,16 -
maintained 1 5.4 4,37 -
at 555{ 504 b Sedd - 4,83 -
3 5.45 5.25 -
4 5.45 5451 -
5 5.45 6.04 -
& 5.45 6.39 -
7 5445 7.03 -
8 5.4 7428 -
Organlsme 0 Hed 4.33 2465
pius phare 1l 5.4 4,51 1.65
2 5.4 4.80 4,40
3 5.4 5.30 3.40
4 5.4 5438 4,97
5 5.4 5.32 .98
] 5.4 H.64 .98
7 5.4 (2,00 9.158%
& 5.4 {2.00 BeBS
Organisng 4] 53 4,18 1.65
plus phage 1 5.4 4,49 2.40
malntained P 5445 4,82 4,40
4 5.4 5.62 4..8
5 5.4 65.05 5440
6 5.4 5.95 7440
!7 5.4: 2000 ‘;o‘ﬁ:O
g 5.4 {2.00 9.15%
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Tatle 43

Population changes in the 8. cremoris Hl,l-
bacteriophage F4 combinatlon during incubation
at 32° C. in V-8 broth plus CaClp at pH 6.3

Time Log of Log of

Culture (hr.) pE bacteria  phage
count/ml.titer/ml,

drganlsms 0 8.3, 4.52 -
maintained 1 8427 4.75 -
at pH 6,3 2 - - -

3 8415 5.04 -

4: 6.15’% 5‘30 -

5 6-25‘# 5.&59 -

6 5.8% 6.86 -

7 5.65% 7.12 -

& 5,25 6478 -
Organiams 0 6.3 4453 1.65
plus phsge 1 6.0% 4.68 1.65
maintained 2 - s -
at pH 6.3 3 525, 5415 2.98

4 64157 5430 3.65

5 6427 5.858 3.88

6 5.85% 6,92 5.98

7 5.65" 7453 8.98

8 5.8 2.60 2.96

* 1N NaQH added to bring pH to desired level
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Table 44

Population chsanges in the S. cremorig ll,l=-bacterliophag
P4 ecombination during incubation at 320 C.
in litwus =mill at pH 8,5

2}

R oo e e TS S ot
Time Log of Log of
Culture (1ire ) oh bacteria  phage
count/ml. titepml.
Organisms 0 Geb 4.24 -
maintained 1 Se5 4,37 -
5 605 504’7 had
4 6.5 6.09 -
5 6e45% 6,09 -
6 6.41” ‘:?023 bt
7 6.45% 7,30 -
g 6.45 750 -
Organlsms 0 6B 4.25 Q.48
plus phage i Ged 4.33 0.80
maintained 2 6a5 5,01 0.48
at pH 6.5 3 G5 .67 2.40
4 6.8 5.46 365
5 6.45; 561 5.98
& Sedl 4457 7.98&
7 64l {&,00 2.15%
& 8.5 2.00 2.85

F oy wanT add :
1N ¥NaO® added to bring pH to desired level



Table 45

Population changes in the 3., gremorlis Hl,l-bacterlophage
F4 combingtlion during incubation at 329 C.
in litmus mile at pfl €.2

oo——r. s r———
o

Time Log of bog of
Culture {hr.) pl bacteria phage
count/ml,titer/ml.
Organisms 0 8.2, 3.86 -
maintained 12 8,1% 3,28 -
gt pH 8.2 15 B2 3.34 -
ig B.23 3467 -
20 8.19 3,92 -
22 8.11° 4,63 -
24: 8«2 4:;67 -
Organisus 0 Ba2 | 3.79 2.40
plus phage 12 8.05% 3.73 6,157
rmaintained 15 a8 3-50 6-15+
at pH 8.2 18 8.21 3230 6,15t
20 B.16 3430 6.15%
22 8.11° 3.00 6.15%
24 8.2 3.51 8.65

# .
1N NaOIl added to bring pH to desired level
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Table 486

Population changes In the S. cremoris #Hl,l-bacteriophsge
F4 combinatlon during Incubation at 32° C.
in litmus milk at pH 8.6

Time Log of Log of
Culture (hr.) pH bacteria phage
count/ml. titeyml.

Organisms 0 .61 393 -
maintained 12 Ee59 3e1D -
18 £ e 56 3,90 -
20 G 5% 3.48 -
22 £.6 373 -
24 8,57 3.92 -
Qrganlsms 0 8.6§ 386 1.40
plus phare 12 a5 3e65 <0.48
maintained 15 3.59 4,30 0.60
20 8.58 3.78 5.65
22 £ .58 2.8 6.40
24 8452 3.04 8.40

* 1N WaOH added to bring pd to desired 1evel
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Table 47

Population changes in the $. crsworls Hl,l-bacteriovhsage
F4 combination during incubstion =t 32° ¢, in litmus
milk st pH 9.1 (Trisls 1 and 2J

Log of Log of
Time pE bacteria phage
Cultwre (nr.) count/ml. titer/ml.

1 2 1 2 i 2 1 2
Orﬂﬁfll Sms 0 O 9’12 v 9.1 4. 3& 4 -75 - -
maintained 12 12 £.957 9.1 | 3.72 3.11 - -
at pif 9.1 15 15 9¢1 | 9,057 3,54 3.23 - -
18 16 9.01" 9.08 3.62 5426 - -
21 21 30 3:08 5053 3311 - -
24 24 22 3.05 3415 3.87 - -

0rganisms 0 O
plus phage 12 1z

9.1 9,1 4,39 4,775 1.80 0.25
5.9

maintained 18 15 D
9.
D
Do

B 9.1 3.57 3.45 1,98 1,30
3,05 376 3,59 1.98  1.40
79,06 3.79  3.97  1.98 1,65
g¥ 2.05 3,43 4,07 1,65 2,40
9.0 3,11  4.2% 1.9  5.65

at pE 2.1 ie 18
21 21
24 24

* 1 WalOF added to bring »H to desirsd level



20

Tanle 4&

Fopulation changes in the 3. cremorisg Elél~bacteriﬂphage
F4 combination during incubation at 32¥ C. in litmus
nilk at p 9.4 (Yrisls 1 and )

B e o S e e e e i e A e e e R i e e
Time Log of Loz of
Cuiture {hr.) pi bacteria phage
count/mie titer/ml.

1 2 1 2 1 < 1 2

Organisms »; 0 9.4 . 9.4 4,37 4.64 - -
maintained 12 12 J.227  J.4  4.00 2,60 - -
at pH 9.4 15 15 24347 8,317 4,14 2.95 - -

1o 1e 34317 2.317 4.23 2430 - -

21 21 9.39  9.31% 4.38  2.48 - -

24 24 .4 .32  &.72 3,08 - -
Orgeanisms 0 0 de4d 4,38 4.064 1.6  0.95

T;f?w ’3.4 .54 2.70 20}-8 0'95

4
plug phage 12 12 2 »
o327 F43F, B3.88 2.78 1.85 0495
4
$
4

malntained 15 15
st pE 2,4  1¢ 18
21 21
o4 24

Fod
1 9.22% 3,67 2.60  2.40 0.60
5% 9.36% 4,07 2.00 4.65 0.60

7435 Z.C0 2430 5.80 1.40

# 11 RaOF added to bring pH to desired level



LOGARITHM OF BACTERIOPHAGE TITER

pH 5.4

pH 8.6

(a]
pH 9.1
-~ -
pH 5.0
O 1 | 1 1 i I ] ] 1 ] f

0 2 4 6 8 10 12 14 16 18 20 22 24
TIME IN HOURS

Plges 7o Summary of typlecal data of bacteriophage F4
population changes at various pH levels.
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LOGARITHM OF BACTERIAL COUNT

[
]

\ pH 5.4

0 I | I | ] | | 1 i ] I
0 2 4 6 8 10 12 14 16 18 20 22 24
TIME IN HOURS
Fig. €¢ Bummary of typical data of S. cremoris Hi,l
population changes at varlous DO Levels.
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Streptococecus cremoris 122,l-bacteriophages F43

combination

The population changes at vericus pH levels for 182,1=
F43 combination are presented in tables 4% through 57 and a
summary of typlcal data 1s shown in figures 9 and 10, The
bacteriophage was more sensitive to the acid conditions than
was the organlam. At pF 4.8 (tasble 49 there 1s no definite
maltiplication of bactesriophage during a £4 hr. incubation
period, whlie there is & substantial increase in the number
of orgenisms. _

At pH 5.0 in V=E broth with added CaCl, the bacterlophage

multiplication wag very rapid and in trisl 2 (table 50) the
organisms were lysed at 12 hr. In trial 1 the bactsriophage
increased somewhat more slowly and the titer at the end of
12 br. incubatlon was conslderably lower than in trizl 2.
Added SaCl2 was necessary for optimwmwn bacteriophage prolifera-
tion for this strain, although table 51 possibly shows a slight
incresse in bacteriophage population in V-8 broth without added
CaClz during a 24 hr. period. By comparing data of table 51

with that of table 50, in which CaCl. was added to the V-8

2
broth, there 1ls & significant difference in final population
of bacteriophage at 12 hr. The effect of Ca012 on prollifera=-
tion of this straln 18 elso demnonstrated in tables 52 and 53
at pH B.2. altliough a difference in basal medium also may have

been a factor.



There 1s very little retardation in bacterliophage
proliferation at pH 5.0 {table B0) cr pH 5.2 {tzbls 52) as
compared to pll 6.5 (table 54). However, when the reaction
ig changed to pY¥ .0 and above there is a signliflcant
retarding of crganlism growtl: accompanied by a similar retarda=
tion irn bacteriophage vroliferation.

&

In tabls 55 at pid 8.0 there appesrs to bhe an incrsesass in

#

bacterlophage numbers without an increase in organlisms as

o

determined by the plate count.

In figure 9 the prolonzed lag phases at pH levels of
Eed and B.6 are of intersest. In each case there was a decrease
in the rnumbers of organisms followed »y a sllight Inecrease =zt
abcut 1& hr, and a concurrent incresse in bacterionhage popula-
tion. Even et p¥ levels nearer the optinmum for bacteriophage

proiiferation, there 1s s lag phass of several hours for this

strain,

sure 10 shows typical data on the changes in organism
populations at various pi lsvels, Ags can be seen froxs this
figure, mass lysis ls delayed more than 1 hr. at pH 5.2 as
compared to pH €.,5 and sbout 5 ohr. at ph 5.0. At p? 4.8 the
rgenisms continued to Increase in numbers up to 20 hr.,
indicating that they were not inhiblited by the acid reaction,
At pH levels of C.4 and &.8 there was a decrease in organlsm
numbers, indleatling that the alkalline rvesction waa iInhibitory
to them at least for 186 to 18 hr., after which slight growth
tosk placs and apparently put ths cells in g condition to

support vacterliophage multiplication.



Table 49

Fopulstion changes in the 3. cremoris 122,l-bacteriophage
F43 combination during incubatlon at 32° (.
in V=& broth plus CaOlz at pH 4.8

Time Log of Log of
Culture {(rir,) il bacteria phage

count/ml. titer/ml.

Organlsms o 4.82 4,77 -
maintalned iz 4,79 7.08 -
at pH 4.6 15 4.75% 743 -

18 4,71% 7.85 -
20 4,757 £.14 -
22 4,7% 8.13 -
24 4.6%2 E.24 -

Organlsms 0 4,82 4.58 {0,48
plus phage 12 4.78 Te1l3 1,40
mnaintalned 15 4,727 7e45 1.40
at pH 4.8 1& 4.71% £.01 0.48

20 4,747 B.38 <0.48
22 4,7 8,35 D.48
24 4.6 Ea24 D.48

d 1N NaQH added to bring pH to desired level
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Teable 50

Population chanzes In the 3. cremoris 122,l-bacterinphage
P43 combination during Incutation at 72°2 ¢. in V&
broth plus CaCl, at pH 5.0 (Trials 1 and 2)

_ Log of Log of
Time ph hacteria phage
Culturs (nr.) count/ml. titer/ml,

1 ] 1 2 1 2 i 2

Organisms
maintalined

5»0 5.0 40&5 6065 -
40973 4:99 50’32 5-85 -
4.9 4.99  6.43  6.46 -
4,95% 4,987 7,00 5,96 -
4,387 4,957 7.39 7,81

5.0 4.85 7489 7498 -

ot b
e
O I T T

NNOOGdn O MO G

Organlsma 5.0 5.0 4,81 4,21 1.40 1.28
pilus phage 5.0 4429 5042 Da47 1e40 1.65
maeintained 5.0 4.99 5,92 5.87 140 2465

at pE 5.0 5.0 | 4499 5.33 6,37 1.65 2,65
4,96" 4,95% 6.90 7.02 3440 3,98
4::901%- 4-999‘? . ’?o‘g:l '?04:9 EJQO‘}. 7415+
5.0 4,907 7,16 (2,00 6.157 g,1s7

WO NO DWOTo IO

bt
gt

¥ 1N HaOl added to bring pl to desired level

##* culture cleared



Table Bl

Population changes in the £. cremoris 122,1~bacteriophage
F43 combination during incutation at 32° ¢,
in V-8 broth at pi 5.0

Time Log of Loz of
Culture {kr.) pH bacteria  phage
counyml, titer/ml.

Organisms 0 5.0 4,87 -
maintained 2 5.0 5.09 -
6 5.0 6.42 el
8 5.0 | 6.95 -
10 4:.91“ ‘7;38 -
12 4,93% 7.69 -
24: 4.2 !7‘56 -
Organisms 0 5.0 4,54 2.65
plus phage 2 5.0 5.19 2.40
maintained 4 5.0 5,92 3e4D
at pH 5.0 8 5.0 5.34 3.18
8 5.0 5,430 3.30
10 4,91% 7.50 3.65
12 4.92% 7.86 3.04
24 4,2 776 4,98

* 1N NeOH added to bring pE to desired level
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Teable b2

Population changes 1ln the S. cremworls 122,1l«~bacteriophage
¥43% ecombinatlon during incubation at 32° C.
in iitmus milk at pH 5.2

Tinme Log of Log of
Culture {nr.) pH bacteria phage

count/ml. titeyml.

Jrpanisma 0 Se2 4,66 -
naintained 2 S5e8 B.23 -
6 5.2 6'59 -
3 5.l T BT -
10 5.17 7.68 -
12 5,11%% 7,95 -
Organi sms o) 5.2 4,53 285
plus phage 2 He2 5.21 1.98
malntained 4 5.8 &« Q0 2440
at pH B.2 & 5419 B8.68 5.65
8 5.18 5,12 g.15%
10 5.18 2,00 6.15%
12 5.13 2.00 7.15%

R .
ML1lk coszsulated
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Table 53
Population changes in the 8. cremorls 122,1l-bacteriophage
F43 combination during incubation at 32° C.
in V=€ broth at pi 5.2

Tize Log of Log of
Culture {(hr.) pH bacteria phage

count/ml. titer/ml.

Orgenisms 4,89

O 502 ™ -
maintained 2 5.12% 5.37 -
&t ?H 6.2 4 5.21 6-02 had

g 5.,12% 7.29 -

10 5.18" 7.88 -
12 5012 8018 -
Jrganisms O 5.2 5.03 Lebli
plus phage 2 £e19 5.42 0.95
maintained 4 S5.19 5,98 1.40
at i 5.2 & 5.18 6,78 1.40
8 54187 7«24 1.98
10 5.16% 771 0.48
12 Hel E.26 {0.486

# 1¥ Wan¥ added to bring pH to desired level
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Table B4

Population changes in the S. cremoris 122,1~-bacteriophage
F43 combination during incubstion st 22° C.
in litmus milk at pH 6.5

B e e e e R et e B el N ool e
Time Loy of Log of
Culture {hr.) pH bacterlis  phags
count/ml.titer/ml,

Drpanlsna 5451 4,72

0 -
maintalned 1 651 4,76 -
at pH 6.8 2 5.51 E.38 -
5 6;5 . 5.95 -
4 B5.41% 3460 -
5 645 T03B -
8 6.47 768 -
7 G . 47 777 -
8 6.‘;:2 7:95 b
Organlsms 0 6451 4,77 2440
plus phage 1 6451 4,93 2.40
maintained 2 Se.51 5.39 2.40
at pH 6.5 & Ee8 5.99 2.65
4 8.4% 6.35 2.40
5 8.5 s 7.03 B.15
8 6.41 3.51 7.15%
7 6452 3.11 F.157
& 6,52 2,76 £.55

3
1N NaOQH sdded to bring pH to desired level



Populatlion chanpes in tr
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Tablie 55

5

1 Be grencrls 12¥ 1~ba3ter’mp“sge
143 eombination during Lncubation wt 32% .
in litous =milk st oo £.,0

Tlme Log of Loy of
Cuiture {(hra) pH bacberia  phase

eount/ml. tite /ml.

Organlsms G e 4,75 -
maintained P G 4,75 -
e) 7":’?&‘ 3004 -
& Celd e DU -

Oroenlaxs 2 Led 402
plus phace 2 Gel 4405
watntamngd 4 7 e BE™ Za 30
sl wit Lig 0 8 Lol Zabh

& 7496 2,70
10 7«38 Dedt
12 Te25 <2.00

LE Xadl added to bring pH to desired level



Population changes in the 3. cremoris
g > € me o8I0 2Y
¥43 combination during incubation at

Tablie 56

122,1~bactsricphage
22° C. in litwus

milk at pif £.4 (Trials 1 and 2)
Log of Loz of
Tine pH bacteria phage
Culture (nr.) count /i, titer/iwl,
1 2 1 e 1 2 1 2
Organlisms e 0 Ee45, B.4 4.63 5,07 - -
maintained 12 12 £.317  £.28% 2,00 4,05 - -
at pR €.4 15 1B B.41l 8.4 2,45 4.61 - -
e 1€ Ced De38., 3,34 4.61 - -
21 21 Eed £.32" 4,01 5.17 - -
24 24 £.26 Ced 5408 4,29 - -
Organisns o 0 GCedd L.4l 4,38 4,85 1.38 1.40
plus phage 12 12 BeB”  B.24% 3,36 2.70 1.9¢  1.40
maintained 15 15 te4l Ced 24065 361l 2.65 1.85
et pH 8.4 18 18 8,4 5.3 2,30 3,30 3,40 2,98
21 21 Z.357  L.35Y  3.00 3.52 355 3440
24 24 Cad Eed 2e15  3.46 4,40 3.98

# 11 NedH added to bring pH to desired level

inaa.



Population changes in the
¥43 combiination during i
milk at pi

[

Tabla

[&N]

57

[&;]

wrls 122,1-bacterlophage

e CINSI
cabat on at 52
{(Tris

Ce in 1litmus

Culture

Organisms
maintained
gt pH 2.8

Organisame
plus phage
maintained
at pH L.6

Log of Log of

Time bacteria nhage
(nr.) count/ml. titer/ml.
1 2 1 2 1 2

0 o8 4, 57 4,80 - -
i2 E.48% 4,63 3.28 - -
15 8058 4.75 5.85 - -
lS 8055 Snlg 4.17 - had
El 805§ 5Q00 4085 bl -
24 Beb4 5445 5403 - -
0 Beb 4.47 4.C1 1.3€ 1.40
1g £,45% (2,00 2.30 1.65  1.40
15 . e 3.00 2.95 1,65 1.65
BRS! £e57 2.40 2.48 2.1& 2,96
21 £.53% 2.60 2,00 1.98 3,40
24 8058 2.60 <2-QO Ee0l 3¢65

o

1N FaQH added to bring pH to deslred level
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DISCUSSI Ok

The optimum pH for lactic streptococcus bacteriophage
proliferation was slightly on the acld side of neutrality,
at about p¥ 6.5, From the study of five strains of bacter-
iophage the dats Indlicate thét congiderable proliferation

gcours ovarp

m

pH range of 5.4 to 7.8 for all strains and
extends bsyond this range for scme strains. At pH 5.4 there
was very little difference in the rate of bacteriophave vro=-
liferation as coumpared to pH 6.5 for theae strains. The lag
phases were increased slightly but high final bacterliophage
titers were obtalned with all stralns. For stralns 24, I'4

and P43 this titers were in the range of 108 to 109 or above at
rH ranges of 5.4 to 7.5, while for stralns F85 and F56 the values
were scuewhat lower bDelng In thie range of 106 to 10P, With P43
and Z4, proiiferation comparable to that at pH 6.5 occurred

ags low ag pil 5.0 and F24 increased slightly at pE 4.8 after a
very long lag phase.

At pH 7.5 ranid proliferation of all five strainag of
bacteriophaze occurred, although ¥F55 was retarded somewhat, as
was evident by the increased lag phase. There waz no close
relationghip among the strsins in thelr akility to prollisrate
under alkaline conditions. While F55 increased very little at
pH 7.6, and then only efter an extended lag phase, F24 caused

mass lysis of the susceptible cells st this level. Stralns
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¥56 end F43 were able to proliferate at pll G.4 and 8.6

respectlvelr. P24 and r4 did not show the sensitivity to

airkaline reactlons that the other stralins did, sach nmultle
plying st pH 9.4, Proliferatlion of P4 at »H 9.1 and pH 9.4
depended upon zrowbth of the organlsm, as deternined by the
plate count, which occurred in scoms instances and not in
cthers. The reasons for the varlisblllily were not apparent
{from the deta avallable,.

Because ¥4 prollifersted over the entire rancse of organism
growtn (pF 4.6 to pH 9.4), it is guite probable that this repre-
sents the extremes st whieh lactie streptococcus bacteriophage
can mwultiply, since these pH levels approximate the Llimits of
growth for the S. lactis species. FBS could easily represent
the other extreme, since its proliferation was confined to such
g narrow range of pH (5.2 to 7.6}. In view of theses data, the
prebability of obtalning stralns vastly differsnt 1n thelr
regponse to pli does not seem likely,

Under the conditlions of this experizent bacteriophage
proliferation was dependent upon growth of the organisnms.
Lowever, with 1RE,1~F43 on one occcasion at pl 8.0 1t sppeared
that sroliferation gccwzreu without orgarism increases, AThe
organisms evidently were 1n the right physiologlesl state for
bacteriophage proliferatlion but their increase, as determined
by the plate count, was inhlibited by the presence of the bacter-

lophage. PFurther study is needed to elucldate certain aspects

of the orpanismwbacteriophage relationships at these higher
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pH levels where conslstent results are not always obtained.
nguestionably factors othsr than pil play a considerable role
in bacteriophage prollieratlon at these higher pH levels.

Straln F24 proliferstsd over the entire pH range of
organism srowth., FB56 falled to lnerease below pil 5.0 or
above pH C.4, while its host organism, 712, grew rapldiy at
ph 4.7 and also above pil Be4. Organlsms ¥Hl,1 and 573 falled
to exhibit definite increases Iin number of crganisms at piHd 5.0,
but Hl,l did, upon occasion, show very slight and temporsary
ineresses at pH 9.1 and 9.4 and when these increases occurred
bactariéphage proliferatlion took place.

Lysls of the cells cccurred whenever there were large
bactserioshage incresses. When mass lysls occurred at the
higher pil levels 1t was not the typleal abrupt lysing of the
cells but rather a gradual process taking place over soveral
hours. XYass l&sis cccurred with the W2-F24 combination from
pH B.0 to pH 7.8; P43 alsoc caused mass lysis at oIl 5.0, These
data are in direct contrast with those from combination 573-F55

for which nelther bacterliophage nor organism increased in numbers
‘at pii 5.0 and both were retarded considerably at pH 7.6, Naas
lyslis for 573-F35 combination occurred at pk 5.4 but not at pH
levels as high as 7.5,

All the data on these five strains of bacteriophage were
obtalned at incubation temperatures of 32° c. It is poasible
- that other tamperatures would glve different results. Tummer
(1948) found 32° C. to be optimum for bacteriophage and organism

multiplication and variation from this temperature increased the
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O

lag phase of both orgenisms and bacteriophsge. ifls resuits
applied over a temperature range of 21 to ?6 Ce, or slightly
ahove. Probably wit:h the combinations used in the present work
some differences in results could be expected as a result ¢f =
variation of the incubation temperature within the 21 to 3858° C.
Tange.

ihe datwa presented iail toc show any correlation between
the type of organism and bacteriophage response to pHe Or-
ganlsm 2 and 712 sre classifled as 3. lactlg, whilie HL,1, 573
and 122,1 are S. cremoris. The "crsuoris type” ususlly 1
conslidered more fastlidious and more sensitive to adverse condi-
tions and one might expect s glinilar situation in tre homologus
bacteriophagze stralns; the data shnow that this 1s wnot true.

wWith A1,1-F4 combination the bacteriophapge was able to multiply

at Je4 and with the 122,1~F43 combination, F43 multiplied

at pl 5.0, wihile proliferation of F56 on 3. lactis 712 was

greatly retarded at pH levels of 5.0 and C.4.
When lnoculations of one drop of a 1-to-10 dllution of a
freshily coagulated culture were used in € ml. of litwmus mllk,
the "lactis type", W2 and 712, brought about coagulation in
10 Lr. or less. The "cremoris type", 573, and 122,1, were only
siightly slower, requiring 10 to 12 hr. to form a firm, sclid
curd., Yn the other hend, Hl,l required at lesst 15 hr. for
coagulation and then the curd was very soft.
These five strains of bactericphage were chosen from a

large collection with the ildea of selecting streins as & ffer-

ent as possible. BRotb very rapid and rather slow growlng
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of sensitive organisms were capable of preventing normal

w

coagulation by causing mass lysis. The ablility of certain

maltiply at low pll levels and

O

strains of bacteriophage t
bulld up to hkigh concentretions, 1f not lyslng the organisus,

make 1t Cifficult in commerclal cperations for certsin strains

of organlsms to overgrow the bacterlophsge.
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TUOLUBIGES

Flve stralns of lactlic streptococcus becteriophage and
the homolopous crganismng were studied over a wide pirange to

detercine ths influesnce ol resctlon on bacterionhag

i

a pmliifer=

e pro-
1iferation occcurred varisd {or sach straein studled, Strains
F2d4 and F4 multinlied at pil 2.4 and the F24 straines low as
pi 4.8, The other tixree stralng were between tlhiess sxtrenes.

The opbimuwn pH for bactsriophage proliferstion was si;

on the aclid glde ol neulraliity, probably at anou

feration oecurred over a2 pl rance of

In general hacteriophags proliferation failed to occur

1

at p:t levels where organism growth was inkibited. 1In one
trial at ph 8.0 with 122,1-743 1t appesrs that the bacterio=
phiace lnereagsed and no increase in numbers of orzanisasg

ocenired, With combinatlons 122,1-743, 7iZ2-

tacteriopnage prolileration,
Maggs lwsls occourred with W2-F24 combination at pl 5.0

enc wii 7.5 with indications thel mass lyslis wey occur at pH

as 8,0 and as Low g8 £.9 or Lelow under prorer
conditions. For the other combinatlions tine pi rangse for mass

iysls was gomewlhal narrower.
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Iin the 573-F55 combination there was a sharp cut-offl in
bacterlophaze proliferation bLetween ph 7.5 and pi 7.8, here
wes very little difference in organiss growth at these two pl
levals,.

with the Fl,l-id and EV3E=Y
tariophase proliferstion =t il 5.2 but very 1little at pi 5.0,

7 s PN TE N S . , oy g S TRV . S 11 L 27
Growth of these two orsaniss strains at pM 5.0 was guestionable.

\.i L
Strain F58 multipiled very slowly after a prolonged lag

b=

ohagse ot pH B.4 and strain 43 fcolliowed a asimller nattern at

The growth of organism 712 was abundent at pi 4.7 Dut

its homologous bacteriophsge preliferated very Little below plH 5;0.
The growth of J1,1 at pll 9.4 was errvatlic and the sane wes

true of proliferation of bacterlophage F4, I7 the orgard

became adapted to the bhishly alkalline conditlons and doillinitely

increassed, the bacteriophage prolilerstion was very rapid,

There was very little correlation between the sensitivity

o
b

the organisms to ndgh or low pH levels and the senslitivity

o]
Py

the homolozous bactsrlophase.
That the extremes in response to pH are represented
he five stralns of Lacterlophage studied is quite proiable

since tue proliferatlion of ¥4 cceurred from pi 4.4 to pil 9.4,

3

which approzximetes the limits for growth of the S. lactis

e

b

species, FProliferation of ¥55 over a narrow pi range could

easlly reprcesent the other extreme.



The use of large lnoculum in mother cultures as z means
of bacterlophage control will not eliminate the troutle when
bacteriophvge stralns gare capable of multiplylng at low pi
ranges and building up high ccncentrations. #hen the tacter-

lophage of the mother culture is subjected to wmore nearly

optimwn pi levels, after proliferation has b

31

enn stopped by
lowering of il before mass lysis has occurred, mass lysis of

the susceptitle organlesms will occur In a few hours.
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